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By supporting critical research, Sandia’s LDRD researchers are 
making exciting advances in micro- and nanotechnologies. 
Microsystems are highly miniaturized systems that integrate a 
number of devices (each on the order of 1 µm to 1 mm in size) 
representing a range of capabilities (e.g., electronics, mechanics, 
and optics, among others) onto a single silicon chip. These 
microsystems represent the next revolution in silicon technology 
that will lead to new products with combined actuation, sensing, 
and communication capabilities.

Sandia’s nanosciences LDRD investigations advance the 
underpinning capabilities that will lead to improved microsystem 
performance. Nanosciences discoveries enable scientifically 
tailored materials and lead to revolutionary advances in 
technology—by building things atom-by-atom or molecule-by-
molecule, the production of virtually every human-made product 
will be revolutionized. 

Sandia’s LDRD research enhances the Laboratories’ proficiency 
in many technical fields in support of its Department of Energy 
mission to serve extensive national security applications. By 
understanding and controlling phenomena at multiple levels, 
researchers are learning to design materials and systems with 
vastly different sets of properties. As one Sandia scientist put it, 
“…design possibilities are limited only by one's imagination.”

Cover photos (top right, going clockwise): (1) examining 
nanoscale behavior, (2) creating the world’s smallest robots, 
(3) advancing ultrasensitive detection systems, (4) developing 
novel microfabrication techniques, (5) architecting novel 
nanomaterials, (6) inventing intelligent microsystems, and (7) 
investigating nanoclustered catalysts.
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“... exceptional service in the national interest.”

Science and technology are the heart of the United

States industrial competitiveness, national security,

energy resources, environmental quality, and leadership

in fundamental and applied science.

At Sandia, the Laboratory Directed Research and

Development Program provides the knowledge that

drives our future. We initiate research and develop-

ment that spawn the knowledge that revolutionized

technology. Areas of emphasis center on our core

technical competencies and the major strategic thrusts

of Sandia’s Institutional Plan. Leading-edge experi-

ments that validate our work are constructed and

operated on schedule, within budget, and in a safe and

environmentally responsible manner.

Our work continues to produce many scientific and

technological breakthroughs that lead to new tech-

nologies, markets, and businesses for the nation.

To all those who have contributed so generously of 

their time and talent, thanks and congratulations for a

job well done.
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Supporting National Security Through
Science and Technology

Ambassador C. Paul Robinson
President
Sandia National Laboratories
Sandia National Laboratories FY 2002 LDRD Program Review
July 12, 2001

At a recent budget hearing for the Senate Armed Services
Committee (SASC), Senator Reed of Rhode Island asked, “I
keep hearing a lot about LDRD, that it’s been very much a
source of contention. What’s all the fuss about?” The three
Department of Energy (DOE) National Nuclear Security
Administration (NNSA) laboratory directors in attendance
(Bruce Tarter [Lawrence Livermore National Laboratory],
John Browne [Los Alamos National Laboratory], and myself,
C. Paul Robinson [Sandia National Laboratories]) talked
extensively about LDRD as being “…the lifeblood of the
Laboratory.” 

The history of LDRD goes back to the Manhattan Project
period when the decision was made to establish what are now
the DOE NNSA labs. The question was, “What can we do,
now that we’ve assembled the top scientists, to make sure that
the defense of this nation will always remain in the hands of
scientists who are at the top of their game?” The answer was
to give creative people some freedom to have ideas, to think
new thoughts, and to create the leading edge perpetually.
Those decision-makers believed that such opportunities would
keep the researchers at the top of their game and, along with
that, increased national security would be the result.

When LDRD was first incarnated as the Weapons
Supporting Research Program, funding levels were authorized
up to one-third of the Lab budget—one-third was controlled at
the discretion of the laboratory. However, by the time I arrived
at Los Alamos National Laboratory (LANL) in 1967,
discretionary funding was down to twenty percent. 

When compared to the various industries that invest in
research and development (R&D), the DOE LDRD Program
funding level ranks quite low. For example, the highest
discretionary R&D budgets are around thirty-five percent and
are typically found in the software industry. Many electronics
firms’ R&D budgets are at the twenty percent level. Dr. Al
MacLachlan, who was at the DOE briefly and was also the
former Chief Technology Officer at DuPont, makes the point
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that at DuPont Research Laboratory, discretionary R&D funds
remain at twenty percent. At the lower range of R&D
investment, cement aggregates and bulk materials
organizations may fund R&D at the two percent level. These
percentages help illustrate that the fiscal year 2000 (FY 2000)
reduction in the LDRD Program (from six percent to four
percent) was a real problem for maintaining the world-class
R&D at the DOE labs.

When I arrived at Los Alamos, one of the favorite phrases
left over from Enrico Fermi’s time at Los Alamos was, “…it’s
not worthy of being called an experiment unless it’s got at
least a fifty-percent chance of failing.” Failure is how you
move most quickly through the scientific method. R&D is trial
and error, and that’s what we are about.

I made a pitch to the senators on the SASC for what I
think could improve government funding in general. I
explained that no one today would dare fund a project that
only has a fifty percent chance of succeeding. In fact, you
hardly hear anybody talk about experiments. I can say that,
fortunately, the DOE NNSA organization is a delightful
exception. This is in stark contrast to many organizations that
focus almost entirely on demonstration projects. In today’s
environment, that’s what people want to fund—something
that’s a sure success. You can get that kind of short-term
success, but you take tiny, tiny baby steps, and you don’t
move to the dramatic stretches of the science, the stretches of
the mind, to do something new.

We held interesting sessions with Dr. Millie Dresselhaus at
last December’s Science Day at Sandia. Dr. Dresselhaus
conducted focus groups with a cross-section of the Labs’
technical staff, including fresh graduates who’ve just come to
the Lab, post-docs, as well as some mid-career people. The
purpose of the focus groups was to get feedback on the
scientific health of our institution. We were praised for the
attitude about LDRD; however, the participants said that the
process is bureaucratic. 

The LDRD process is bureaucratic, but it does provide
some sense to a process that, at its heart, is impossible. If you
look at the history of LDRD at Sandia, the potential requests
for proposals would outspend the monies available by a factor
of fifteen. So one of the first things we did was put an extra
step into the process to say, “Please don’t waste a lot of time
writing big proposals.” This pre-proposal stage encourages
people to submit a short précis of what’s proposed—this helps
us determine what new ideas are the best of the best. Of
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course, the “losers” in the process are unhappy, but at least
we’re more efficient with the time spent in the proposal
process without sacrificing the quality of proposed research.

In addition, we added another component that has
certainly complicated and put more bureaucracy into the
process. I claim, however, that this component of our LDRD
Program is an enormous success—the Grand Challenge
projects. Grand Challenges are about team research, about
multidisciplinary research, about doing something that no
individual researcher could accomplish alone. Universities
have the problem of how to teach students to work effectively
in teams. Our Grand Challenges incentivize people to get
together to take on things that are much bigger than they
could ever attempt on their own. Blending large ideas together
with a lot of specialties is important for us and, I believe,
important for the country.

In order to be considered as a Grand Challenge, a proposal
must meet two essential tests (among others): 
•    The proposal must engage multidisciplinary teams

across the Labs.
• The proposal must address technical areas that are vital to

the core purpose of the Labs.
It is not a question of  “If you succeed, will the results be

used?” The results (of Sandia’s research) will be used and
they will revolutionize the nation’s national security.
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An Overview of Sandia’s FY 2001 Laboratory
Directed Research and Development (LDRD)
Program

B. K. Cloer

Program Strategy

Sandia National Laboratories is a national resource that
provides world-class science, technology, and engineering.
The Laboratories’ capabilities must remain on the cutting edge
since the safety, security, and reliability of the U.S. nuclear
weapons stockpile depend directly on them. 

Sandia’s LDRD Program supports the DOE’s missions
through Sandia’s four primary strategic objectives: nuclear
weapons, nonproliferation and materials control, energy and
critical infrastructure, and emerging national security threats.
To meet these objectives, LDRD promotes creative and
innovative research and development that Labs’ Director 
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the results be used?’ The results (of Sandia’s
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President, Sandia National Laboratories

Sandia National Laboratories LDRD FY 2002 Program
Review, July 2001

“Some of the most fundamental research that
we have at Sandia, research that has an
incredible payoff for the missions of the
Labs, derives from the seeds sown in the
LDRD Program.”

A. D. Romig, Jr.
Chief Technology Officer

Vice President for Science & Technology and Partnerships
Sandia National Laboratories LDRD FY 2002 Program

Review, July 2001



Ambassador C. Paul Robinson says “…has significantly
strengthened Sandia’s ability to fulfill its mission for the
DOE.” 

Sandia’s LDRD Program provides the flexibility to invest
in long-term, high-risk research activities that attract the best
research talent from across the Laboratories. LDRD research
provides an opportunity for this talent to explore innovative
scientific and technological opportunities that hold high
potential for payoff in future applications. As a result, LDRD
advances strengthen Sandia’s science and technology base and
provide considerable support to DOE and the Laboratories’
mission needs. 

Authorized by federal law and implemented under DOE
under DOE Order 413.2A, LDRD is Sandia’s sole source of
discretionary research funds. In FY 2001, over 95 percent of
Sandia’s LDRD projects provided benefits in basic and
applied research to meet national security challenges.

Program Performance

The FY 2001 LDRD Program funded 295 projects
(selected from 1351 possibilities, including ideas and
continuations) with a program allocation of $70 million. The
program was divided into five major investment categories
(including subdivisions):  
• Science and Technology (Advanced Manufacturing,

Biotechnology, Computational and Information 
Sciences, Electronics and Photonics, Engineering
Sciences, Materials Science and Technologies, Pulsed
Power Sciences)

• Mission Technologies (Energy and Critical Infrastructure, 
Emerging Threats, Nonproliferation and Materials 
Control)

• Grand Challenges
• Advanced Concepts
• Corporate Objectives

Sandia’s LDRD Program utilizes several types of
measures to identify research performance, including 

• Quality of science, technology, and engineering
• Relevance to national needs and agency missions
• Quality of research management.

Quality of science is indicated by expert advisory
committees, peer reviews, sustained progress, and recognition
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by the scientific community. Relevance is indicated by
sustained advancement of fundamental science and advances
in support of missions. The quality of LDRD research
management is indicated by well-developed research
processes, established project goals and milestones, and
effective decision making in managing and redirecting
projects.

Sandia LDRD received significant scientific recognition
from industry, government, and professional societies in FY
2000 (the latest year for complete results). In FY 2000, two of
the six DOE Office of Basic Energy Sciences (BES) Awards
were awarded to two Sandia LDRD–related activities:
“Nanocluster Catalyst” (FY 1996 project number 3539.270)
and “Direct Fabrication of Multifunctional Nanocomposites
Via Supramolecular Self-Assembly” (FY 2000 project number
10406). In addition, citation analysis provides a measure for
the impact of LDRD research advancement. In 2000, Sandia
LDRD journal articles across all fields represented 18 percent
of all Sandia articles, and over the past five years, Sandia
LDRD journal articles outranked overall-Sandia articles in
terms of relative impact: 1.57 to 1.29 (as measured by the
ISI’s [Institute for Scientific Information] Science Citation
Impact database).

Each foundational LDRD investment area maintains
external review boards to provide feedback on research
quality. As an example, LDRD Electronics and Photonics
research results were externally peer-reviewed by the
Microelectronics and Photonics External Review Panel on
October 1–3, 2000. An excerpt from the Panel’s report is 

• “…The panel reviewed…photonic crystals, gallium 
nitride (GaN) science, chemical and biological sensors,
radiation-hard microelectronics for weapons and
satellite applications and facilities operations. The 
presentations established a compelling basis for an
outstanding rating….”

External reviews also provide important perspective and
recommendations on the relevance of LDRD research. As an
example of relevance, the Microelectronics and Photonics
External Review Panel highlighted the support of LDRD
research to the Labs’ missions:

• “…In summary, the Microelectronics and Photonics 
capabilities at Sandia provide the opportunity to 
deliver exceptional service to the nation in broad areas 
and in changing times...”
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The Sandia LDRD Program has developed a process that
encourages Labwide participation (i.e., involves executive
leadership, program directors, and research staff throughout
the Labs) to produce new knowledge with long-term benefits.
Because research outcomes are frequently unpredictable,
targeted levels of research performance and milestones cannot
be 100 percent specified beforehand. However, research goals
and milestones are established for each project to inspire
extraordinary levels of innovation from the research teams and
staff. As such, each project team is encouraged to create a
deliberate mismatch between the group’s research aspirations
and its present knowledge and resources.

The Sandia LDRD Program has been tracking the number
of completed milestones and the number of goals met since
the early 1990s. Project milestones are determined for every
$300K of funding and identify specific accomplishments in
the progression of research. Goals refer to certain capabilities
that are desired within the overall framework of a project’s
research activities. In scientific inquiry, meeting all of the
intended goals indicates that the research challenges have
been set too low. 

From FY 1996 through FY 2000, LDRD projects
maintained a risk balance that resulted in a 69 percent average
completion rate for milestones and a 51 percent average rate
for goals met. In addition, the percentage of research goals
met has declined over the past four years. This provides an
indication of the high level of “stretch” anticipated by LDRD
participants in their research activities. 

FY Completed Milestones Goals Met
FY96 72% 69%
FY97 72% 50%
FY98 69% 45%
FY99 66% 40%
FY00 67% 50%

Additional Reading

A comprehensive discussion of DOE and Sandia’s LDRD
Program management and funding sources may be found in
the “Sandia National Laboratories FY 2001–2006 Institutional
Plan,” dated December 2000.
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The LDRD Program’s Impact on Sandia’s Science
and Technology

A. D. Romig, Jr.
Chief Technology Officer
Vice President for Science & Technology and Partnerships
Sandia National Laboratories
Sandia National Laboratories FY 2002 LDRD Program Review
July 12, 2001

Some of the most fundamental research that we have at
Sandia, research that has an incredible payoff for the missions
of the Labs, derives from the seeds sown in the LDRD
Program. Investments made ten and fifteen years ago in the
LDRD Program are having a direct impact on the weapons
program today. At the time when those investments were
made, you would not have been able to make the connection
between research activity and future programmatic
application. But, it is now clear that those investments have
developed the technical base for the Laboratories today and
will continue to meet the needs of the nation as we go forward
into the future.

Funding Research Priorities for a National Security
Laboratory

Sandia is a national security laboratory. Our nuclear
weapons mission accounts for over half of the work at the
Labs and truly defines our being. All other program areas
draw from, as well as contribute to, the weapons work at the
Labs. Similarly, Sandia’s LDRD Program investment priorities
reflect our strong emphasis of support to the weapons mission
of the Labs. The Science and Technology (S&T) investment
areas (IAs) identify research with a strong coupling to the
nuclear weapons program and account for nearly half (i.e.,
46.1 percent in FY 2002) of the LDRD annual budget. The
Mission Technologies IAs (i.e., Energy and Critical
Infrastructure, Nonproliferation and Materials Control,
Emerging Threats, Differentiating Technologies) support the
other national security business areas of the Labs and account
for a little more than one-third (i.e., 36.3 percent in FY 2002)
of annual LDRD funding commitments. 

The research portfolio for the S&T IAs of the LDRD
Program emphasizes S&T innovation that supports the nuclear
weapons stockpile. For example, investments are determined
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for very basic research in disciplines, including materials,
engineering sciences, and nanotechnology, among several
other areas. For some research investments, the path from
science to mission can be very long—perhaps a twenty-year
timeframe to useful adoption. And, of course, there are many
ideas that initially seem to have a lot of promise but do not
survive the trip to eventual application.

In general, however, the basic research efforts produce
results with times to useful adoption of nominally five to ten
years. Results stemming from basic research are often
integrated to develop technology with shorter times to useful
adoption—approximately two to five years. As a result, we are
continually evaluating research efforts to cultivate, nurture,
and mature results to the point where they may be identified
for the insertion path into weapons and other national security
applications.

In addition, we make an effort to identify some
crosscutting research efforts between technical disciplines
(such as our research efforts with integrated
microtechnologies) to advance our Microsystems and
Engineering Sciences Applications (MESA) capabilities. We
believe that the high functionality of integrated microsystems
will enable new capabilities and applications that will
revolutionize the capabilities of the nuclear stockpile while
increasing its safety, security, and reliability. 

These very small, highly integrated, and low-power
microtechnologies are created using integrated circuit
fabrication technology that allows the combination of diverse
functions on a single chip. Integrated microsystems may
include combinations of sensors, miniature communications,
microelectronics for on-board processing, and
microelectromechanical systems (MEMS) that integrate gears
and action elements fabricated from silicon compounds. In the
future, integrated microsystems will streamline the number of
weapon components, reduce production and maintenance
costs, and minimize the number of fault points in the weapons
system.

Grand Challenges (GCs) investments are a key element of
Sandia’s LDRD Program strategy. These investments enable
us to assemble multidiscipline project teams to focus on
solutions to significant national-level problems and
capabilities. The GC investments receive about ten percent of
the program funding and are Sandia’s largest LDRD projects.
Competition among potential GC proposals is very high. The
Labs’ Mission Council collaborates each year to make the
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recommendations for the forthcoming fiscal year’s GC
projects. Their recommendations assess the high-risk, high-
payoff proposals based on their potential for impacting a
Sandia mission or national needs area. Sandia’s µChemLab™
is an example of a successful former GC project that has
progressed the full cycle from research to applications. 

Two LDRD Program IAs that receive small funding
amounts are the Advanced Concepts and the University
Collaborations IAs. Advanced Concepts investments consider
technical approaches to counter threats that the world and the
nation will face over the next decade or two. These very out-
of-the-box research activities are unique not only due to the
kinds of problems being addressed but also because, in some
cases, there are not yet established any programmatic
frameworks in which to address the problems. For example,
how do we prepare for threats before there is an awareness of
their damage potential or before there is an organizational
structure tasked to address it? This is an important focus of
the Advanced Concepts IA.

Currently, there is no governmental organization tasked
with creating technologies as a way to solve water problems
and to mitigate conflict. You might ask, “Why do we want to
worry about water?” Many political scientists point out that
over the next ten to fifteen years, water is as likely (perhaps
even more likely) to drive conflict and warfare than are oil or
energy. The Advanced Concepts IA is a tool for the Labs to
address such threats by capturing them within an overall
scientific and technological construct. 

With the great explosion of scientific and technologic
advances in recent years, we realize that a lot of our research
activities cannot be accomplished alone. The University
Collaborations IA has been created to explore science and
technology areas through collaborations with cooperating
universities. Sandia recognizes that much expertise in
emerging sciences and technologies presently lies with
universities and industrial organizations. Thus, University
Collaborations research activities provide access to world-
class, external resources that Sandia requires in order to
develop critically needed research and technical capabilities
for the future. 
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The Future of LDRD

What is the future of LDRD? Before commenting on the
future, perhaps it would be helpful to briefly review the recent
past. Looking back to the late 1960s, Sandia was making
decisions about where it thought the future was going to go. It
was clear then that microelectronics would have a key role in
how weapon systems would evolve. As a result, Sandia made
investments in various microtechnologies that laid the
foundation for our expertise in radiation effects in solids (i.e.,
that led to the development of rad-hard microelectronics),
microoptics, MEMS, sensors, etc. In fact, today we believe
that all of these and other similar advances are going to create
continued advancements and lead to entirely new ways of
meeting the needs of the stockpile and other national security
missions through MESA capabilities. 

Consistent with the past research strategies, we believe
that the LDRD Program is critical for determining current
investments that the Labs will be able to capitalize on in the
future. We are investing now in the emerging fields of
biotechnology, nanotechnology, and information technology,
and especially in the interface of how these disciplines come
together. As an example, self-assembly processes (which have
been a focus of LDRD investments since the mid-1980s) are
very much related to fundamental chemical and biological
mechanisms and provide powerful methods for fabricating
nanoscale devices with great precision. Our evolving
knowledge of self-assembly processes will lead to the creation
of new generations of miniature devices and systems. In the
future, I believe that self-assembly techniques will be used in
stockpile rebuilds and in the development of other national
security systems. In fact, our µChemLab™ technology already
uses self-assembly techniques to construct materials and
devices to specific requirements. 

We are often asked, “How will biotechnology impact the
weapons program.” One current example is the extension of
massively parallel computing architectures used in weapons
modeling and simulation activities (i.e., based on research that
began in LDRD) into various biotech investigations. Other
than the nuclear weapons program, the big computational
challenges today are being addressed in the genomics and
proteomics biotech areas. Leveraging the investments and
innovations in these bio areas can support the computational
technology required by our weapons program. In fact, our
investigations into computational technology recently led to
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the Cooperative Research and Development Agreement
(CRADA) between Celera, Compaq Computer, and Sandia.
This collaboration will produce a scalable computer
architecture that will yield the world’s fastest general-purpose
supercomputing design: 10 teraflops by 2002, 100 teraflops by
2004, and ultimately, one petaflop.

As another example, a new Sandia Grand Challenge
project for FY 2002 will investigate the application of
biotechnology to develop small power sources and fuel cells
for portable applications. Today’s warfighter carries around
approximately sixty pounds of batteries to power his
equipment. Imagine the benefits to the warfighter if we could
reduce the weight of those batteries by supplementing or
replacing them with biological microfuel cells for powering
the equipment. Such fuel cells would utilize body fluids (i.e.,
glucose) to support power generation. To make this work,
however, we are going to need incredible advancements in
membrane technology. Eventually, fuel cells might be a better
choice for the stockpile than lithium batteries, but we cannot
prove that without the right kind of membrane technology—
and that technology may first be developed in the
biotechnology arena. 

The LDRD Program Is Critical to the Future of the Labs

Other than technology, the crucial benefit of our LDRD
Program is people—I do not want us to lose sight of this. Two
young staff members recently told me that the LDRD Program
is one of the reasons they stay at the Labs. While other
research organizations have attempted to lure them away, they
stay partly because they like the people and the facilities here.
But most importantly, they told me, through the LDRD
Program they get to do the kind of research they want to do,
and the results of this research impact the future of the nation.
The work we do at Sandia, and especially in the LDRD
Program, attracts talented people like these young staff
members that fuel the capabilities of the Labs.

Without a doubt, the LDRD research activities are
absolutely critical to the future of the Laboratories. Through
LDRD investments, we conduct research to ensure that the
right S&T are available and provide the differentiating
strengths to meet Sandia’s mission needs. The LDRD Program
investments prioritize research to serve the nuclear weapons
mission while building competencies for anticipated future
national security needs.
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An Overview of the Electronics and Photonics (E&P)
Investment Area

Marion Scott
Deputy, Microsystems Science, Technology and Components Center
Sandia National Laboratories
Sandia National Laboratories FY 2002 LDRD Program Review
July 13, 2001

The Electronics and Photonics (E&P) LDRD investment
area (IA) prioritizes research that expands the Labs’
capabilities for creating next-generation, integrated
microdevices and microsystems. These research activities
draw upon the Labs’ differentiating strengths and will enable
the Labs to develop future advanced systems for achieving its
national security missions. In particular, E&P research
advances will help us to continue to ensure the safety,
security, and reliability of the nation’s nuclear weapons
stockpile. 

The future of microsystems points to an even higher
degree of integration to create systems that are very small,
require less power consumption, and are very low cost to
manufacture. These new systems will ultimately contain
sensing, processing, mechanical actuation, and
communications on a single chip. Because of their low cost
and high functionality, these integrated microsystems will help
us realize entirely new systems and applications.

The Integrated Solutions thrust of the E&P IA addresses
innovative approaches to achieving higher levels of
integration as well as mixed technology integration. We
encourage research ideas that address advanced packaging,
thermal management of microsystems, micro-integrated power
supplies, and integrated photonic systems. Approaches to
radiation hardening and other requirements to ensure rugged
performance of integrated microsystems in abnormal
environments are also sought. An example of a success of this
research thrust is our photonics crystal research that improves
optical waveguides for communications applications.

Our other E&P research thrust, Microdevices, invests in
technologies with the potential to impact the Labs’ strategic
businesses’ and weapons’ needs in a three- to five-year
timeframe. We seek new concepts with the potential to
advance microelectronics, photonics, mechanical actuation,
and sensing capabilities. A specific focus area within the
Microdevices thrust is on concepts that couple functional
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materials, nanotechnology, and microscale fabrication to
develop revolutionary new microsystem architectures and
functions. An example of a success is our investments in
strained-layer superlattice devices, and new materials-based
components have led to the creation of new laser devices
composed of indium gallium arsenide nitride. In addition, we
are beginning to research silicon-on-insulator (SOI)–based
microelectromechanical systems (MEMS) devices.

Often, the results of our E&P research have had multiple
applications. As an example, we originally developed
chemiresistor technology for weapons’ applications. Recently,
we explored the use of this technology to examine subsurface
water quality. In addition, chemiresistor technology was
integrated into the world’s smallest autonomous robot to
enable onboard chemical sensing. These microrobots are
useful for mobile, distributed sensing applications and can go
where human beings either cannot or do not want to go.

Another example of LDRD innovation that has multiple
potential applications is our research in optical switching
MEMS devices. Microoptical switches have exciting potential
in commercial communications applications as well as for
various applications aligned with the Labs’ business areas.
Optical switches are an enabling element for future optically
controlled synthetic-aperture radars as well as for nanosatellite
communications.

Sandia’s LDRD Program provides the opportunity to fund
the initial research efforts in a number of promising
technology areas. The results of the research have produced
numerous electronics device and system concepts and have
supported a number of applications consistent with the Labs’
business areas. These research investments are helping us
develop our microsystems capabilities to address the critical
national security issues of the twenty-first century.
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An Overview of the Engineering Sciences
Investment Area

Thomas C. Bickel
Director, Engineering Sciences Center
Sandia National Laboratories
Sandia National Laboratories FY 2002 LDRD Program Review
July 13, 2001

I want to provide a threefold introduction to Sandia’s
Engineering Sciences Research Foundation (ESRF) efforts by
way of a philosophical overview, a description for the research
portfolio (which includes an external review process), and a
perspective for what research activities we envision for the
future. The ESRF efforts are guided by research plans across
multiple technical disciplines. An important aspect of
addressing the goals of these plans is cooperation with other
organizations, both internal to and external to Sandia. It has
been our experience that the increase in funding in other
technical areas, especially the health sciences, has led to a
rapid decline in the interest of graduate students to work in the
physical sciences. As a result, collaborations with the National
Science Foundation (NSF) and other organizations have
helped maintain our conduit of highly skilled and motivated
young scientists and engineers.

Engineering Sciences is one of Sandia’s core competencies
that provide critical technical underpinnings to support our
missions. The ESRF research activities are conducted through
two programs: the Engineering Sciences (ES) LDRD
investment area (IA) research explorations, and the DOE
Defense Programs (DP) technology base work. A fundamental
difference between these two activities is the time scale for
useful adoption of the research results. The LDRD
investments address more fundamental research efforts that
have the potential to produce results applicable to product
development within a three- to five-year timeframe. The
LDRD results roll into the more focused work of the DP tech
base efforts and are ultimately incorporated into our
missions’ base.

The Engineering Sciences LDRD investment thrusts
include (1) advances in scientific theory, (2) advances in
material/constitutive models, (3) advances in numerical
algorithms and methods, (4) explorations in experimental
discovery, and (5) experimental diagnostics development. As
examples of emphasis for these thrusts: in the novel numerical
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algorithmic thrust, we are exploring large-deformation solid-
fluid interactions via a level-set approach and structural
simulations using multiresolution material models. In our
advancing diagnostics techniques thrust, we are investigating
filtered Rayleigh-scattering diagnostics for multiparameter
thermal/fluids measurements.

We have had fifty years to understand continuum
engineering mechanics and science. In FY 2002 and in the
future, ES LDRD investments will concentrate on new
investigations at the micro- and nanoscales to address the area
of noncontinuum mechanics. These investigations will draw
on past research results and understanding but will now be
extended by fundamental discoveries to the micro- and
mesoscales. Past knowledge will be coupled with new
knowledge to support our mission space. For example, we still
seek to better understand what fire is (i.e., a multimeter
phenomenon), but we will now also seek to understand it
down to the microscale.

New starts for FY 2002 ES investments will also include
investigations into creating high-fidelity friction models for
MEMS (microelectromechanical systems). We will examine
the broad concept of how stiction in MEMS devices affects
performance. We will also develop microscale models to
improve prediction of thermal transport across open or slightly
open joints in MEMS devices. This research will have an
important impact on the future deployment of MEMS devices
in a number of mission-related areas.

One ES research success that is having an impact on a
Labs mission area is illustrated by an example addressing the
need for protecting weapons in a fire. To be able to understand
an abnormal environment (e.g., fire), we have to understand
the fundamentals of the environment. In a recent LDRD
research effort, we investigated a number of novel diagnostic
techniques that had the potential to address the radiosity of
soot development in a fire scenario. We transitioned one
discovery of this LDRD effort, a bench-scale laser-based
technique, into a DOE Defense Program research effort that
was eventually used in an actual JP4 jet-fuel fire scenario. The
fundamental technique originally developed in LDRD has
been further refined and incorporated into the MAVEN
(Model Accreditation Via Experimental Sciences for Nuclear
Weapons) Program to address data validation applications. 

It is important to emphasize that the ESRF management
team is managing ES research and development throughout
the entire R&D spectrum. We annually present the R-D-A
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(research to development to application) spectrum of our ES
activities for review by an external panel of experts. We
earned excellent grades from the panel in the most recent
review of our ES research and Accelerated Strategic
Computing Initiative (ASCI) programmatic efforts. In the
future, we plan to host panels every six months and to
alternate between the ASCI and ESRF topics.

One of the principle challenges we face with ES research
is to keep pace with the tremendous advances that are being
made in computational speed. Faster computational hardware
is outstripping our fundamental understanding of the ES. At
Sandia, we are now producing simulations of between 50 and
100 million three-dimensional high-fidelity finite elements. To
put that in perspective, ten years ago we were doing two-
dimensional simulations on 10,000 finite elements. As we go
forward, the very fundamental underpinnings of our mission-
related systems (e.g., numerical algorithms, phenomenological
science) are being investigated and expanded by Sandia’s
LDRD research efforts.
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An Overview of the Materials Science & Technology
(MS&T) Investment Area

Julia Phillips
Director, Physical and Chemical Sciences Center
Sandia National Laboratories
Sandia National Laboratories FY 2002 LDRD Program Review
July 12, 2001

Due in large part to the impressive advances made in
techniques and technology since 1990, the future is very
bright for materials science and technology—at Sandia, the
LDRD Program has had a lot to do with those advances. As
examples, the sensitivity of analytical tools (in terms of
resolution and the size of signal) has increased by a factor of
103. Computational power has increased by 106 and enables
us to address materials problems that we could not approach
before. That is why some of Sandia’s most exciting LDRD
projects are in the materials modeling and simulation areas.

The Materials Science & Technology (MS&T) investment
area (IA) of Sandia’s LDRD Program prioritizes research by
three core thrusts, including

• Aging and reliability of materials
• Materials processing
• Scientifically tailored materials.
Two additional crosscutting research themes have become

increasingly important in the last few years, including
nanoscale science and technology (S&T) for microsystems,
and materials and process modeling. 

The objective of the materials aging and reliability
research thrust is to advance our capabilities for predicting
materials properties as a function of time and operating
conditions. Predicting materials properties, in turn, helps us to
examine the future performance and reliability of high-
consequence components and systems. Essential to this
understanding are our investigations of bulk materials
degradation, information extraction and analysis, and
advanced analytical technique development. Similarly, we
seek advances in understanding surface and interface science,
the science of localized corrosion, and nanotribology. Further,
investigations in materials performance, interface reliability,
and materials aging improve our materials modeling
capabilities.
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The objective of the materials processing research thrust is
to improve the characterization and modeling of materials
processing across all relevant length scales with the ultimate
goal of process control, optimization, and true process-based
quality. Processes of research interest include liquid metal
processing, joining, thermal and cold spray, ceramics, and
polymeric encapsulation. Process innovation supports our
capabilities for modeling ceramics, welding, and
solidification.

Our objectives in scientifically tailored materials research
include drawing upon our scientific expertise to develop
materials with unique properties that may be tailored for a
broad range of applications. These research investments are
high risk and high payoff and are generally focused on
fundamental areas beyond current programmatic needs. For
example, we are investigating the aging and reliability for
MEMS lubricants, reactive wetting in solders and brazes, and
copper segregation and aluminum grain boundaries and the
interaction between grain boundaries and dislocations.

The crosscutting nano- and microscale research themes
address 

• Design principles for nanoscale assembly, 
• Nano- and microscale materials and processes for 

microsystems, and 
• Nanoscale diagnostics.

Design principles for nanoscale assembly has the goal
of understanding new nanoscale assembly principles to enable
synthesis and processing of functional nanomaterials with
unique structures and revolutionary performance
enhancements over existing materials. We are investigating
materials of different functionalities (e.g., photochromic,
switchable surface properties) as well as new approaches to
nanoscale assembly—particularly, colloidal systems and
templating. In addition, we are looking at fundamental issues,
such as the structure of water near surfaces.

Our goal in nano-and microscale materials and processes
research is to develop scientific understanding of novel classes
of materials, structures, and processing techniques as enablers
for microsystems. For example, we are studying amorphous
diamonds, LIGA (the German term Lithographie,
Galvanoformung, und Abformung, for lithography,
electroforming, and molding) processing, and low-temperature
cofired ceramic packaging. In addition, we are investigating 
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the aging and reliability of materials in microsystems and how
these materials behave when they are dormant for years or
decades.

In our nanoscale diagnostics research, our goal is to
develop and apply diagnostic tools for measuring physical,
chemical, structural, and biological properties of materials and
material systems at the nanoscale. 

Overall, the MS&T research investment themes improve
the capabilities required to support the missions of Sandia and
the DOE NNSA (National Nuclear Security Administration).
For example, the aging and reliability investigations develop
our capabilities to support war reserve (WR) surveillance;
materials processing research activities expand our tech base
to support WR production and design efforts; and
scientifically tailored materials increase our capabilities to
support WR design. The crosscuts of nanoscale and materials
and process modeling research develop the S&T base
exploited by MESA (Microsystems and Engineering Sciences
Applications) and ASCI (Accelerated Strategic Computing
Initiative) applications.

In addition to DOE NNSA, MS&T research also develops
our materials technical base to support a variety of DOE
missions, including (among others):

• Aging research supports the Office of Power 
Technology investigations.

• Materials processing supports the Office of Industrial 
Technology explorations.

• Scientifically tailored materials expand our capabilities
to address the Offices of Science (particularly Basic 
Energy Sciences [BES]) and Transportation 
Technologies investigations.
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Advanced Concepts

The “Understanding and
Managing Threats to the Social
Fabric of the United States” project
examines a subtle form of terrorism
based on creating an acute, undesir-
able sentiment among major seg-
ments of U.S. citizens. This type of
terrorism has the potential to have
profound effects and could essen-
tially cause the United States to be
unable to provide for the common
good of its citizens. The project will
develop an understanding of the
meaning of undermining the social
fabric of our society, the potential
threats, the warning signals, and the
viable countermeasures. A panel of

experts discussed terrorist groups
and identified the motivations, goals,
likelihood of conflict, and timeframe
for executing an event. A simulation
model was developed during the
meeting, capturing the essence of
the various panelists’ discussions,
arguments, and counterarguments.

      The Advanced Concepts invest-
ment area is looking at how the
United States might better “wage
peace” by addressing global
resource issues. At first glance, food
production and water resources may
appear to be outside Sandia’s scope;
however, as world population grows
and as global interdependence in-
creases, the national security of the
United States may well depend on
reducing conflicts over resources.
Sandia has skills and assets that can
contribute technology-based system
solutions to global resource
problems.
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Solutions to National and Global Security
Issues Based on Limited Freshwater
Resources
M. E. Tadros, J. E. Miller, D. Y. Sasaki, R. W. Bradshaw

Systems-level solutions are needed to ease freshwater
shortages in many regions throughout the world that could
lead to conflicts and increased tension. The Department of
Energy’s (DOE’s) Environmental Quality R&D Portfolio FY
1999–2001 states that one of the three primary areas of
responsibility of the environmental-quality business line is to
provide the technologies and institutions to solve domestic and
international environmental problems. Scarce and
contaminated water resources are a major environmental
problem both in many parts of the U.S. and in areas of the
world that are central to U.S. national security concerns such
as the Middle East, Mexico, and China. The DOE is one of the
lead agencies with responsibility to help create and maintain
the scientific and technological infrastructure that supports
the nation’s security and environmental integrity. This project
is focused on the development of two new methods for water
desalination: a method for water-evaporation suppression
from reservoirs and a method for improving protected
agriculture to reduce water consumption. 

We developed a conceptual design for a novel, high-
efficiency desalination process that provides process heat
based on distillation by direct-contact heat exchange between
a saline water stream and a nonvolatile liquid. The heat-
transfer coefficients for direct-contact boiling are much larger
than comparable tube-wall heat-transfer coefficients. This
method enables the dissolved solids in the saline water source
to be collected by the working fluid, preventing the discharge
of a concentrated brine stream. Since the cost of the sweeping
gas alone is enough to make the economics questionable, we
recommend that future work in this area focus on vacuum 
operation.

We carried out controlled experiments with two tomato
plants grown in a conventional glass greenhouse and a
greenhouse treated with the infrared reflective film, and
collected data on the crop yield, energy consumption,
temperature, humidity, and water consumption. The results are 
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very encouraging and support our design concept. We
submitted a technology advancement disclosure. 

We carried out laboratory and field (i.e., swimming
pool) experiments to develop new surfactant composition for
suppression of the evaporation of water. We found a mixture
of fatty alcohols of various chain lengths to be superior to a
mixture reported by others, particularly under conditions of
wind and wave action. The new monolayer films exhibited
high surface pressures, film recovery, and self-healing
characteristics.

We analyzed the impact of technologies supporting
sustainable development for the border region between the
United States and Mexico. We evaluated and improved upon a
solar water-distiller/water-purification technology and an early
warning system for infectious disease outbreaks. 

Sandia National Laboratories LDRD Annual Report 2001 36

We analyzed the impact of

technologies supporting

sustainable development for

the border region between the

United States and Mexico. We

evaluated and improved upon

a solar water-distiller/water-

purification technology and an

early warning system for

infectious disease outbreaks. 



22126

Understanding and Managing Threats to the
Social Fabric of the United States
J. Espinoza, J. G. Turnley, T. D. Moy

Terrorism is the use of force or violence against
persons or property in violation of the criminal laws of the
U.S. for purposes of intimidation, coercion, or ransom. One
way governments attempt to reduce our vulnerability to
terrorist incidents is by increasing security at airports and
other public facilities. However, little attention seems to be
given to a more subtle, yet potentially far more consequential,
form of terrorism than bombing facilities and airlines—a form
of terrorism based on creating an acute invidious sentiment
among major segments of the citizenry of the United States.
This has the potential to have far-reaching, profound effects
and, if properly orchestrated, could essentially cause the
United States to be unable to provide for the common good of
its citizens.

This project will develop an understanding of the
meaning of undermining the social fabric of our society, the
potential threats, the warning signals, and the viable
countermeasures. It should be emphasized that this proposed
work is distinct from, but complementary to, Sandia’s critical
infrastructures surety activities. The focus will not be on what
a malevolent agent might do to our infrastructures, but rather
upon what might be done to cause major segments of the
citizenry of the United States to violently interact with each 
other. 

The innovative features of this work are (1) the
synthesis of an integrated picture of the potential threats to
our society as seen from myriad historically disparate
perspectives, (2) the development of a dynamic simulation that
can provide valuable insights into the complex phenomena
that serve as the glue for our social fabric, and (3) the
analysis of urban race riots of the sixties and seventies
profiled via an artificial neural network (ANN) classifier that
supports the development of the dynamic model and promotes
the understanding of deliberate and planned attacks to break
down the social fabric of our nation.
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Sandia met several significant milestones in the
development of this project:

•  Vital Issues Process II meeting. Sandia hosted a
panel discussion in Washington, DC, on 28 February 2001.
The panel comprised a mix of national security experts,
economists, social scientists, journalists, experts on aspects of
the U.S. physical and communications infrastructure, and
others aware of and/or sensitive to pressure or weak points in
our social fabric, and how those weak points could be or have
been manipulated. The panel discussed the potential for
complete social infrastructure breakdown through the use of
asymmetric warfare (IBAW). 

The panel was divided into three groups, each of
which was tasked with developing scenarios detailing the
infrastructure breakdown of the United States according to the
following categories:

(1) Identification of infrastructure vulnerabilities
(2) Development of scenarios for attacking

vulnerabilities
(3) Presentation of the scenarios
(4) Critique of the scenarios in terms of feasibility and

likelihood.
We produced a textual report documenting the

discussions and outcomes of the VIP II meeting and
summarizing the discussion, the themes that arose, and the
IBAW scenarios. In view of the sensitivity of the issues, the
report of the panel discussion is currently not available for
public release or distribution.

We also developed a dynamic model in real time that
reflected the panel discussion. PowerSim Constructor, a
simulation model, was developed during the meeting to
capture the gist of the various panelists’ discussions,
arguments, and counterarguments. We have since updated the
model and modified it to properly reflect the outcome of the
VIP II meeting.

• Urban riot computer model (ANN classifier and
predictor). We are developing an urban riot computer model
as a tool for policy- and decision-makers to assist them in
identifying conditions that have historically been conducive to
urban rioting. The software model will use socioeconomic,
environmental, and public opinion conditions to classify the
likely severity of an impending riot, thereby helping decision-
makers countermand or prevent riots in their communities.
The Advanced Concepts Group based the development of the
riot-prevention computer model on an analysis of historical
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data from the 500-plus race riots of the sixties and seventies.
The Kerner Commission, established by President Johnson
after a summer of violence and destruction in American cities,
conducted the most thorough and reliable study of the 1960s
urban rioting to date. We relied heavily on the findings of the
Commission, which were published in April 1968 as “The
Report of the National Advisory Commission on Civil
Disorders.” The relevant riot parameters are being defined by
the use of an ANN classifier that will filter conditions from
hundreds of potential variables such as socioeconomic,
environmental, and public opinion. An ANN predictor will be
trained using the filtered data derived from the ANN classifier
and tested against more recent riot events, such as the Los
Angeles riots (1992) and the Cincinnati riots (2001).
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National Laboratories, Albuquerque, NM.
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Investigation of Advanced Power Plants and
Multiple-Use Applications for Single-
Occupancy Vehicles
P. Van Blarigan, N. J. Paradiso, Jr.

Sandia has worked on transportation projects
involving alternative fuels and new engine designs. We
leveraged this experience to study the performance of several
advanced power plants in a single-occupancy vehicle (SOV)
for application in urban-transportation driving cycles. In
parallel to this analytical study, we performed combustion
experiments to assess the thermal-efficiency performance of a
homogeneous-charge free-piston electrical generator of
greatly reduced size. These experiments are necessary to
assess the scaling effects necessitated by utilization in an SOV
in comparison to a full-size automobile. 

Sandia’s accomplishments cover modeling and free-
piston combustion performance. 

Modeling. We used the Sparrow SOV as a baseline for
application of various prime movers: electric, gasoline, diesel
and methanol operation of conventional four-stroke engines,
fuel cells operating on hydrogen and methanol, microturbines
operating on natural gas, and free-piston electrical generators
operating on methanol, gasoline, and natural gas. 

We modeled each prime mover, when appropriate,
with a conventional series hybrid and parallel hybrid
drivetrain, with various power-plant sizes as an additional
variable. We modeled each combination of engine and
drivetrain on both urban- and highway-driving cycles.

The results indicate a large variation in performance,
but clearly superior operation by hybrid drivetrains relative to
the conventional baseline case. Small power plants (3 kW–7
kW) clearly have the advantage over the larger baseline unit
(30 kW). The top performers were the diesel and free-piston
motors.

Free-piston combustion performance. The
approximately 1 kW output combustion experiment was
intended to evaluate the performance of a free-piston
generator at low-end size for an SOV. Sandia’s current
experience is with a 30 kW experiment; thus, confident
interpolation between these two cases will be possible. We
fabricated a combustion cylinder of 12 mm bore and 64 mm
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stroke. We instrumented the device with cylinder pressure and
piston-displacement diagnostics, in addition to the support
equipment necessary to measure fuel-to-mechanical-work
efficiency. The device is a single-stroke experiment, similar to
a 75 mm bore existing experiment.

Initial results indicate a 20 percent reduction (44
percent indicated thermal efficiency) from the 30 kW case.
This reduction is thought to be due principally to an increased
surface-to-volume ratio and larger crevice-volume fraction.
The results, however, show that even at 1 kW, the concept is
superior to other electrical-power generators.
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Micromachined Patch-Clamp Array
M. Okandan, S. M. Brozik, P. C. Galambos

A micromachined patch-clamp array that would enable
real-time measurements and manipulation of cells has been
described as the “dream” of a neurobiologist. This project
will study the feasibility of realizing that dream. The
completion of the Human Genome Project has set the stage to
begin the hard part of the work—understanding the amazingly
complex machinery of cellular processes and cellular
signaling. The genome preserves and propagates the code for
this machinery, but the code alone does not give us the
complete insight into the details. To work out these details,
and thus to learn about the origin and cure of diseases,
disorders, and even aging, the biomedical community needs
new tools such as the one investigated here. Such a tool will
leverage the large investment that has been made in
microsystems at Sandia over the last decade and provide the
opportunity for establishing an entry point for utilizing the
microsystems technology in the biological and medical
sciences. Current techniques require extensive manual
operation, and a repeatable, standardized setup for doing the
measurements will enable a large set of new, fundamental, and
exciting studies on cellular processes and cellular signaling.

We completed the first-round design of the
micromachined patch-clamp array. These designs incorporate
several different concepts: patch clamp or extracellular
measurements, conductivity measurements, optical
excitation/measurements, cell localization, and chemical
delivery/extraction. 

The cell localization area is the central focus of the
designs. We placed polysilicon (poly-Si) electrodes below this
region for the electrical/fluid-flow measurements. We routed
other microfluidic channels to the backside of the wafer for
connection to the mesoscale fittings and placed these
microfluidic channels around the backside of the wafer to
facilitate delivery and extraction of fluids/chemicals. We
fabricated several different designs with poly-Si layers and are
currently readying them for initial characterization. Designs
using silicon nitride (SiN)—which allows electrical isolation
of electrodes and optical access into the testing region—are
being fabricated and will be tested as we finish processing.
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Initial testing using bovine red blood-cells have been
carried out in other bio-MEMS (microelectromechanical
systems) devices, and the same protocol will be used in
preliminary testing of these devices.
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Microscale Techniques for the Study of Cell
Signaling
V. A. Vandernoot, J. S. Schoeniger, S. A. Pizarro

We will adapt microanalytical technologies developed
at Sandia to address important problems in cell signaling that
would improve the speed, throughput, or sensitivity for
monitoring a cell-signaling pathway. Cell signaling is central
to biological processes of critical importance in national
security contexts and also to many biomedical problems, such
as the immune response to pathogens. In collaboration with
researchers from the Alliance for Cellular Signaling (AFCS)
at the University of Texas, Southwestern, we will exploit
developments supported through µChemLab™ technologies
and apply them to a problem of importance to cellular
signaling. The project consists of the selective collection and
concentration of cell-signaling proteins by immunoaffinity
chromatography and the application of sensitive bioanalytical
and microanalytical tools (Fourier transform [FT] ion
cyclotron mass spectrometry [MS], capillary electrophoretic
techniques), to determine phosphoprotein signatures of B-cells
(B lymphocytes). We will then compare the response of these
phosphoprotein signatures to signatures obtained from cells
after exposure to one of a variety of agonists (hormones). The
goal of this work is to significantly advance the state-of-the-
art tools to aid in the understanding of cellular-signaling
pathways and how the various pathways interconnect (e.g.,
redundancies, synergistic responses, or additive or subtractive
effects).

Cell lines and sample preparation. We received
samples of two different cell lines that are being evaluated by
the AFCS. These were primary cell lines of both the B-cells
originally proposed for this project and the cardiac myocytes.
We evaluated several different approaches for sample
preparation to optimize the yield of proteins, including four
different lysis buffers and three different precipitation options
for each cell type. We based our selection criteria both on the
amount of total protein in the received sample and on the size
and number of distinct proteins that were observed by
electrophoretic separation and detection.
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We evaluated the effect of protein precipitation as a
means of preconcentration and sample cleanup to eliminate
potential interferences from the lysis buffers. We used either
acetone or ammonium sulfate to precipitate the proteins. 

Ultimately, neither precipitation protocol was deemed
ideal. The acetone precipitation caused difficulty in
redissolving the proteins, while the ammonium sulfate
treatment resulted in a recurring spurious peak in laser-
induced fluorescence (LiF) traces.

We selectively collected phosphoproteins from B-cells
and myocytes by two different methods: immobilized metal-
affinity chromatography (IMAC) and immunoaffinity
chromatography. 

Capillary electrophoresis with LiF detection. We found
capillary electrophoretic separations with LiF detection to be
effective, sensitive microseparation and analysis tools for the
cell extracts. Proteins from myocytes or B-cells were labeled
with fluorescamine (a fast-reacting fluorogenic dye that reacts
with primary amines in the millisecond timeframe) and
separated by either capillary-zone electrophoresis (CZE) or
capillary-gel electrophoresis (CGE). 

CGE analysis of phosphorylation signatures upon
stimulation. The goal of this project is to examine how
phosphorylation signatures change in response to a variety of
agonists (stimuli). The AFCS identified a large group of
agonists of interest (including epinephrine, interleukin, and
others) and supplied B-cell and myocyte samples stimulated
(for 5 minutes) with appropriate stimuli. We observed
differences in resting- and activated-cell lysates by both CZE
and CGE. The phosphoprotein-signature differences were
apparent in samples obtained by both phospho-enrichment
techniques evaluated (antibody-based and immobilized metal-
ion-affinity techniques), suggesting that significant changes
occurred in not only the levels of phosphotyrosine-containing
proteins, but also in phosphoserine- and phosphothreonine-
containing proteins. 

Comparison to conventional techniques. Our progress
shows proof-of-concept for the ability to assay the differences
in phosphoprotein signatures associated with cell stimulation
and signaling. The approach proposed here for the use of
microscale separation techniques coupled with LiF detection
represents a significant improvement in terms of the time
required to generate data (less than 1 hour compared with 8 to
10 hours for slab-gel/Western blot). This approach has
additional advantages in terms of good sensitivity (nanomolar
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sensitivity) and direct quantitation (compared to subsequent
densitometry or electroelution of an excised-gel spot from a
slab-gel approach followed by mass spectrometry or some
other quantitation method). Certainly, the slab-gel approach
currently isolates a larger number of species; this is because of
a 2-D separation mode.
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Computational Prototype of Chemotaxis as
an Example of Whole-Cell Modeling
M. D. Rintoul, S. J. Plimpton, P. T. Boggs, M. P. Sears, J. F.
Shepherd, S. A. Means

The fundamental unit to all life on earth is the cell.
Despite the enormous differences between the cells of different
organisms (and the differences between different types of cells
within a single organism), all cells share the same ability to
not only grow but to also respond to many widely varying
external stimuli. Ultimately, the different responses that the
cell generates are the result of many highly interdependent
physical and chemical processes.

Understanding the cell has tended to be a reductionist
effort, with an attempt to study all of the different processes of
the cell in finer and finer detail until a complete
understanding was reached. However, it has become clearer
that most important cell processes involve a large number of
simultaneous smaller processes, and these cannot be studied
independently.

Sandia seeks to provide a computational framework in
which the cell, or at least significant parts of it, can be
modeled as a whole. Many of the smaller details of cell
processes have been described through careful experiments,
but it is difficult to experimentally study these processes as a
whole. Sandia’s researchers who specialize in modeling large-
scale physical systems that consist of many strongly
interacting parts are uniquely poised to provide a means of
putting all of the pieces together to help solve the puzzle as a
whole.

After providing a framework, we will demonstrate the
proof of our concept by applying our model to an outstanding
problem in cell modeling. The model will be that of
chemotaxis, in which a cell such as a lymphocyte is able to
hunt down and possibly destroy an unwanted cell (which is
also in motion) by following a chemical trail. This work could
have the ability to identify and respond to bioweapon threats
and disease vectors.

The primary accomplishment this year was
confirmation of a new mathematical model for the distribution
of calcium-releasing proteins that are vital in the process of
cell fertilization. 
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The model came from a group at the University of
Connecticut Health Sciences Center and was being developed
to help explain the complex calcium wavefront that was seen
very clearly in experiment during the fertilization process.
Unfortunately, this new model was too complex for the
university simulation capabilities to verify in a fully 3-D
context.

We used techniques in meshing, solving partial
differential equations (PDEs), and massively parallel (MP)
computing. (These techniques were developed for our
stockpile stewardship work.) We performed this simulation
and verified that the new model did fit the experimental data
almost perfectly. This work was performed in a few hours on
hundreds of processors and is thought to be among the largest
whole-cell simulations ever performed anywhere in the world.

We used the same techniques to model intracellular
neuronal concentrations in an attempt to explore the possible
impact of intracellular sodium on intracellular calcium and the
indirect affect on neurotransmitter release. Experimental work
shows that sodium plays a mysterious role in modulating
neurotransmitter release with regard to long-term
(approximately 100 sec) responses to chronic stimulations and
may have implications for short-term learning. Our
simulations indicate that the sodium-calcium exchanger
(posited by some experimentalists as a possible vector for the
influence that sodium exerts) has relatively insignificant
impact on neurotransmitter release. 

Sandia National Laboratories LDRD Annual Report 2001 48

We performed this simulation

and verified that the new

model did fit the experimental

data almost perfectly. This

work was performed in a few

hours on hundreds of

processors and is thought to be

among the largest whole-cell

simulations ever performed

anywhere in the world.

Refereed
Means, S. A. 2001. “Impact of Sodium on Intracellular
Calcium and Its Implications in Neurotransmitter
Release.” Master’s Thesis, Department of Applied
Mathematics, University of New Mexico,
Albuquerque, NM (August).

Rintoul, M. D., J. N. Shadid, A. G. Salinger, J. Schaff,
B. Slepchenko, J. Wagner, L. Loew, S. A. Means, and
P. Embid. 2001. “Preliminary Parallel Finite-Element
Simulations of Diffusion/Reaction Systems in Cellular
Modeling.” Paper presented to the 1st International
Symposium on Computational Cell Biology, Lenox,
MA, 4–6 March.



33317

Training Software Agents to Reason in the
Absence of Data
E. M. Raybourn, M. E. Senglaub, D. L. Harris

Automated reasoning is a technology that
approximates the complex functions of human decision
making. Automated-reasoning systems are becoming more and
more complex and are operating at significantly increased
conceptual levels and tempos. As reasoning technology
evolves, the ability to put human controllers in charge could
put these systems and their interactions with a human
population at risk. 

Sandia proposes re-examining some fundamental
questions concerning reasoning. We are exploring these
questions in an issues context, which we can apply as a
validation tool for any reasoning model. The issues include
the absence of information, the absence of expected cues, as
well as the identification of cues, learning collaboratively
through the clustering or grouping of information, and the
ability to creatively connect information from diverse
knowledge domains. Identification of a theoretical foundation
for reasoning will enable us to develop automated-reasoning
agents that can be used to populate complex high-
consequence control systems. Within a Defense Programs
(DP) context, we envision these controllers installed in
operational systems that can decide, for example, if a fuzing
option will result in undesirable collateral damage—or
determine if actions taken by maintenance and logistics
support personnel constitute an insider threat—and then the
controllers can respond accordingly. The key to these
capabilities is that these agents can respond to situations with
far less data than would be required by “pattern matching”-
type reasoning methodologies, which are statistically based.

Sandia discovered the impact of Charles Sanders
Peirce’s work (philosophy of scientific inquiry and semiotics)
on cognition-based decision making in simulated
environments. These notions have been implemented
successfully in contexts such as data fusion, systems
engineering, and the design of information operations systems.
Peirce’s theory focuses on formal logic that can achieve the
best possible conclusions based on available information.
Complex adaptive systems use such logic not only to process
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information, but also to build a constantly evolving base of
knowledge from which to hypothesize, predict, test, plan, and
implement action. Because his work aims to identify formal
logical systems, Peirce’s work creates an opportunity to
articulate a variety of modes of reasoning that human beings
or other complex systems might use. 

Identification of a theoretical foundation for reasoning
will enable us to develop automated-reasoning agents that can
be used to populate complex high-consequence control
systems. These systems can be used in power stations, in
medical-emergency rooms, in combat environments that are
dominated by autonomous fighting systems, in the classroom,
and in the strategic stockpile. 

One characteristic of complex systems is that design
engineers probably will not be able to anticipate all
operational scenarios and build contingencies into the control
algorithms. Populating these control systems with reasoning
agents provides a mechanism for dealing with these unknown
and unanticipated situations; the agents will be able to
assimilate and generate solutions faster than their human
counterparts. 

We designed a functional model of cognition that
addresses (1) abduction and analogic, which deals with
postulating solutions to a broad spectrum of well- or ill-
defined problems, (2) deduction, which identifies high-
probability solutions, and (3) induction, which is an approach
to validation and learning.

Also, we identified a natural coupling to the work of
Lefebvre, Apter, and others working in the areas of the social
dynamic impacts on reasoning and included this work in our
functional representations of cognition.

As a final part of our effort, we began to define the
technologies that can be used to support the different
functions of our cognition model. JSM (John Stuart Mills)
offers an example of one technology that we have begun to
explore for applications in areas of abduction and possibly
induction.
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Nonlinear Modeling and Simulation of Pulsed
Electromagnetic Stimulation and Response
of Selected Excitable Biological Structures
R. C. Pate, R. B. Asher, P. E. Patterson, M. E. Tadros

This project begins the implementation of an
appropriate modeling framework to allow for the simulation
of fundamental “effects level” interaction of electromagnetic
(EM) fields with biological systems. Sandia began by
considering linear resistor-capacitor (RC) network modeling
of excitable biological membrane structures (i.e., elongated
muscle or nerve cells) as a reasonable starting point for
exploring EM coupling and effects in biological systems.
Linear modeling, however, is of limited utility. Nonlinear
mechanisms must also be introduced to more realistically
simulate observed excitation effects and threshold behavior
associated with cellular membrane system responses to
applied electrical stimuli. We specifically limited nonlinear
mechanisms considered for this project to those associated
with the voltage-controlled flow of various species of ions
through channels or pores in the membranes of excitable
biological cell structures. Several models describing the
macroscopic behavior of various types of animal nerve and
muscle tissue have been derived empirically over the past
half-century. Well-known examples include the Hodgkin-
Huxley neural model (unmyelinated nerve); the
Frankenhaeuser-Huxley neural model (myelinated nerve); the
model for striated muscle fiber developed and later improved
by Adrian, Chandler, Hodgkin, and Peachey; the original
Noble and the improved McAllister-Noble-Tsien model for the
cardiac Purkinje fiber; the Beeler-Reuter model of ventricular
myocardial fiber, and others. The Hodgkin-Huxley model, in
particular, was groundbreaking work in this field that led to a
Nobel Prize in physiology. Among the more interesting and
pressing reasons to pursue this line of investigation is to
better understand and characterize macroscopic nonlinear
excitation responses and thresholds, at the active membrane
level, in living animals exposed to the near-field or far-field
coupling of EM pulses from external sources.

The problem of bioelectromagnetic (BEM) interactions
and effects must be addressed at several levels. As an overall
modeling framework, we consider three major levels of
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system interaction and response. The first stage of interaction
involves determining the macroscopic coupling and detailed
distribution of EM fields within the interior of the
heterogeneous biological system. The second stage involves
determining the field interaction and response mechanism(s)
at the microscopic subsystem (e.g., sensory, nerve, or muscle
cells/tissue, etc.) and submicroscopic feature/process (e.g.,
active biological membrane, ionic channel dynamics, etc.)
levels. The third stage involves determining the physiological
and higher-level perceptual and/or behavioral effects induced
within the system by the interaction/response mechanisms
identified in the second stage. Modeling and simulation
improvements are needed in the first stage, but the greatest
challenges remain in addressing the second and third stages
outlined above. The project work was active to a limited
degree in addressing all three levels of interaction, but greatest
emphasis was placed on cell membrane-level model
development. 

We made progress toward establishing an initial
modeling framework incorporating basic bioelectrical
mechanisms that underlie the response of biological systems
to electrical and EM stimuli. The mechanisms considered thus
far are localized at the cell membrane level. Ionic channels
(also referred to as “macromolecular pores”) are believed to
be the elementary excitable elements in cell membranes.
Active membranes produce and transduce electrical signals in
living cells, tissues, specialized structures, and higher-level
systems. They can be activated (“excited”) by a host of
stimuli, depending on the specialized nature of the cells,
tissue, or higher-level system being considered. Of particular
initial interest for this project has been the response of
biological cells with electrically active membrane (e.g., nerve
or muscle) to currents induced by electrical excitation due to
the coupling of EM fields. 

We identified passive cable modeling of microscopic
biological membrane structures as the most useful and
insightful approach to the initial investigation of bioelectrical
interactions and response at the microscopic cellular
membrane level. After beginning at this level, we pursued
improved modeling of excitable cells by extending the passive
RC-network modeling with the circuit analogs for empirically
derived nonlinear models of active biological membrane. We
placed initial emphasis on the implementation of the Hodgkin-
Huxley model for unmyelinated nerve. The resulting system
of differential equations is quite stiff, requiring care in the
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numerical implementation. We are pursuing several alternative
approaches for comparison and check. We also initiated the
exploration of available techniques for conducting the
migration of high-resolution time or frequency-domain field-
coupling calculations from the macroscopic scale to the
microscopic membrane-level scale in complex, heterogeneous,
biological material structures. Similarly, we also initiated
work to explore the eventual migration of theoretical ion-
channel modeling at the nanoscale level of molecular
dynamics and electrodiffusion to the macroscopic membrane
level described empirically by Hodgkin-Huxley and other
similar experimentally derived nonlinear modeling constructs.
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MyLink
R. L. Craft, N. M. Berry, D. E. Rhodes, C. M. Pancerella, R. M.
Arms, R. J. Garcia

Without question, the Internet and its associated
technologies are changing every aspect of our lives. As
computers continue to increase in power and drop in price, we
have opportunities to place “intelligence” where it has never
existed before. Similarly, the explosion of pervasive digital
communications has given us the ability to instantly move vast
quantities of information to wherever we want it. At the same
time, for as much as these technologies have already reshaped
our world, they are only the vanguard of what is to come—the
foundation on which the future digital superstructure will be
built. Without a doubt, our greatest opportunities to exploit the
power of information technology still lie ahead.

Of these opportunities, one of the most exciting is the
potential to use computers and networks to overcome our
human limitations. With this technology, we can tear down
many of the barriers imposed on us by the realities of time
and space and by the finiteness of our individual minds. A
range of current national problems, such as helping war
fighters make sound decisions in the fast-paced, data-
saturated battlefield of the future or helping our seniors
maintain their ability to live independently, even in the face of
debilitating events, beg for the kinds of solutions that
information technology has the power to provide. To this end,
this project will produce a prototype system that demonstrates
key elements that we believe need to be available if we are to
ultimately realize this human/computer collaboration in this
future digital world.

The team developed initial outlines and storyboarded
concepts for the software. In the middle of the project, we
refocused work to allow us to tailor the concepts for use in a
real-world setting. This would allow a natural test-bed for our
concepts and software without the need to provide our own
human-study environment.

We engaged the engineering staff at the Intel
Architecture Labs regarding our concepts for a technical
architecture to support next-generation approaches to
delivering care. We participated in a two-day event at the
Architecture Labs focused on the question of where care
delivery is heading in the future, and laid the groundwork for
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future collaborations with some of the key players in smart
homes and technology to assist the disabled.

Our programmers produced a simple program to
illustrate the concepts being advanced by the project. The goal
of the software was to create a software tool that would
interact with individuals to help them track their daily levels
of activity and to encourage them to work toward activity-
level goals.

We also collaborated with a related project in
California that used students to produce a related
demonstration with a military focus.
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Advanced Manufacturing

The cost of designing and
manufacturing fixtures has driven
significant research in automatic
design. Nonetheless, automated
fixture design systems are not widely
used due to lack of adequate analysis
tools. The “Automatic Design of
Practical Fixtures” project will
develop new fixture design tech-
niques based on recent advances
developed by Sandia and a new idea
for mitigating the effects of dimen-
sional errors. The new results allow
more general analysis of stability,
realistic simulation of fixture
loading, including sliding and
rolling, and sticking contacts. This

approach can be broadly classified
as simulation-based design and, as
such, will require the simulation of
multiple scenarios, each correspond-
ing to possible unknown loading
conditions and manufacturing errors.

      The objective of the Advanced
Manufacturing investment area is
to support manufacturing technology
advances with an emphasis on
process-based quality. Process-
based quality is a systematic
approach to generate superior
manufactured goods (i.e., nuclear
weapon components and subsys-
tems) with little or no product
inspection or testing. Research
priorities in this investment area
support the miniaturization and cost-
and time-reduction requirements for
future nuclear weapon manu-
facturing needs. Manufactured
products, particularly microdevices,
have the potential to reduce defects
and costs.
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Microdiagnostic MEMS Lab-on-a-Chip
M. P. de Boer, M. B. Sinclair, E. J. Pryputniewicz, N. D. Masters, N.
F. Smith, F. Bitsie

Although mechanical properties of microelectro-
mechanical systems (MEMS) structural materials are critical
to product design and performance, there exists no
infrastructure for their routine measurement. Furthermore,
when measurements are presently made on an interferometric
microprobing station, resolution is very high, but accuracy is
not well known. Sandia will overcome these deficiencies by
developing a self-validating suite of small area test structures
for automated measurement. Statistical quality control can
then become the basis for MEMS design, process improve-
ment, and reliability. Because MEMS are radiation hard and
demonstrate promise for nuclear weapons surety, this work
will directly benefit the nuclear weapons program.

Our approach for developing microdiagnostic MEMS
devices is modeled after parametric devices in micro-
electronics. We believe a similar avenue is feasible and is
indeed the best approach for MEMS. Relevant mechanical
properties include residual stress, stress gradient, adhesion,
friction, and fracture strength. Our project will have two main
thrusts. The first is to optimize test structures, in conjunction
with a determination of the accuracy of the mechanical tests
from optoelectrical probing techniques. To validate test
results, we will use measured device parameters to predict
performance of a composite test structure. Predictions will
then be compared to actual performance. The second thrust is
to implement the procedures on an automated prober.

The development of a standard suite of diagnostic
device designs with properly validated measurement and
analysis specifications will enable first-run success of designs
and facilitate the production and reliability of MEMS, both in
Sandia nuclear weapons surety applications and in the
commercial world.

(1) We incorporated appropriate important property
measurement structures into fully automatic testing. Full
automation is an aggressive goal; therefore, we separated this
objective into two tasks. First, we constructed a manual
interferometer equipped with our new software for production
lots to enable at least an important subset of the properties to
be measured. Some 30 lots were characterized in
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semiautomatic fashion. Second, we continued to make
progress on our full-scale test system. Where before, two
weeks were required to obtain data on a column of a wafer,
this task can now be accomplished in two days. We continued
to make considerable progress toward full-scale automation,
including (a) combining our image analysis software and
deflection analysis software into one package, (b) developing
algorithms to reduce required user input into deflection
analysis, and (c) continued debugging and improving analysis
software. 

(2) We wrote design rules based on materials property
data. We created control charts for properties that have been
tested many times. 

(3) We determined accuracy for important properties
yet to be incorporated. We developed general techniques to
assess the accuracy of our methods. 

(4) We fully checked algorithms for residual stress,
adhesion, fracture, and friction. For residual stress, we
developed two methodologies to measure residual stress,
which resulted in a journal submission. We now have a fully
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checked algorithm for this property. We also have a journal
submission for our adhesion measurement procedure that
allows adhesion to be measured along the full length of a
cantilever test structure. We designed new fracture and friction
devices. The friction device resulted in an invited paper to the
Society for Photooptical Instrumentation Engineers (SPIE)
Conference. We completed fabrication of the fracture device
and will test it soon. Based on our fracture device design, we
are also working on a metal test structure to test stress/strain
curves of thin-metal films as well as fatigue and creep
properties. This resulted in an unexpected invited presentation
at the Fall 2001 Materials Research Society (MRS)
Conference based on our abstract.

(5) We optimized designs for all types of test
structures. Our new support post designs did solve the initial
offset-angle problem. The status of the friction and fracture
devices is discussed above. 
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Thin-Film Deposition Processes
Incorporating In Situ Monitoring Capabilities
D. P. Adams, J. A. Floro, N. R. Moody, R. S. Goeke, J. A. Romero

This project researches alternative thin-film deposition
techniques that allow control of residual stress. Processes that
allow tailoring of residual stress may enable engineers to
directly affect film properties such as adhesion and
performance. In particular, Sandia is focusing on two
reactive-deposition techniques for growing various metal
hydrides, evaporation, and ion-beam sputtering. There is
interest in metal hydride layers for miniature fuel cells. 

Understanding the origin of stress during all stages of
fabrication is a key aspect of this work. Achieving this
understanding is challenging, considering that stress is
impacted by many factors, including grain structure, defect
density, composition, epitaxy, and mismatch of substrate/film
thermomechanical properties. In addition, stress may be
directly influenced by deposition parameters.

We are researching reactive-deposition techniques
because we anticipate that simultaneous deposition of both
species will be found to generate a stress that is small
compared with two-step processes that first deposit metal and
then react the metal with a second species such as hydrogen
(H).

We are researching both evaporation and sputtering,
which potentially result in different residual stresses. During
evaporation, metal atoms arrive at the film surface with low
kinetic energy that may lead to a zero or tensile stress due to a
low-density microstructure. During reactive sputtering, metal
atoms and sputter-gas atoms can strike a growing film with
high energy. However, sputter parameters can be modified to
alter the energy imparted to a film. Potentially, this would
allow the user to control film stress.

In addition to research and development of alternative
deposition techniques, this project aims to develop a stress
diagnostic tool suitable for a manufacturing environment. This
diagnostic instrument must allow for in situ investigation of
stress during all stages of fabrication, including deposition,
rotation, heating, and cool-down. Potentially, the diagnostic
instrument may be used for feedback control of a process.
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We demonstrated the ability to tailor film stress.
Completion of this goal required a thorough investigation of
the effects of deposition parameters on film microstructure,
composition, and phase. The laser-based sensor provided rapid
feedback to evaluate stress. 

A long-term goal of our work is to demonstrate
processes that lock in a particular stress, including tensile,
compressive, and zero stress. We recognize that each stress
“type” may be desirable for different applications, particularly
those that cycle or remove H over time. It is apparent that the
mechanical properties of metal hydride films are important to
long-term reliability. Therefore, we evaluated all reactively
deposited films. Our evaluation included tests of interfacial
bond strength (adhesion) for different substrates and moduli.
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Volumetric Displacement Control (VDC) of
Manufacturing Tools
L. F. Bieg, B. Jokiel, Jr., M. T. Ensz

Sandia’s desire to eliminate or minimize independent
product inspection must result in better process control.
Statistical process control (SPC) has been exercised in the
past by influencing the process based on trends. This method
may be applied to high-volume manufacturing at low
manufacturing tolerances. Enhancements in material/
fabrication processes are driven by reducing cost and
cycle time and by minimizing fabrication defects at increased
accuracy and speed. In-process inspection has forced the
requirement of periodically certifying the manufacturing
process. Historically, methods defined under American
National Standard ASME B5.54 are applied to determine the
performance of computer numerically controlled (CNC)
systems. Trained experts have to apply a multitude of
expensive and sensitive equipment to evaluate performance.

We conceptualized a volumetric displacement control
(VDC). The VDC can perform volumetric three-dimensional
(3-D) analysis of a workspace at a high degree of accuracy in
real time. The application of the VDC is simple and requires
little time and skill since the actual processing equipment is
guiding the VDC through all workspace extremities. Today,
feedback during the manufacturing process is limited to
displacement (motion) sensing of the equipment, at great
distances away from the actual point of operation. In most
cases, rotating motion produced by a motor is translated into
linear motion through the pitch or lead of a screw. External
and self-induced thermal influences as well as geometric
errors while in motion have never been detected and applied
to control the process. Industry and university publications
assign an 80 percent contribution of errors based on thermal
and geometric issues. Our approach will measure and correct
in real time process-induced errors on manufacturing tools of
motion. The VDC system will provide total process control
(TPC) to the fabrication floor.

Our team evaluated, analyzed, calibrated, and
corrected the VDC system prototype. We designed and
implemented data-acquisition software that provides the
capability to perform pertinent studies and corrections. We
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evaluated the Sandia-designed joint feedback system and
calibrated it to provide accurate angular resolution in the
count domain of three counts per arc second for joints 1 and 2,
and five counts per arc second for joint 3. We performed a
long-term drift study. This study included different altitudes
within a 2-cubic-foot working volume and resulted in a one-
count drift stability within a 24-hour period. Joint 3, the
farthest away from the baseplate kinematic mount, was
analyzed to be most sensitive to drift. 

Sandia’s negotiations with New River Kinematics,
Inc., and Brunsen Instruments resulted in the purchase of
Spatial Analyzer, a commercially available metrology
software. This software module allowed the VDC team to
evaluate the performance of a Zeiss coordinate measuring
machine (CMM) with a Laser Trucker, and compare both
these devices with the VDC system. Commercial metrology
software is driving the inspection performance of the VDC
system. It allows for the evaluation of every known
geometrical element.

We provided a real-time graphical representation of the
VDC system in software for a state-of-the-art graphical user
interface (GUI). The VDC system is applied for in-process
inspection by the operator/machinist as needed, to define
datum features, part orientation, maximum material condition,
out-of-tolerance conditions, or for final feature inspection after
part manufacturing. 

We designed and fabricated an artifact to serve the
function of on-machine certification and calibration of the
VDC system. Conversely, displacement performance of the
manufacturing tool can be evaluated against the artifact.
Multiple ANSI B5.54 circle diamond square test parts were
fabricated by our machining test-bed, and the VDC system
will inspect it on the machine. Subsequent post-manufacturing
inspection on a CMM will determine and document process
improvement levels. Application mode 1 is defined as in-
process inspection; application mode 2 addresses the use of
the VDC system as a 3-D ball bar and allows for dynamic
evaluation of motion in the entire workspace of production
equipment.

We finalized two independent patent applications of
the VDC system and filed them with the U.S. Patent and
Licensing Office. Two unrelated private companies have
expressed interest in licensing the VDC system. 
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Process-Based Quality Tools to Verify
Cleaning and Surface Preparation
J. A. Emerson, P. A. Lemke, N. R. Moody, E. D. Reedy, Jr., D. P.
Adams

Specifying material choices and the method for
processing does not always ensure the long-term durability of
an adhesive bond. Manufacturing quality and control are
crucial, and one must be able to fully characterize and certify
the entire fabrication process. From a recently completed
cleaning study, Sandia learned of the need to develop and
move to the factory floor a tool to identify surface preparation
requirements and guarantee their effectiveness. This tool
would utilize a method for measuring adhesion of small areas
in conjunction with combinatoric testing. The development of
a small plate containing many masked-off regions follows
combinatory techniques. By processing this plate through a
production line, a new region is exposed during each step of
the fabrication process. Now, the plate contains the combined
effects of all the processing steps as well as any
contamination added during storage and transit. This
combinatoric process characterization plate (PCP) is
interrogated to determine if the desired adhesion level exists
when the fabrication process is complete. 

The unique goal of this project is to develop and move
to the factory floor a combinatorial PCP to identify surface
preparation requirements and guarantee their effectiveness.
No other tests or inspection would be necessary to guarantee
the final product acceptance. Although this is a new concept
for certifying war reserve parts, the core idea of maintaining
process control is critical to modern manufacturing. Not only
will this tool represent an existing part in terms of the
combined effects of all the processing steps and any
contamination added during storage and transit; it will also
carry the history of sequential surface preparation and
subsequent processes.

We are developing a method based on nanoindentation
and contact mechanics testing to interrogate the PCP. This
method shows great promise. For example, a thin layer of the
adhesive is cast over the plate, followed by a stressed
overlayer. The radius of the blister generated during
indentation is directly related to interfacial fracture
toughness. The ultimate goal is a tool that can be used on the
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factory floor for small-lot and rarely used processes. We are
taking full advantage of current collaborative work with
Honeywell/Federal Manufacturing and Technology (FM&T)
process engineers to further our effort. 

In previous work, we focused on developing small-
area adhesion tests that are accurate, convenient, and scalable
from conventional adhesion tests. We placed stressed layers
on a polymer film to induce delamination. We completed
studies for developing known and adjustable stress overlayers
with Ta2N-superlayer stressed thin films under various
vacuum deposition pressures. However, these stressed
superlayers trigger delamination in weakly bonded films but
not in strong-adhering films. 

Following this initial work, which was a combination
of background pressure and deposition rates, tungsten
overlayers were repeatedly deposited with stresses ranging
from 1 GPa tension to 4 GPa compression. When combined
with controlled thickness, the total stored energy can be
tailored to induce fracture in each film. Moreover, we can
deposit overlayers in such a way that the stresses do not
overdrive or underpower crack growth. We showed with the
nanoindentation of thin epoxy films on aluminized glass that
delamination occurs readily along the film-metal interface. To
measure the interfacial toughness for 0.2 µm–1 µm thick
epoxy films, we found that a critical indenter displacement is
required to create stresses that drive interfacial crack growth. 

We continued work on measuring the surface adhesion,
using contact mechanics and nanoindentation techniques for
one polymer film system. We demonstrated the use of JKR
(Johnson, Kendall, and Roberts theory) contact mechanics for
detecting trace amounts of surface contamination. This
approach capitalizes on the difference in surface energy
between the epoxy probe and organic contaminant. In
particular, we developed a method by which surface
cleanliness can be estimated quantitatively by computing the
adhesion hysteresis parameter, H.

We employed a tensile brazil nut (TBN) sandwich
specimen to measure the interfacial fracture toughness of a
millimeter-scale epoxy bond constrained by metal adherends.
The specimen consists of two semicircular aluminum disks
bonded together by a thin epoxy layer. A 12.7 mm long
interfacial crack (or weakly bonded region) is introduced
along one end of the epoxy bond during specimen fabrication. 
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The specimen is loaded via pins inserted through one
of the sets of the opposing holes that circle the outside edge.
We vary the applied mode mixity by using a different set of
loading holes, and an 80° variation in applied crack-tip mode
mixity is possible. The ability to easily adjust the applied
mode mixity over a wide range of potential values is a
substantial advantage over other common types of interfacial
fracture specimens. Failure load is the only measured quantity
in a TBN sandwich test. A calibration function, which depends
on failure load, initial crack length, and the position of the
loading points, is used to determine interfacial toughness and
the associated crack-tip mode mixity. We performed more than
40 detailed finite-element analyses to establish the required
TBN sandwich specimen calibration. The principle challenge
that we encountered while developing the TBN sandwich
specimen was finding a reliable method for inserting an
initially sharp interface crack of known size. This is a crucial
step since an initially blunt crack invalidates the measurement.
Methods using self-assembled monolayer (SAM) coatings
have met with success, and we continue to refine our
fabrication processes.
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Fabrication of Three-Dimensional
Microstructures Using Soft Lithography
R. L. Myers, D. P. Adams, A. D. Oliver, J. A. Emerson

Microstructures are becoming increasingly important
in technological advances in many fields including the
upgrade and maintenance of the nuclear weapons stockpile.
Microstructures are fabricated primarily by photolithography,
a process that produces two-dimensional (2-D) parts.
However, photolithography has intrinsic limitations in making
3-D structures. The LIGA (acronym for the German term
Lithographie, Galvanoformung, und Abformung, for
lithography, electroforming, and molding) process requires x-
ray radiation, making it costly and not readily accessible. The
ability to fabricate 3-D microstructures of a wide range of
materials using a soft lithography technique (e.g.,
microcontact printing) makes it possible to achieve
unprecedented levels of system functionality for
microelectromechanical systems (MEMS), microsensors, and
microoptical devices at a much lower cost. Soft lithography
techniques use a patterned elastomeric stamp or mask.

Sandia is investigating the fabrication of 3-D
microstructures using microcontact printing. This process
could be used to create MEMS devices. Microcontact printing
is a soft lithography technique in which a self-assembled
monolayer (SAM) is patterned by transfer printing. A
macroscopic analogy is linoleum block printing, which offers
low-cost, high-precision replication. The thin-patterned layer
can be an etch resist or a foundation upon which to build new
types of microstructures. Since an elastomeric stamp is
flexible, it can be used to transfer a pattern to 2-D or 3-D
substrates. For example, metallized glass capillaries can be
patterned by microcontact printing, then selectively etched in
an aqueous etchant to form microstructures such as
microcoils.

Current university research demonstrates that
microcontact printing can achieve nanometer-level resolution
on planar substrates. Our particular application requires a
much larger feature size that should be easier to pattern with
this technique. We propose the fabrication of 3-D
microstructures with feature sizes in the tens of microns.
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We transferred a variety of patterns to 2-D substrates
by microcontact printing using process improvements from
our previous research results. In our earlier process-
improvement study, we learned how to make a stamp with a
minimum number of defects. We also learned how best to
apply the hexadecanethiol “ink” to the stamp to get full
coverage of the SAM on the surface of the stamp. We are now
able to get numerous repeatable pattern transfers with the
same stamp, and up to five pattern transfers with one
application of the hexadecanethiol ink. 

We made an elastomeric stamp of the microchain
pattern from the master that we fabricated earlier. We
transferred the pattern to 2-D substrates of silver (Ag) and
gold (Au) by microcontact printing, followed by selective wet
etching in an aqueous etchant. We developed our procedure
for selective wet etching using flat substrates initially to
become skilled in the process. We are now able to selectively
etch 3-D substrates such as metallized glass capillaries, which
are more difficult to process. We established a procedure for
selective wet etching of Au using an aqueous cyanide bath,
and of Ag using an aqueous ferricyanide bath. We successfully
produced the microchain pattern on 3-D metallized glass
capillaries of Au and Ag using microcontact printing followed
by selective wet etching. 

The next step in our microfabrication operation is
electroplating. While electroplating a substrate patterned in
Au, we discovered that our original microchain design needed
modifications to accommodate the electroplating process. We
made a new master using the improved design and are
currently making a stamp from this master. Once the stamp is
made, we can transfer the new microchain pattern to
metallized glass capillaries using microcontact printing
followed by selective wet etching. Then we will do the
subsequent processing necessary to make a microchain,
resulting in our first 3-D part. By transferring the microchain
pattern to two metallized glass capillaries and then adjoining
them, interlocking links can be formed through electroplating.
This electrochemically welds the two halves of each link
together and builds up the thickness of the links to make them
more robust. We completed the fabrication of the master for
the microcoil pattern and made an elastomeric stamp for this
pattern.
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Automatic Design of Practical Fixtures
J. C. Trinkle, R. J. Gross, E. J. Gottlieb

The cost of designing and manufacturing fixtures has
driven significant research in the automatic design of fixtures
at Sandia (e.g., Holdfast), in academia, and in industry.
However, automated fixture design systems are not widely
used. The two primary problems are (1) lack of generality
(i.e., arbitrary three-dimensional [3-D] parts and fixturing
element geometries cannot be handled), and (2) inability to
accurately predict important performance criteria (i.e.,
tolerance stack-up, loading difficulty, and thermal expansion
mismatches). These problems lead to failures. In the Neutron
Generator Facility, for example, fixture failures cause
significant costs and delays.

Fixture design systems have fallen short because there
have been no underlying theory or analysis tools to efficiently
predict loading difficulty and problems associated with
dimensional errors and changes in parts and fixtures. Sandia
proposes to develop a new fixture design technique based on
recent results that researchers have developed, and a new idea
for mitigating the effects of dimensional errors. The new
results allow more general analysis of stability; realistic
simulation of fixture loading, including sliding and rolling;
and sticking contacts. Our work will yield a principled way to
include unstructured and systematic dimensional variations in
the design process.

The proposed approach can be broadly classified as
simulation-based design. As such, it will require the
simulation of multiple scenarios (each corresponding to
possible unknown loading conditions and manufacturing
errors). To maximize the effectiveness of this approach,
variants of bundle methods will be applied to minimize the
number of scenarios to be analyzed, and yet still guaranteeing
the achievement of fixture design specifications and ongoing
experiments to validate our simulations. Also, since the
approach is simulation-based, any phenomenon that can be
simulated can be included without changing our approach.

We implemented a new method for the simulation of
systems of rigid bodies in unilateral contact with dry friction
in the simulation tool, UMBRA. This capability is not 
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available in any of Sandia’s numerical codes, including
PRONTO, even though the capability is discussed in
PRONTO’s manual. 

(1) Designed objective function for tolerance stack-up
problem; tested on two-dimensional (2-D) examples. The
worst-case position errors due to machining errors of points
on a fixtured part (or set of parts) is affected by the locations
of the contact points between the part and the fixture. We can
now design optimal fixture points that minimize the worst-
case positioning errors of designated key points.

(2) Tested loading-strategy design method on 3-D
deterministic parts. Developed new unexpected results while
waiting for key piece of code to be developed. We
implemented the most difficult part of this milestone—rigid-
body dynamic simulation—and have a solid mathematical
foundation in place to begin the design of strategies that
ensure complete mating of a part with its intended fixture. We
still have not completed one important part of this simulation
capability—contact-point identification between concave
bodies. Once we have contact-point identification, we will be
able to complete this milestone readily. However, while
awaiting this accomplishment, we developed some very useful
simulation-free insertion design techniques. Our results have
been submitted for publication. 

(3) Obtained thermal data via finite-element analysis.
We tested deterministic, 3-D thermal design and successfully
solved some test problems with the SIERRA code for coupled
thermal/structural problems (Calagio). We are currently
running problems with known solutions to verify Calagio for
our application.
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Microreplication: Precision Metal Parts from
Electroformed Master Molds
R. P. Janek, J. T. Hachman, Jr., N. Y. C. Yang, J. J. Kelly

Batch fabrication of weapons-related microsystems has
been successfully demonstrated using deep x-ray lithography
and subsequent electroforming through plastic molds (LIGA
[acronym for the German term Lithographie,
Galvanoformung, und Abformung, for lithography,
electroforming, and molding]). While this process is well
characterized and well understood, low cost and quick
turnaround of precision microscale parts has not yet been
realized due primarily to the high cost of x-ray exposure and
the inherent single-use nature of the LIGA–generated plastic
mold. Replication of metal microcomponents from an
electroformed, multiple-use metal master mold would
represent a significant technological breakthrough and would
enable a production process that delivers metal parts with
unparalleled precision, reproducibility, and reliability at a
much lower cost than currently possible. 

Replication is accomplished through a sequence of
processing steps. The metal master mold is first fabricated
using standard LIGA techniques. A conformal dielectric film
(e.g., polystyrene) is then electrochemically deposited over the
surface of the master, followed by selective etching of the
dielectric at the base of each molded feature. A conductive
layer of amorphous carbon is sputtered over the master,
creating electroactive sites at the base of each molded feature.
Metal parts are then electrodeposited through the mold onto
the conductive seed layer. The insulating sidewalls of the
master ensure high-fidelity replication of the part as the metal
fills the molded features. Metal parts are released from the
mold by simultaneous thermal decomposition of the sacrificial
dielectric and carbon seed layers. The master mold is then
cleaned and reused. 

This project utilizes existing Sandia expertise in LIGA,
electrodeposition, and electro-initiated polymerization that
can be applied directly to fabrication of integrated
microsystems for Defense Program (DP) applications. In
addition to DP needs, low-cost and time-saving replication of
metal microparts would impact many commercial 
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applications, including manufacture of microelectronics,
telecommunication devices, and precision automotive and
aerospace components.

Our novel method of through-mask electrodeposition
on substrates with conducting sidewalls was valuable in
attempting to use metal master or plastic sacrificial (“lost”)
molds. Since the electrodeposition process is modified to
account for film growth from the sidewalls, no special
processing steps are necessary to render the sidewalls
insulating. This simplifies the process flow.

For our experiments with the conductive
polymethylmethacrylate (PMMA), we drilled holes into the
top of a test sample, but, in principle, one may emboss this
material with a stamp (made by the LIGA process) for rapid
replication. The plated parts were mechanically separated
from the substrate in the case of a metal substrate, while for
the conductive PMMA, the substrate itself was dissolved. We
carried out electrodeposition experiments on the two types of
substrates to assess the ease with which the parts were
obtained, as well as the feature-filling capabilities of various
electrodeposition processes. 

The experiments done with the metal master mold had
features 150µ deep and 100µ–200µ wide. Since the aspect
ratios were not too challenging, we investigated only direct
current. Before deposition, we treated the surface with an
oxidizing agent to facilitate subsequent demolding. Although
we also tried additional lubricants such as molybdenum
disulfide and tungsten disulfide, the demolding step was
particularly difficult, causing significant damage to the plated
parts when viewed in cross section via scanning electron
microscopy (SEM). Consequently, we focused our subsequent
efforts using conductive PMMA, which can be dissolved with
acetone to free the plated parts. One interesting observation of
the experiments on metal with active sidewalls was that even
direct current, which we expected to have the worst feature-
filling performance, filled most of the features except for a
thin void at their centers. Most probably, this is attributable to
the low thickness and aspect ratio of the features.

We drilled holes with a diameter of approximately
150µ and a depth of 1.1 mm (aspect ratio about 7) into
conducting PMMA, yielding an aggressive aspect ratio feature
for the testing of the various electrodeposition schemes
outlined above. We found that the direct current and the pulse-
reverse plating methods (where the deposit is partially
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stripped off during deposition) provided the least satisfactory
results. When direct current was employed, the metal did not
penetrate significantly down into the feature. Pulse reverse-
plating deposited metal about a third of the way into the
feature, but the film has a noticeable roughness; the bottom
two-thirds of the feature was empty. Pulse plating penetrated
all the way down into the feature, but the feature was pinched
off about a quarter of the way into the feature, resulting in
voiding. Direct current deposition with the leveling agent
coumarin led to a smooth metal film throughout the feature
depth, but in some cases voiding occurred. This variation may
be due to the lack of well-defined hydrodynamics during the
experiments, since the leveling effect is sensitive to mass
transfer.

We concluded that (1) it is possible to plate on
conductive PMMA with active sidewalls, (2) these substrates
are preferable to metal ones, since they avoid mechanical
demolding and potential damage, (3) features having an aspect
ratio of about 1 to 2 are not too difficult to fill, even with
direct current, and (4) pulse plating and leveling agents (or
perhaps a combination of these two methods) hold the most
promise for filling higher-aspect-ratio features (greater than
about 6).
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IMEMS Packaging and Interconnection
Technology
K. A. Peterson, C. A. Reber

Microelectromechanical systems (MEMS) offer the
opportunity to miniaturize key components in military and
commercial applications at low cost. Many advantages from
this miniaturization are subsequently sacrificed, however, in
packaging MEMS structures with the present understanding of
conventional microelectronic packaging processes. The
resulting low yields in MEMS packaging are a “show-
stopper” for the eventual success of MEMS. 

This Sandia project will resolve multiple
micropackaging issues to efficiently and reliably take
advanced MEMS structures from functionality in a laboratory
setting to fielded applications. We will practice concurrent
engineering to develop the interconnection, micropackaging,
postprocessing and, ultimately, wafer-scale packaging
concepts that will make consistent, process-based quality a
reality.

We will study and improve packaging materials and
processes so that they don't “kill” released, functional MEMS.
We will further investigate a new processing sequence
utilizing high-capacity commercial polymer encapsulation to
afford complete protection to conventional wirebonds and die-
attach prior to the release of the MEMS devices. We will
further investigate a new approach for ruggedizing released
and treated functional MEMS wafers through the use of
encapsulation in a vacuum-deposited, carbon-based material.

This approach protects MEMS devices through some
potentially damaging micropackaging processes, such as
backside preparation, die-separation, handling, die-attach,
interconnection, and possibly even transfer molding.
Packaging innovations that reduce the number and complexity
of processing steps will be instituted in a package design with
an integral, optical-quality window. Ultimately, we will
investigate wafer-scale packaging techniques that make the
device into its own package. 

This project will complete these evaluations with the
goal of ensuring advanced manufacturing at higher yield. The
success of this project will be a major step in the advanced
manufacturing of reliable MEMS structures and will make
them more available to Sandia weapon applications.
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We are continuing to work in a multidepartmental
team, and we are increasing our interactions internally and
externally, obtaining more buy-in and expertise from key
experts in MEMS. We are interacting with projects with more
knowledge as a result of evaluations performed in this work
(i.e., wirebonding on the Product Emulator). 

We furthered the combination of conventional
packaging and new ideas for packaging and came up with
several promising approaches (including seven Disclosure of
Technical Advance submissions). We are prototyping test
devices in the plastic encapsulation arena with the services of
an outside vendor. We prototyped the coating technique for
prereleased MEMS devices and characterized the behavior of
several devices with limited success. We prototyped the flip-
chip mounting of the MEMS test die to test polysilicon
substrates and demonstrated high attachment strengths. We
completed a patent application for a gold-based MEMS
interconnection technique that negates the requirement for
metal on MEMS bond pads. We pursued release etch-resistant
material solutions that enable the “package now, release later”
concepts that we continue to develop. These include work on
several common solders that look quite promising. We
significantly explored eutectic die-attach as a technique
enabling prerelease packaging and demonstrated the
compatibility of this approach using conventional commercial
high-temperature, co-fired ceramic (HTCC) packages. We
obtained two significant device types and numerous test die
from recent reticle sets for a demonstration of these ideas.
This work will exercise microengines, micromirror arrays, and
test structures, all of which are in need of packaging solutions.
We prepared these wafer segments, coated them with
appropriate backside metallization, and diced them to size. We
demonstrated for the first time the direct electroplating of
polysilicon with metal and continue to refine this and related
abilities, including electroless techniques. 

We interacted with projects involving microfluidics
and developed several new ideas in this area. We prototyped a
microfluidic plastic package that can readily be fabricated by
a commercial vendor at the low cost of $9 per part. We also
made progress on a microfluidic channel fabrication technique
for plastic packaging. We prototyped the package that allows
soldered next-level connection of packages to microfluidic
boards with a technique that is readily applicable to plastic
encapsulated MEMS in general. 
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We devoted considerable effort to expanding the realm
of “package now, release later” concepts and procured and
prepared a number of materials, processes, and devices that
we expect to result in several successful demonstrations of
high-yield MEMS packaging techniques.

Sandia National Laboratories LDRD Annual Report 2001 80

Other Communications
Peterson, K. A., S. E. Garrett, and C. A. Reber. 2000.
“Approaches to MEMS Packaging.” Paper presented
to the Packaging and Integration of MEMS and
Related Microsystems Advanced Technology
Workshop, Orlando, FL, 10–12 November.



10773

Assembly of LIGA Using Electric Fields
J. T. Feddema, T. M. Weber, L. K. Warne, D. L. Armour, W. A.
Johnson, A. J. Ogden, G. E. Vernon

The goal of this project is to develop a device that uses
electric fields to grasp and possibly levitate LIGA (acronym
for the German term Lithographie, Galvanoformung, und
Abformung, for lithography, electroforming, and molding)
parts. This noncontact form of grasping would solve many of
the problems associated with grasping parts that are only a
few microns in dimensions. Scaling laws show that for parts of
this size, electrostatic and electromagnetic (EM) forces are
dominant over gravitational forces. This is why microparts
often stick to mechanical tweezers. If these forces can be
controlled under feedback control, the parts could be levitated
and could even be rotated in air. In this project, we used
capacitive-sensing techniques to track the part, and feedback
control to regulate the applied field of an array of electrodes.
The eventual use of this tool will be to assemble metal and
nonmetal LIGA parts for weapons surety devices.

Our accomplishments include the following:
(1) Built a symmetric gripper with both attractive

electrostatic pads and repulsive EM coils.
(2) Performed extensive experimental tests with this

gripper to evaluate the reliability of picking up and releasing a
4 mm diameter, 100µ thick copper part.

(3) Modified the gripper design to include a 0.5µ thick
coating of polymethylmethacrylate (PMMA) to act as an
insulator between the gripper and the part. 

(4) Designed and built an addressable array-based
gripper for picking up nonsymmetric parts.

(5) Modified the Sandia-developed EIGER’S
electrostatic boundary element code so that it would run on a
parallel computer cluster.

(6) Simulated the electrostatic effects of the gripper
designs using the modified EIGER’S code.

(7) Analyzed the lateral stability problem associated
with the current gripper designs.

The experimental results show that we can reliably
pick up the 4 mm diameter, 100µ thick part when the gripper
is within 80µ of the part and a 120 V potential is applied to
the electrostatic pads. Unfortunately, there is 40 percent
probability that the part will stick to the gripper when the volt
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Combined electrostatic/electromagnetic
gripper used to pick up 4 mm diameter
LIGA part. The electrostatic force of
attraction is created by applying up to 150
volts to the four inner pads. The
electromagnetic force of repulsion is
created by applying up to 1 amp at 10
MHz to the coils surrounding the inner
pads. The center circle is used to sense the
stand-off distance between the part and the
gripper.

Experimental setup used to test the new
gripper designs. Gripper is inside the DIP
package on the robotic positioning system.
The 4 mm diameter part is on the pedestal
below the package.



is released. We believe this to be caused by residual
electrostatic effects, van der Waal forces, and surface tension
forces. To eliminate this sticking problem, we added the EM
coils to the gripper design. Driving the coils with a 1 Å, 10
MHz sine wave reduces the probability of sticking to 6
percent. Other tests show that simply heating the surface by
applying direct current (DC) through the coils reduces the
probability of sticking to 15 percent. 

Experimental tests and the lateral stability analysis also
show that it is difficult to stably levitate a part with the current
planar gripper designs. Any small lateral disturbance or initial
displacement can cause the part to jump out of the
electrostatic/EM fields. Further research is needed to design a
true levitation device. However, the current designs are still a
possible solution for reliably picking up and releasing metal
LIGA parts that are less than 1 m3 in size.
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Computer Numerically Controlled
Micromachines
G. L. Benavides, C. W. Dyck, B. Jokiel, Jr., D. P. Adams, L. F. Bieg

Historically, microelectromechanical systems
(MEMS)–type micromachines are designed to function in a
two-dimensional (2-D) workspace. In this project, Sandia will
design, manufacture, package, and apply computer
numerically controlled (CNC) silicon (Si) micromachines.
These multiple degree-of-freedom (DOF) machines (including
3-D) will serve as the basic building block for a variety of
applications. We are contemplating applications in
micromilling, microcoordinate measuring, microalignment,
optical switching, laser pointing, rastering, and a device that
performs surgery on living cells. A micromilling machine
capable of machining nanosized features can be built by
employing a high-speed motor holding a cutting tool, all on
one chip. 

Some of the innovative technologies that are needed to
enable CNC micromachines are:

(1) A parallel mechanism, the only method of
fabricating a microstage on a chip since serial mechanisms
require the stacking of actuators.

(2) Sputtering or chemical vapor deposition (CVD), to
apply nonsilicon material to a polysilicon (poly-Si) part.

(3) A focused ion beam (FIB), to fabricate microsized
cutting tools.

(4) A micromachine stepper motor, to provide open-
loop positional control.

(5) Nonsilicon-based microfabrication, to provide
packaging of Si micromachines.

CNC micromachines will have War Reserve and
commercial applications. CNC micromachines can be used to
machine or inspect nonplanar parts to previously unheard of
dimensions. A mirrored platform can couple optical energy to
multiple sensors or detonators. Medical applications include
micromanipulation of biological specimens using a dexterous
CNC manipulator.

We fabricated the amplifiers necessary to drive the
microstage and purchased the waveform card for the personal
computer (PC). The amplifier, the waveform card, the PC, and
the Sandia-developed controller software all go together to
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make up the controller/driver for the microstage. We
successfully beta-tested a similar controller/driver to drive the
linear stepper motors on the microstage.

We tested a controller/driver to test the newly
fabricated planar microstages. We successfully actuated the
Si-based linear stepper motors and showed them to both drive
and kinematically validate the microstage. This test was
probably the first demonstration of a controllable actuator
driving a Si-based parallel kinematic mechanism. We also
tested an alternative actuation scheme, but our tests showed it
to be problematic. The alternative to the linear stepper motors
is the large displacement shuffle motors. The controller/driver
performs the major functions of the computer-aided
design/computer-aided manufacturing (CAD/CAM) interface.

We exceeded our expectations regarding the task of
designing erectable microstages. We completed the mask
designs for three different erectable microstages and they are
now in fabrication. Patent applications are in process for these
three innovative devices, which have different motion-specific
attributes that appeal to different applications and represent a
significant leap in Si-based MEMS technology. We improved
the linear stepper motors, and they should provide steady,
reliable motion. We used the working model to validate the
kinematics of the erectable microstage. We performed a DOF
analysis to determine whether the newly designed erectable
parallel kinematic mechanisms were properly constrained.
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Electromicrofluidic Packaging
G. L. Benavides, D. Gutierrez, P. C. Galambos, K. A. Peterson, C.
A. Reber

Microfluidics is experiencing explosive growth in new
product development. The number of surface-micromachined
(SMM) microfluidic devices is likely to increase as issues of
manufacturing efficiency and integration of microfluidics with
electronics become important. SMM microfluidic devices are
manufactured with the same tools as integrated circuits (ICs),
and their fabrication can be incorporated into the IC
fabrication process.

To realize applications for SMM microfluidic devices,
an efficient method for getting fluid into these devices must be
developed. This project focuses on packaging for
electromicrofluidic devices, and specifically on an efficient
method for delivering fluids of interest to SMM microfluidic
channels that are integrated with electronics. Sandia will
develop an electromicrofluidic dual in-line package (EMDIP,
formerly called MMP [microfluidic/microelectronic package])
that allows for electrical connections using standard
techniques and microfluidic connection from either a substrate
or a test fixture.

Using the SUMMiT™ (Sandia Ultraplanar Multilevel
MEMS Technology) process, we will manufacture SMM
microfluidic channels that will require both electrical and
fluidic connection. The fluid will be introduced into the
microfluidic devices from the back of the wafer through
Bosch-etched vias. These vias will align with passages in the
EMDIP, allowing fluid delivery to each individual channel in
the wafer. 

We will also investigate the next level of packaging
that takes the fluid from the EMDIP to standard connectors.
In production devices, the next level of packaging will
probably be a fluidic printed wiring board (FPWB) with
embedded fluid channels. For fluidic IC testing, the
intermediate packaging level will consist of a test fixture,
allowing connection of fluidic devices for pressure and flow-
rate measurements. The EMDIP, test fixture, and FPWB will
require mesoscale fabrication in nonsilicon materials. Our
investigation will primarily focus on the fabrication and
packaging of an EMDIP made from either ceramic or plastic
material.
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• We modified the design of the EMDIP. The modified
design should be more manufacturable and easier to assemble.
The lead frame was designed to be initially flat, provide
bondpads, and leave a large footprint for one or more
electromicrofluidic ICs.

• We designed and fabricated a mold that we then used
to fabricate the EMDIP. We fabricated five EMDIPs in clear
silicone and five EMDIPs in a hard opaque epoxy.

• We fabricated several manifolds (fan-out) in PEEK
(polyether ether ketone). We envision that these manifolds
will be injection-molded; however, these manifolds were
precision-mesomachined due to the limited quantity.

• We assembled EMDIP. The assembly includes the
manifold and the electromicrofluidic IC. We used 3M
adhesive tape to bond the surfaces. We performed a leak test
to test the integrity of the adhesive tape. The results of the
leak test indicate this is a viable process.

• We filed two patent applications on
electromicrofluidic packaging and are currently participating
in a market study to estimate commercial potential of this
packaging concept.

• We designed the FPWB.
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Mesoscale Wide-Bandwidth Linear Magnetic
Actuators
L. A. Jones

The purpose of this project is to develop and integrate
the technologies to efficiently manufacture mesoscale wide-
bandwidth linear magnetic actuators. Sandia defines
mesoscale actuators as actuators that have linear travel
beyond that which can be achieved using electrostatic,
piezoelectric, or magnetostrictive technologies, but that are
small enough in overall size that mesomachining and
micromachining methods are required to fabricate them. Our
work leverages on the results of recently completed as well as
ongoing projects at Sandia concerning the fabrication of
mesoscale magnets and windings. Our project seeks to supply
mesoscale magnetic actuator technology to a host of
applications at Sandia.

A mesoscale moving-magnet linear actuator has been
designed using magnetic computation software. Linear
Halbach magnet arrays are suspended in the stator, using
magnetic bearings. The tubular actuator has a square cross-
section with four orthogonal planar stator windings batch-
fabricated using stacks of copper (Cu) structures electroplated
into lithographic resist masks and then diffusion-bonded
together. The differential magnetic pressure between opposite
pairs of stator windings provides the magnetic bearing.

Applications of this technology include pointing
actuation as required by optical switches, lithography,
telescopes, and radars, control and propulsion surfaces, wide-
bandwidth valve modulation, active vibration damping, and
micromaterials testers.

We are developing and integrating the technologies
necessary to efficiently manufacture mesoscale wide-
bandwidth linear magnetic actuators. We define mesoscale
linear actuation as at least 1 mm peak to peak, which is
beyond the range that can be obtained using piezoelectric,
magnetostrictive, or silicon-micromachined devices. We
define a wide-bandwidth actuator as one that can be served
from a no-motion position direct current (DC) up through its
first resonant frequency. The technologies that we are
developing and integrating for such actuators include the
fabrication and assembly of mesoscale linear permanent-
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magnet arrays; the batch fabrication of mesoscale stator
windings; the optimization of mesoscale magnetic flux paths;
the development of low-friction, low-wear, long-throw linear
suspensions; the development of compact and rugged absolute
actuator position sensing schemes; and the development of the
control electronics and advanced feedback-control algorithms
necessary for micron-level position control.

To focus our efforts, we are developing a prototype
wide-bandwidth mesoscale linear actuator that utilizes moving
permanent magnets. State-of-the-art mesoscale linear actuators
utilize variable-reluctance structures, thereby avoiding the
difficult problem of fabricating mesoscale arrays of permanent
magnets. A moving permanent-magnet actuator will have
substantially higher performance than a variable-reluctance
actuator.

We envision numerous applications for mesoscale
wide-bandwidth linear magnetic actuators including (1)
pointing applications such as optical switches, lithography,
telescopes, and radars, (2) control surface actuation for
microUAVs (unmanned airborne vehicles), (3) wide-
bandwidth valve modulation for high-speed flow processes,
(4) active vibration-damping applications, and (5)
micromaterials testers.

As work proceeded on this project, we decided to
implement an integrated linear magnetic bearing. This
approach is technically more aggressive and will yield
significant benefits if successful. Choosing magnetic bearings
leads to the development of maximum precision actuators
rather than maximum force actuators. Maximum force
actuators utilize high-permeability materials to capture as
much flux as possible from the magnets and the windings. The
presence of this high-permeability material inevitably leads to
variable reluctance cogging forces. Maximum precision
actuators, on the other hand, benefit greatly from magnetic
bearings and are typically implemented without any high-
permeability materials. (In the macroscale world, they are
often called ironless motors.) Accordingly, we are
implementing maximum precision actuators with no high-
permeability materials. Similar conclusions were arrived at in
the literature for magnetically levitated platens developed for
nanometer-scale lithography.

We designed a linear actuator to take advantage of
planar batch-fabrication technologies. We developed our
design using magnetic field computation software. It is a
tubular structure with a square cross-section. The four sides of
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the square stator are assembled from planar coils, batch-
fabricated using stacks of Cu structures electroplated into
lithographic resist masks, and then diffusion-bonded together.
The planar coils implement three-phase, two-layer, two-thirds
pitch windings axially along each of the four sides of the
stator. On the slider is a four-sided Halbach array oriented in
the axial direction. The rotation of the magnetization vector in
the array is such that the magnetic field is confined to the
outside of the structure.

The stator windings on opposite sides of the slider are
series-connected, yielding two orthogonal pairs of windings
that can be controlled to resist transverse translational forces
acting on the slider. In addition, independently controlled
windings are implemented at each of the four corners of each
planar winding in order to provide pitch, roll, and yaw control
of the slider.

Construction of a singled-sided stator and slider (only
one side of the four-sided actuator) is under way to verify the
efficacy of the design.
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Levitated Three-Axis Microaccelerometer
F. J. Peter, S. H. Kravitz, R. C. Givler, J. C. Gilkey, L. K. Warne, R.
D. Kinney

A quantum leap in performance improvement and cost
reduction of accelerometer design for tactical-grade
applications will require a new approach rather than
incremental improvements to existing concepts. Sandia’s
objective is to significantly advance the state of the art with a
novel three-axis, closed-loop accelerometer implemented as a
hybrid micromachine. This hybrid approach provides an
enormous increase in available design space and frees the
designer from the limitations of the monolithic process while
preserving the precision, small size, low-cost, and low-power
benefits of monolithic microelectromechanical system
(MEMS) fabrication. The design can be tailored to meet the
dynamic range, resolution, bandwidth, and environmental
requirements of the application. Design goals are 100-micro-
G bias stability and $200 cost.

We developed a sound design concept, created
approximate performance models, and ensured concurrency
with hybrid MEMS fabrication.

• Design concept. We defined the operating principle,
the nominal rotor and stator size and geometry, operating
voltages, and materials for a proof-of-principle prototype.

• Detailed design. We specified the detailed rotor and
stator geometry.

• Capacitance model. We (1) modeled rotor/stator
capacitance for sensing and actuation, and (2) defined the
geometrical design rules that maximize usable capacitance,
minimize parasitic capacitance, mitigate high-voltage
breakdown, and minimize the chance of short circuits caused
by conductive particles.

• Fluid-damping model. We modeled translational and
rotational damping for both air- and water-filled cases. Air
damping alone provides substantial squeeze-film damping.
Liquid damping would provide unsurpassed shock
survivability (and 81 times the existing capacitance), but we
still need to investigate the impact on control-system
bandwidth.
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• Control-system model. We developed a 5-degree-of-
freedom, closed-loop control algorithm, position-sensor
capacitance models, and force-to-voltage conversion equations
for the actuators.

• Performance prediction. We calculated performance
based on actual closed-loop operation of a test structure
developed for the rotating microgyro, 2 milli-G at 100 Hz
bandwidth. This gyro test structure was geometrically
suboptimal relative to the prototype accelerometer that is yet
to be built, which was extremely encouraging news. Given the
improvements that we have designed into the first prototype,
predicted bias stability is 250 micro-Gs for the air-filled case
and 3 micro-Gs for the water-filled case.

• Fabrication. We ensured concurrency between design
and hybrid MEMS fabrication: gold on glass, wafer-to-wafer
alignment and bonding, conductive vias, flip-chip bonding,
and fluid fill port. A wafer-level assembly approach provides
the cost benefit and tolerances required to meet performance
objectives. We have yet to determine if we can reliably inject
and maintain the liquid in the rotor cavity. This determination
awaits fabrication of prototype hardware.
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Microfabrication Processes Combining
Focused Ion Beam Machining and Thin-Film
Vapor Deposition Techniques
D. P. Adams, T. M. Mayer, M. J. Vasile, V. C. Hodges

This project researches new techniques for fabricating
complexly shaped micro- and mesoscale devices. Currently,
there is a need for numerous small devices having nonplanar
features. This need extends to miniature components critical to
nuclear weapons and emerging threats. It includes
microactuators, microsolenoids, micropumps, and
microsensors. Devices built from nonplanar substrates are
also desired for biomedical (e.g., endoscopes and catheters)
and pharmaceutical applications. 

Sandia’s goal is to research innovative techniques for
fabricating curvilinear, micron-sized features of various
materials onto planar and nonplanar substrates (e.g.,
cylinders and spheres). Development of novel
microfabrication techniques is required, since current
processes are limited in either dimensionality, material
complexity, or microstructure control.

In this work, we use focused ion beam (FIB) sputtering
to define features. This may involve direct ion sputtering,
nanoscale direct-write growth processes, or sputter-
fabrication of microcutting tools and subsequent ultra-
precision machining. 

For the first time, mechanically based Damascene
processes are being investigated for making nonplanar
microcoils. Coils having micron-size features are difficult to
make using conventional wire-wrapping techniques. We target
film materials other than those used in conventional silicon
(Si) microelectromechanical systems (MEMS). This work
starts with single-element metals such as copper (Cu), gold
(Au), and silver (Ag) but will include metal alloys. For
example, titanium nickel (TiNi) shape-memory alloy coils for
fiber deflectors and zero magnetic susceptibility multilayer
coils for nuclear magnetic resonance (NMR) spectrometers
are feasible. To our knowledge, heterolayer thin-film
microcoils have not been attempted at micron-length scales. In
addition, FIB chemical vapor deposition (FIB-CVD) is being
researched as a direct-write technique for controlling curved 
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shapes in deposits at length scales below 25µ. We are
collaborating with Louisiana Tech University to develop these
capabilities.

Our work made several achievements:
(1) We developed a process for physical vapor

deposition and electroplating onto cylindrical substrates.
(2) We researched a process for chemical-mechanical

polishing films on cylindrical substrates.
(3) We demonstrated single-layer thin-film bound

microcoil (wire width less than 25µ).
(4) We developed process of wire bonding to bound

microcoil.
(5) We researched kinetics, structure, and phase of ion

beam–induced, chemical vapor–deposited thin films.
We have begun to work toward our next milestones. As

a first step toward incorporating a CVD system onto the FIB
apparatus, we designed and installed a retractable gas-jet
nozzle with control valve, pressure gauge, and positioning
stage. Initially, this gas-jet assembly will be dedicated to
chemically amplified ion sputtering, a process that will
increase the rate of shaping tungsten carbide (WC), diamond,
and high-speed steel microlathe tools by 10 times or more. We
are now working toward incorporating CVD processes onto
this same gas-jet assembly.
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Resolving Fundamental Limits of Adhesive
Bonding in Microfabrication
R. K. Giunta, D. R. Adkins, J. A. Emerson, M. S. Kent

Sandia is developing microsystems for the Nuclear
Weapons Strategic Business Unit (SBU), including a Sandia
Ultraplanar Multilevel MEMS Technology (SUMMiT)–based
microsystem component. (MEMS stands for microelectro-
mechanical systems.) As electronic and optical components
reach the micro- and nanoscales, efficient assembly and
packaging require the use of adhesive bonds. This work
focuses on resolving several fundamental issues in the
transition from macro- to micro- to nanobonding. A primary
issue is monitoring surface properties of parts to be bonded.
At submillimeter scales, traditional means of evaluating
surface energy cannot be applied. We are using contact
mechanics to evaluate surface properties of micron-scale
parts. Another issue is that, as bondline thicknesses decrease,
knowledge of the stability and dewetting dynamics of thin
adhesive films is important to obtain robust, void-free
adhesive bonds. Our investigations into the dewetting
dynamics of thin adhesive films have already had an impact
on manufacturing processes. We continue to investigate the
fundamental limitations of current adhesive-bonding
technology and how these size limitations can be overcome.
The areas of contact mechanics, capillary fluid flow, surface
energetics, and wetting have all been investigated. The focus
areas that we selected—evaluating the surface properties of
micron-scale parts and minimizing adhesive bondlines without
sacrificing bond quality—will result in development of
techniques and models for the next generation of micron-scale
devices. By resolving these adhesive bonding issues, we are
allowing significantly smaller devices to be designed and
fabricated. Simultaneously, we are increasing the
manufacturability and reliability of these devices.

(1) Select an elastomer to use as a probe for the
contact-mechanics technique. We chose two epoxy elastomers
to use as a probe, basing our choice on contact-mechanics
experiments. We found these elastomers to be sensitive to the
differing surface properties of clean versus contaminated
surfaces.
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(2) Measure down to 1µ the capillary flow of a liquid
adhesive flowing into gaps. We measured capillary flow in
gaps down to 10µ and are developing a test method to hold
parallelism in gaps down to 1µ. Larger-scale equipment,
which is necessary to achieve parallelism to about 0.1µ, is
currently being built to achieve this goal.

(3) Analyze morphology of thin films of one adhesive
on one substrate for three film thicknesses as a function of
time and temperature to determine if films are dewetting. We
analyzed the dewetting behavior of two adhesive systems on
clean silicon (Si) surfaces and found that thin films of one
system dewet from the surface, while those from the other
system do not, regardless of film thickness and temperature.
In the dewetting case, an 8–10 Å film of epoxy remains on the
Si after the bulk of the liquid has dewetted. The film consists
of a combination of the epoxy resin and crosslinker. The rate
at which the epoxy dewets from the substrate is significantly
affected by ambient humidity, with increased humidity
significantly increasing the rate of dewetting.

(4) Build a system that can write adhesive coatings on
millimeter-scale surfaces. We developed a computer-guided
dispensing system that can deliver nanoliter quantities of
adhesive to sample surfaces. An epoxy was dispensed in a line
that is about 3 mm long and 400µ wide.
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Biotechnology

The “Nanostructured Materials
Integrated in Microfabricated Optical
Devices” project draws upon the
emerging strength of nanocomposite
materials capabilities at Sandia with
the recognized expertise and pro-
cessing capabilities involving micro-
fabricated optical-device structures.
The project involves design, devel-
opment, and characterization of
microscale structures to achieve the
desired material and device function.
Microsensor arrays and unique
tunable microoptical devices will be
developed. Multiple materials and
optics issues must be addressed to
successfully merge these disparate

search areas. Results from this work
will make great strides in creating
new micron-scale sensing arrays for
biopathogens and will facilitate new
approaches to materials and drug
discovery.

The Biotechnology investment
area enables Sandia research efforts
that develop targeted biotechnology
capabilities in support of national
security missions. Biotechnology
will integrate Sandia’s core capa-
bilities in the physical, informa-
tional, and engineering sciences,
and augment them with new bio-
technical capabilities at the
cellular/molecular level. The focus
will be on tools and capabilities to
build informational and physically
based systems. These models will
facilitate improved toxin-detector
systems and improved microinstru-
mentation.

Sandia National Laboratories LDRD Annual Report 2001                96



10746

Predicting Function of Biological
Macromolecules
L. J. D. Frink, H. P. Hjalmarson, M. P. Sears, A. G. Salinger, P. S.
Crozier, M. J. Stevens, M. G. Martin

While sequencing technology has been a major thrust
in computational biology for the last decade, there is now
considerable interest in predicting protein structures from
their amino acid sequences, understanding the interactions
and functions of proteins in their native environments, and
understanding cellular response to stimuli. This increased
understanding is expected to lead to a revolution in medicine
in the next century. 

Sandia developed and demonstrated the applicability
of a variety of computational tools to biophysical problems.
Our work applies and extends massively parallel (MP)
molecular simulation, molecular theory, and engineering
codes to model a diverse set of problems, including DNA
(deoxyribonucleic acid) condensation, DNA interactions,
protein-protein interactions, drug docking, ion channel
protein-mediated transport across membranes,
electroporation, effect of intracellular calcium and sodium in
neurotransmitter release, and studies of xenopus oocyte
fertilization. This project involved developing code needed for
biology applications and applying codes to the problems 
noted above. 

We placed particular emphasis on development of a
new, faster Fourier-space–based approach for molecular
theory calculations, solving engineering models of cells using
the MPSalsa code, completing work on comparative studies of
bioforce fields, and completing work on DNA condensation.

We accomplished a significant amount of work in code
development and the application of those codes to biological
problems. The project successfully converted codes designed
for materials modeling applications into tools suitable for
biological applications.

In our work to date, code development efforts have
involved both modification of existing code to perform
calculations on biological systems and the development and
implementation of novel algorithms. We completed studies on
biological forcefields (AMBER, CHARMM, CoMPASS,
GROMOS, and OPLS [optimized potentials for liquid
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simulations]) using the TOWHEE code. These studies
identified CHARMM as the most robust forcefields for further
computational work and provided the groundwork knowledge
necessary for Sandia’s molecular modeling team to enter the
arena of biology. Further developments of the TOWHEE code
included development of a variety of Monte Carlo moves
(e.g., collective moves and fixed endpoint configuration-bias
moves). These moves are currently being implemented to
improve performance in molecular simulation of biological
macromolecules and large cyclic ligands. In the arena of
solvated systems, we added new physics models for
polarization and transport to the TRAMONTO code, and made
a large number of modifications to efficiently handle O(1000)
atom systems common to biology. Finally, we implemented an
entirely new Fourier-space–based, matrix-free solution method
(code FasTram) for solving the molecular theory equations
that underpin the TRAMONTO code.

In the arena of applications, we began a variety of new
studies as well as completed some begun earlier. We identified
structural motifs for the DNA condensation with molecular
dynamics simulations and published the results. Application of
molecular theory code to calculating fluxes in gramicidin ion
channels is under way. We completed initial investigations of
electroporation, which led to acceptance of the manuscript
“Self-Consistent Simulations of Electroporation Dynamics in
Biological Cells Subjected to Ultrashort Electrical Pulses.”
Investigation of cyclic 9-mer polypeptides (nine peptide units
linked together to form a ring) that are potential cancer drugs
are under way with both the TRAMONTO and TOWHEE
codes. 

In the cellular modeling arena, we performed
calculations of the interplay of intracellular sodium and
calcium in neurotransmitter cells. We studied calcium waves
in xenopus oocyte fertilization and found them to compare
favorably with experimental observations. We noted that the
cell modeling effort is tied to the molecular studies of ion
channels in that the behavior of the neurotransmitter cells is
largely dictated by channel behavior at the boundary of the
cells. Molecular insight may add to the understanding of how
those boundary conditions should be implemented.
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Biosensors Based on the Electrical
Impedance of Tethered Lipid Bilayers on
Planar Electrodes
R. C. Hughes, S. M. Brozik, D. Y. Sasaki

Impedance-based, planar chemical microsensors are
the easiest sensors to integrate with electronics. Sandia’s goal
is a several-order-of-magnitude increase in the sensitivity of
this sensor type. We recently developed novel chemical
sensors based on planar interdigitated microelectrodes coated
with thin films of polyelectrolytes. The ion conductivity of ions
doped into these films is sensitive to a wide range of volatile
organic compounds (VOCs), including nerve agent simulants.
We believe that the mechanism of detection involves reversible
plasticization of the polymer chains, allowing faster ion
motion that is detected by simple alternating current (AC)
impedance at low frequencies (10 to 15 Hz). We have achieved
parts-per-million-level sensitivities with these new devices, but
to achieve an orders-of-magnitude increase in sensitivity, we
are exploring ion motion (impedance) in very thin lipid
bilayer capacitor membranes that are chemically tethered to
our planar electrodes. 

The basic idea is to mimic biological-chemical sensors
that rely on changes in ion transport across very thin organic
membranes for the sensing. The large increase in sensitivity
over polyelectrolytes will come from molecular recognition
elements like antibodies that bind the analyte molecule. We
can tie the molecular recognition sites to the lipid bilayer
capacitor membrane, and we can use a number of
mechanisms to modulate the impedance of the lipid bilayers.
These mechanisms include coupled ion channels, pore
modification, and double-layer capacitance modification by
the analyte molecule.

We succeeded in forming stable bilayers over
templated sol-gel scaffolds and also over octadecyltri-
chlorosilane (OTS) layers bonded to the platinum (Pt) surface.
In both cases, we showed that gramicidin ion channels could
be made to function and discriminate between cesium (Cs)
ions and other ions.

We successfully satisfied our most important
milestones by fabricating two kinds of supported lipid bilayers
on our lipid chip electrode arrays, and by measuring their
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properties by impedance spectroscopy. In addition, we
fabricated biosensors with these bilayers by using selective
ion channels that modulate the impedance of the bilayer with
the concentrations of specific ions. The first kind of supported
bilayer uses a thin film of templated sol-gel on the electrode
to act as a scaffold for the bilayer. We formed lipid bilayers on
the sol-gel by vesicle fusion and obtained electrical
information about the bilayer. The electrical information
comes from impedance spectroscopy taken over seven to eight
decades in frequency. We can extract the capacitance of the
bilayer and find, in most cases, the correct capacitance for a
single bilayer. Every bilayer membrane has some ionic
leakage. By looking in the right frequency range, we can also
extract this membrane impedance, which tells us something
about how many defects there are in the deposited bilayer and
about the ionic seal around the edges of the electrode. 

We have steadily improved our high-resistance values
by perfecting the techniques for deposition. We also
incorporated gramicidin ion channels in the bilayer membrane
and showed selective chemical detection of Cs ions. The
second kind of supported bilayer was composed of OTS and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine. OTS was
covalently attached to the substrate and acted as the lower leaf
of the bilayer. We also showed gramicidin ion channels to
function in this bilayer, which was rugged enough to still be
functional after eight days. We demonstrated chemical
selectivity of Cs ions over calcium (Ca) ions. The Cs ion
transport gives a signal that tells us whether the gramicidin
membrane protein is lined up with its partner in the lower leaf
(or OTS layer, in the case of the hybrid). 

To make a sensor for almost any molecule, we attach
an antibody to that molecule to the gramicidins in the upper
leaf, and when the target molecule binds, we should get a
decreasing current due to the disruption of the aligned
channels. To demonstrate this effect, we are developing the
chemical methods to attach the antibody to the gramicidin. We
biotinylated one-micron spheres and the antibody to biotin to
show how a microbe (or large toxin molecule) could be
captured by the labeled gramicidin and detected electrically.
We expect results soon.
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Molecular-Scale Studies of Single-Channel
Membrane Pores
A. R. Burns, T. A. Michalske, J. G. Fleming, D. Y. Sasaki, B. S.
Swartzentruber, K. O. Evans, G. D. Bachand

Translocation of large biomolecules (e.g., proteins,
deoxyribonucleic acid [DNA]) through single-ion-channel
protein pores in membranes is an emerging technology that
promises new rapid detection and sequencing approaches.
However, experts cannot fully interpret the modulated ionic-
current signals yet because too little is known about the
molecular-level details of translocation. 

Sandia will introduce a new experimental approach,
based on proximal scanning-probe microscopy (SPM), to
study the molecular-level structure and energetics and kinetics
of biomolecule interactions with membrane pores during
translocation. By implementing the proximal probes, we will
supplement the existing macroscopic-ion current–detection
approach and be able to (1) characterize the size and shape of
a selected pore, (2) correlate local molecular interactions with
ion currents, (3) directly measure the forces on translocating
molecules, and (4) monitor atomic-scale movement of
transmembrane pore proteins during translocation. This
project will provide important new insights for molecular
translocation through membranes. These insights, together
with molecular simulations, are critical for emerging
biotechnologies. We also plan to apply our approach to robust
solid-state nanopores, created with silicon (Si)-
micromachining techniques.

Based on designs supplied by our collaborators at
Harvard University, we built a variable-temperature apparatus
for measuring ionic current through single-ion channels in
planar lipid bilayers. The apparatus comprises two reservoirs
between which a small Teflon aperture can be positioned. We
developed a technique to form 25µ apertures in a Teflon tube
interconnecting the two reservoirs and inserted bilayer lipid
membranes (e.g., diphytanoylphosphatidylcholine [DPPC])
across the aperture. We also acquired the necessary (patch-
clamp) test and electronic equipment for measuring
picoampere ionic currents. Solid-state pores less than 10 nm in
diameter were created in Si by an innovative technique of
overlapping trenches. We completed our instrument that
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combines an inverted optical microscope with an atomic force
microscope (AFM). We expect to demonstrate single-molecule
force measurements. Transparent samples (in air or in a liquid
cell) can be examined with high-numerical-aperture objectives
for fluorescence collection and simultaneously imaged with
the AFM for structural topography or force profiles. AFM
imaging can be accomplished in two ways: (1) with a tube
scanner that moves the probe tip over a stationary sample, or
(2) with a flat scanner that moves the sample between the
objective and the (stationary) probe tip. The first method is
expected to yield the highest topographic resolution, but
precise optical alignment with the objective focus is lost in
large (greater than 500 nm) scans. The optical alignment is
maintained in the second approach at the sacrifice of high-
topographic resolution. We designed the microscope to take
advantage of fluorescent labeling of biomolecules. Labeling
the translocating biomolecule and/or labeling the protein pores
will greatly complement force measurements, since
fluorescence-resonance-energy transfer is very sensitive to
unfolding and molecular-scale movements.
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Efficient Massively Parallel Techniques for
Protein Structure Generation
M. D. Rintoul, M. G. Martin, M. P. Sears, A. Slepoy

Sandia is developing an enumeration technique that
generates folded proteins matching distance constraints
provided by cross-linking, multidimensional mass-
spectrometry (MS) and nuclear magnetic resonance (NMR)
experiments. While the protein folding problem has been
shown to be nondeterministic polynomial (NP)-hard both on
and off lattice, distance-geometry techniques can retrieve n-
residue protein structures in quadratic time when n(n-1)/2
distance constraints are provided. Recent results demonstrate
that on lattices, protein structures can be determined in linear
time with only n distance constraints. Furthermore, current
studies indicate that more than half of the n distance
constraints can be acquired directly from the sequence data
(i.e., secondary structure assignments). These findings
represent a substantial gain from the state-of-the-art methods
by drastically reducing the experimental effort required to
compile distance information. 

Sandia will extend the above results by developing an
off-lattice technique that enumerates folded proteins from MS
and NMR data. This technique includes a validation-and-
refinement scheme that uses a hierarchy of high-fidelity
objective functions ranging from bonded hard spheres in a
vacuum to fully atomistic Lennard-Jones and coulombic sites
in water. Both the enumeration and the molecular-physics
techniques have been successfully adapted to massively
parallel (MP) architectures in the past, and we expect to
implement them in this fashion for this work.

We started our theoretical work on incorporating
distance-constraint information by using a Hamiltonian-path
model of a protein on a lattice. In this model, which is
essential to a compact self-avoiding walk, we demonstrated
that, unlike the general lattice model where n distance
constraints were required to describe an n-residue protein,
only approximately n/2 distances were required to completely
describe the protein structure. More importantly, we then
performed our simulations off-lattice to begin a truly realistic
construction of a protein from real-space distance constraints.
We devised an algorithm to compute which additional inter-
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peptide distances were to describe a partially constrained
protein structure and developed an additional algorithm to
count the number of possible structures described by a set of
constraints that did not rigorously fix a protein’s structures.
Using simulation, we showed that in general, short topological
constraints (distances between peptides that were topologically
close in the protein sequence) were the most useful kind of
constraint. This is a very relevant practical result because
secondary-structure identification can supply much
information. Finally, we studied the effect of uncertainties on
the distance constraints. The results were robust until the
uncertainties began to approach 0.1 Å, and then the quality of
the reconstruction decreased rapidly.

On the molecular-physics part of the simulation, we
did much work in converting the TOWHEE Monte Carlo
simulation code to prepare it to handle proteins. First, we
extended periodic boundary conditions to include
intramolecular interactions. Second, we added a single-atom
translation move to augment the coupled-decoupled
configurational bias move. This is useful for sampling
conformations internal to the protein. Finally, we developed a
program that automates the construction of the molecule
configuration input file to allow simple simulation setup.
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Mapping Membrane Protein Interactions in
Cell Signaling Systems
M. M. Young, J. M. Faulon, J. S. Schoeniger, R. Behrens, Jr., C. B.
Troup, R. B. Jacobsen, S. A. Datwyler

Sandia will apply the MS3D technique to determine
the structure of the rhodopsin-transducin membrane-protein
complex (RTC). We made progress in adapting the MS3D
approach for characterizing membrane-protein systems and
made computational progress in experimental design, data
analysis, and protein-structure modeling. Preliminary
experimental data—on a proof-of-concept membrane protein
structurally homologous to rhodopsin, bacteriorhodopsin
(BR)—shows that MS3D can be successfully modified to
address membrane-protein systems. Theoretical calculations
show that, given sufficient experimentally derived constraints,
determining the structure of a membrane protein to low
resolution is possible. Future work will focus on the
application of the validated experimental and computational
methods to the RTC structure determination.

Preliminary experimental data on a proof-of-concept
membrane protein structurally homologous to rhodopsin, BR,
shows that MS3D can be successfully modified to address
membrane-protein systems. Sandia is working to develop the
MS3D experimental protocol. We completed a series of
control experiments with uncross-linked BR. These
experiments demonstrate that all steps in the MS3D protocol
(except the initial cross-linking step) can be performed with
BR—namely, the separation, solubilization, and digestion of
the monomeric fraction, and the acquisition of mass-
spectrometry (MS) data on the proteolytic digest. Work is
ongoing to characterize BR cross-linked with a series of
cross-linking reagents.

Progress on the rhodopsin-transducin system is
summarized as follows: We purified the components of the
rhodopsin-transducin system—namely, rhodopsin from the
rod outer membrane and all three components of the
transducin heterotrimer. We developed a functional assay to
ascertain whether we are cross-linking the RTC in a
biologically significant state. We also designed methods to
proteolyze both rhodopsin and tranducin-alpha and to 
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characterize the resultant peptide fractions using liquid
chromatography (LC)/MS.

Computational progress is in the areas of experimental
design, data analysis, and protein-structure modeling. We
developed a prototype tool, MSDesign, to assist
experimentalists with protease selection. The tool calculates
the theoretical libraries of peptides and cross-linked peptides
for a user-defined set of proteases. Also, this tool produces
statistics on the total number of overlapping species, the
number of overlapping cross-linked species, and the peptide
coverage of the resolvable cross-linked species over a given
parts-per-million error range. A new version of the spectrum-
assignment program, ASAP, was developed to support flexible
amino-acid modification and protease-specificity definitions,
fully combinatoric-theoretical library generation, control-
spectrum subtraction, and N14 and N15 peptide assignments.
A modified form of this program supporting the assignment of
protein-protein cross-linking data is near completion. We
performed theoretical calculations both on- and off-lattice to
enumerate the number of constraints required to uniquely
determine a protein structure and to map the size of the
solution space as a function of the number of provided
constraints. Last, we performed distance-geometry
calculations that show, given sufficient experimentally derived
constraints (approximately 20), that determining the
transmembrane-domain structure of a membrane protein is
possible to low resolution.
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High-Throughput Instruments, Methods, and
Informatics for Systems Biology
D. M. Haaland, B. N. Wylie, K. W. Boyack, W. C. Sweatt, J. L.
Rienstra, J. A. Timlin, M. B. Sinclair, C. M. Boney, S. M. Gentry, C.
M. Wehlburg

Cell scientists, medical researchers, and security
organizations working on biothreat assessments need much
better instruments, together with better informatics and
knowledge-management tools. These needs are especially
critical in new high-throughput technologies, including gene-
and protein-expression arrays. This project researches
techniques, instrumentation, and algorithms that directly
address improved data collection and new analysis techniques
for dealing with large datasets; the project also addresses
tools for integration with other Web-accessible resources.
Current microarray technology allows only binary
comparisons between the expression levels in control and
treated cells in each experiment. Also, quantitative
comparisons between microarray experiments are poor, thus
limiting the information that can be gleaned from 
complex events. 

Sandia designed and is building a new hyperspectral-
imaging (HSI) microarray scanner to greatly improve the
current microarray technology by using Sandia’s multivariate-
chemometric expertise and HSI capabilities. This technology
will allow the comparison of up to 20 different cellular
responses on a single microarray by simultaneously
monitoring multiple fluorophores. The scanner is expected to
improve the quantitative accuracy of gene expression and to
improve speed; the University of New Mexico (UNM) will
provide the biological expertise needed to understand the
complex genetic response of cells to bioagents. With the new
scanner and the collaborative-analysis tools that we are
developing, we will be able to investigate a variety of
opportunities such as the development of new biologically
based biosensors for bioagents, protein detection, and
understanding the genetic basis of cancer and its treatment.

We converted the information-efficient spectral
imaging system (ISIS) from a telescopic passive-remote
sensor to a microscopic HSI scanner with laser excitation. We
upgraded ISIS hardware, rewrote control and data-analysis
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software and recalibrated ISIS for improved wavelength and
intensity accuracy. We tested the modified system using
inexpensive fluorophores, and fluorescence results from these
studies compare favorably with independent fluorimeter
measurements. Examination of ISIS data from binary mixtures
of fluorophores with line focusing confirms the separation and
quantitative profiling of the dyes using Sandia-developed
multivariate-analysis methods. Early data indicate that in the
current configuration, ISIS will be inadequate for monitoring
low gene-expression levels. Therefore, we tested a second
charge-coupled device (CCD) detector spectrometer system
with higher sensitivity for low-fluorescence levels required to
quantify large numbers of spectrally overlapping fluorophores.
We obtained tagged deoxyribonucleic acid (DNA) microarray
samples and initiated statistically designed studies to identify
the parameters that limit the quantitation of gene expression
on microarrays.

We investigated the use of robust measures of
correlation and found that for large datasets the added
computational cost is not warranted, but for smaller sets, the
tool is useful. We worked with UNM and the National Center
for Genomic Resources (NCGR) to complete two tasks. First,
the NCGR GeneX database and upload tool were installed at
UNM. Second, we demonstrated that VxInsight™ (Visual
Explanation and Insight, a tool for exploring data collections)
can be served remotely using HTTP (Hypertext Transfer
Protocol) and Web-based interfaces. We have made significant
progress in making the tools more robust.

Sandia National Laboratories LDRD Annual Report 2001 110

We worked with UNM and the

National Center for Genomic

Resources (NCGR) to complete

two tasks. First, the NCGR

GeneX database and upload

tool were installed at UNM.

Second, we demonstrated that

VxInsight™ (Visual

Explanation and Insight, a tool

for exploring data collections)

can be served remotely using

HTTP (Hypertext Transfer

Protocol) and Web-based

interfaces. We have made

significant progress in making

the tools more robust.

Refereed
Kim, S. K., J. Lund, M. Kiraly, K. Duke, M. Jiang, J.
M. Stuart, A. Eizinger, B. N. Wylie, and G. S.
Davidson. 2001. “A Gene Expression Map for
Caenorhabditis Elegans.” Science 293 (14 September):
2093–2098.



Sandia National Laboratories LDRD Annual Report 2001 111

34491

Nanolaser Flowchip for Real-Time Cell and
Tumor Biology
P. L. Gourley

Growing interest in biomicroelectromechanical systems
(bio-MEMS) devices has brought attention to new issues
involving interfacial phenomena of biological materials with
semiconductor surfaces. One such device is the biocavity laser
in which flowing cells interact with semiconductor surfaces. A
technical problem is that the cells adhere to the surface and
prevent fluid flow after a period of time. Sandia investigated
the binding interactions of cells and proteins to the semi-
conductor surfaces used in these microcavity lasers. The study
sought to determine how adhesion and biofouling can be
attenuated using readily prepared coatings of thin organic 
films.

We deposited hydrophobic (alkane) and hydrophilic
(oligoethylene glycol) coatings onto oxidized silicon (Si) and
gallium arsenide (GaAs) by various techniques: self-assembled
monolayers (SAMs), Langmuir-Blodgett (LB), and spin-
casting. We exposed coated and bare surfaces to media
containing cells (astrocytes, glioblastomas) and proteins
(serum albumin) in flowing and static experiments to evaluate
kinetic- and thermodynamic-adhesion phenomena. We used
atomic-force microscopy (AFM) and optical microscopy to
characterize the coatings and subsequent biofilm formation to
evaluate materials for biocompatibility.

We flowed cells through a microfabricated structure
composed of glass and semiconductor materials that formed an
array of microchannels. If surface adhesion is strong,
biofouling of the microchannels will occur, resulting in
reduced fluid-flow rates. In addition to the measurement of
flow rates, we conducted post-mortem analyses of the glass
and semiconductor surfaces with optical microscopy to
determine binding patterns that lead to biofouling. The results
show that surfaces coated with hydrophilic SAM layers are
much more resistant to biofouling than similar surfaces coated
with hydrophobic layers.

We showed cell adhesion and biofouling to be
dependent not only on surface functionality, but also on kinetic
interactions of the biomaterial to the surface. Under flow  
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conditions, astrocytes and glioblastomas exhibited little
biofouling behavior on the hydrophilic Tapping-Mode
Etched-Silicon Probe (TESP) surface, but strong channel
clogging with the hydrophobic surface. These studies suggest
future investigations of cellular adhesion on composite
surfaces of hydrophilic and hydrophobic domains as well as
complex functionality to further understand cell and
protein adhesion. 

Creating a smooth flow of biological cells through a
microscopic channel in an optical device is far from simple.
The problem is one encountered whenever scientists try to
merge biological materials with microfabricated structures.
These materials are poorly suited for each other. Proteins are
large, sticky molecules that tend to adhere to glass, metal, and
semiconductor surfaces, forming biofilms that foul the
devices and quickly compromise their performance. Our
device quickly demonstrated this problem. When we flowed
the astrocytes and glioblastoma cells through our channels,
they stuck on the downstream side of the channels. Within a
few minutes, the device was severely clogged. Surfaces
coated with hydrophilic SAM layers help to minimize this
problem and are preferred over hydrophobic coatings. These
layers increased fluid velocity and minimized cell sticking.
We do not, however, consider the problem solved. Even with
the surface treatments, the operation time of our biocavity
laser is extended by only a factor of 3.

Sandia National Laboratories LDRD Annual Report 2001 112

These studies suggest future

investigations of cellular

adhesion on composite

surfaces of hydrophilic and

hydrophobic domains as well

as complex functionality to

further understand cell and

protein adhesion. 

Refereed
Gourley, P. L., and D. Y. Sasaki. 2001. “1. Biocavity
Lasers.” (Invited review) American Scientist 89
(April/May): 152–159.



Computational and Information Sciences

The “Large-Scale Nonlinear
Optimization Arising from PDE
Models” project has made significant
progress toward the implementation
of successive quadratic program-
ming algorithms, which will signifi-
cantly reduce the computational
requirements for large-scale
applications. The parallel optimi-
zation methods that are being
developed will solve high-fidelity,
coupled-physics problems that are
too expensive to solve with existing

optimization capabilities. Collabo-
ration with academia was developed
through the Computer Systems
Research Institute (CSRI) to study
large-scale transient PDE (partial
differential equation)–constrained
simulation. Two patent applications
have been filed as a result of this
effort.

The goal of the Computational
and Information Sciences investment
area is to develop next-generation
computing and information systems
capabilities that will provide a
strategic benefit to the nuclear
weapons program and other impor-
tant Sandia business areas. Recent
advances in massively parallel com-
puting technology are greatly
expanding the usefulness of com-
puter simulations. Computational
and information sciences proposals
focus on system software for
computer clusters, emergent
behavior, adaptive software, and
parallel input/output (I/O) visual-
ization. A theme of these efforts is
manipulating and interacting with
large datasets. Another important
aspect of this work is creating tech-
nologies that make high-perform-
ance computers easier to use and
thus broaden the impact of such
computing on Sandia’s programs.
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Heterogeneous Simulation
F. J. Oppel, III, E. J. Gottlieb, P. G. Xavier

A recent Department of Energy study, “Roadmap for
Robotics and Intelligent Machines,” addressed the need for
building intelligent machines as an integrated system of
heterogeneous perception, reasoning, and action components.
No generalized simulation framework exists to enable
modeling behaviors of intelligent machines that depend on
physical environments. Such a framework would require a
heterogeneous simulation environment to model these
intelligent machines operating in a real world containing
different environments. 

This project is developing a framework for building
and testing heterogeneous simulations. Sandia’s research
enables the integration of several models residing on different
platforms that often contain varying model fidelity. The
framework will interface with existing simulation packages
through either online access or offline data access. The
framework will incorporate diverse simulation environments
ranging from continuous simulations (modeling physics such
as dynamics, radiation, and plumes) to event-based
simulations (e.g., modeling agent behaviors, state machines).

We developed a simulation framework (UMBRA) to
enable building simulation environments to examine the
behaviors of intelligent agents/machines in complex
heterogeneous environments. Our final accomplishments built
on our previous achievements (i.e., basic UMBRA framework
design, multimodel methodology, and online connector
module) to include the offline connector method and the
fidelity-switching scheme. We demonstrated these capabilities
in a simulation of autonomous intelligent agents executing a
complex collective behavior.

The design of the “offline” connector enables
precomputed data from an external simulation program to
flow from an UMBRA module into the heterogeneous run-
time environment. This allows interfacing to central
processing unit (CPU)-intensive simulation programs, such as
route planners for intelligent agents, to include the data results
into the run-time environment. In addition, the “offline”
connector interface can interrogate the external simulation
during runtime to update the dataset as required.
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The fidelity-switching scheme allows the
heterogeneous simulation environment to model and switch
between different levels of fidelity during runtime. For
example, an object within a simulation may contain different
levels of dynamic state such as a nonconstrained dynamic
motion, a constrained contact dynamic motion, and a
stationary condition. A rigid-body contact simulation
demonstrated modeling an object that could detect its state
and reconfigure the UMBRA modules to provide the
appropriate fidelity. This enables the heterogeneous simulation
environment to improve its computational efficiency, since the
simulation will execute the CPU-intensive algorithms (contact
dynamics) when required, or switch to less-intensive
algorithms (static condition). Another example demonstrated
switching different behaviors of a controller module for an
intelligent agent, depending on the environment surroundings. 

During the final year of this project, we demonstrated
this heterogeneous modeling capability in an event-based,
modular, distributed simulation environment. We selected the
high-level architecture (HLA) as an evaluation environment to
provide a distributed simulation interface. To incorporate the
HLA interface environment, we utilized the multimodel
methodology to provide an HLA UMBRA world module. This
world module utilized the UMBRA Module Factory to create
UMBRA HLA interface modules to connect to UMBRA
computational modules. We selected as a test case a previous
heterogeneous simulation of a swarm of intelligent agents
communicating and searching for a plume in a building. This
simulation initially contained several UMBRA computational
modules: a behavior, controller, sensors, and physics modules.
We added an additional UMBRA HLA module per agent to
communicate the agent state information to another UMBRA
HLA module executing in a stealth simulation on another
computer. The stealth simulation only required the UMBRA
HLA module and UMBRA geometry module to track the
position and state of the corresponding objects in the
publishing simulation. 

The accomplishments of this project are providing
significant impacts on several Sandia projects and HLA
military simulations. This project sets the foundation to
perform heterogeneous system analysis of intelligent agents
(combination of machines with humans) for security or
military operations in urban environments and/or Homeland
Defense operations.
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Volumetric Video Motion Sensing for
Unobtrusive Human-Computer Interactions
D. E. Small, J. P. Luck, J. J. Carlson

This project will develop sensing, parallel-processing,
and geometric-reasoning algorithms to enable unobtrusive
human-computer interactions. Our approach is to leverage
two unique Sandia capabilities: volumetric video motion
detection (VVMD) and large-scale computing. Unprecedented
human-machine interactions will be demonstrated through
dramatic advances to the VVMD. By developing new parallel-
processing algorithms and a new personal computer (PC)-
cluster deployment architecture, we will extend the resolution
of the current VVMD platform to its attainable limits. We will
move from platforms that make video-rate constructions of
several hundred volume elements (voxels) to platforms that
update millions of voxels in real time. We will also develop
robust geometric-reasoning algorithms to interpret the
constructions.

We will demonstrate two scales of human-computer
interaction. On a small scale, the VVMD will monitor a small
volume (several cubic feet) directly in front of a computer
monitor. A person will interact with the computer through a
combination of gestures and voice commands. This system
could replace or augment a keyboard and mouse. On a larger
scale, the VVMD will monitor the position and orientation of
one or more humans in a room-sized volume. Differentiating
itself from other position/orientation sensors, the VVMD
allows participants to maneuver untethered, thus allowing
more natural human-machine interactions. By combining a
VVMD at this scale with a state-of-the-art video wall and
visualization platform, participants could use simple gestures
to browse through high-fidelity simulation results and to
collaborate with remote participants. Another application at
this scale is a robotic work cell, where an operator can point
at an object and gesture to cause the robot to move the object
to a new position. 

We achieved the following goals:
• The software can fit a fully articulated 3-D human

model to the volumetric data. This includes 22 degrees of
freedom.
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• We optimized the 3-D fitting algorithms so they can
run in real time on modern computer architectures.

• We can drive an articulated human avatar in real time
and use it to interact with another person from a remote
location. This enables a “3-D conference call” between users.
As a part of this work, we can generate novel synthetic views
of the 3-D data using advanced texture-mapping techniques.

• We developed new and innovative color image-
processing techniques for motion detection and integrated
them into the sensor.

• We continued development of voice-gesture-
interaction techniques for high-fidelity simulations.

We also addressed the following issues, which experts
in the field have identified as major problems in markerless
motion tracking:

(1) The majority of previous work assumes the 3-D
model is known a priori.

(2) Most systems cannot handle significant occlusion
and do not have mechanisms to stop and restart tracking of
individual body parts.

(3) Few body models have incorporated articulation
constraints or collision constraints.

(4) No systems have compared their results to ground
truth.

(5) Few systems have used 3-D data as direct input to
their tracking system. Using 3-D data relieves the problems
associated with retrieving 3-D information from a 2-D view. 

A system must also perform tracking in real time to be
useful for most applications. Calibration of the data-
acquisition device must be simple and fast.
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Hybrid Sparse-Dense Incomplete
Factorization Preconditioners
M. A. Heroux, J. N. Shadid, R. R. Rao, P. R. Schunk

Development of robust scalable linear equation solvers
persists as one of the most important and elusive goals in
large-scale scientific and engineering computing. With
continued progress in parallel applications development and
steady advances in availability of parallel computers, the lack
of robust scalable solvers increasingly becomes a critical
roadblock to progress in the use of numerical simulation for
engineering and scientific disciplines. In the past few years,
many key Sandia applications have been ported to parallel
computers, a large number of them requiring a linear solver.
With few exceptions, these codes face the difficult task of
finding a robust parallel solver. Since preconditioned iterative
solvers are the methods of choice, and because basic iterative
methods have reached a high level of maturity, the real heart
of the challenge is the need for robust parallel
preconditioners.

This project will develop a set of preconditioners in the
TRILINOS/AZTEC framework that directly addresses the
problems of robustness and scalability for key applications on
current and future parallel computers. This work is unique in
that it brings together the strengths of existing sparse solver
technology into a single preconditioner framework that can be
tuned to match the needs of the most challenging problems of
today. By imposing a block partitioning on the linear operator
(or a recursive set of such partitionings) that matches the
underlying physics of the application and then developing
block preconditioners based on this partitioning, we open up
the ability to have a full spectrum of robustness and
scalability. In addition, within this framework we can exploit
in a very natural way the memory hierarchies of parallel
computers like Computational Plant (CPlant) and can
simultaneously leverage the past investment in both
distributed- and shared-memory parallel-programming
techniques.

In the final year of this project, we made significant
progress in putting the algorithmic advances from our
previous work into use with production users. We refined the
diagonal perturbation methods that we developed previously,
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and we worked with GOMA code users to learn the most
effective strategies for using these methods. The diagonally
perturbed incomplete lower/upper with threshold (ILUT)
factorization preconditioners with adaptive perturbations has
become the preconditioner of choice for most difficult GOMA
problems. With some exceptions, we are able to solve
problems of interest; however, for the most difficult problems,
the cost of the preconditioner and the required expertise of the
user are still too high.

We documented our progress on several test problems
of practical and academic importance. Most notably, we can
solve each problem initially identified as an important test
case at project start-up. We also can solve the viscoelastic
models that we started with, a deformable roller-nip problem,
and a brazing problem, each of which was intractable when
we started this project.

As part of this and other projects, we produced several
general-purpose software packages that are used with GOMA
and across an increasing list of other applications. In
particular, the TRILINOS solver framework was initially
developed for use with GOMA, as was IFPACK, the C++
incomplete factorization package. The PETRA distributed
matrix and vector services package also was partly developed.
TRILINOS, IFPACK, and PETRA are all copyrighted and are
going through the process for public release under the Lesser
Gnu Public License.

The final area of importance was getting GOMA to run
well on CPlant parallel computers. During earlier work on this
project, we ported GOMA to CPlant. Now, we have seen that
port become an important vehicle for GOMA users. CPlant is
an excellent platform for GOMA and is becoming a preferred
platform for users who have large GOMA problems.
Execution of GOMA in parallel on CPlant is excellent when
compared to use of SOLARIS platforms, both in single-node
performance and in speedup on multiple processors for
sufficiently large problems.

Sandia National Laboratories LDRD Annual Report 2001 119

... we produced several

general-purpose software

packages that are used with

GOMA and across an

increasing list of other

applications. 



Sandia National Laboratories LDRD Annual Report 2001 120

Other Communications
Heroux, M. A. 2001. “Dynamic Parallel Data
Redistribution for Preconditioned Iterative Solvers.”
Paper presented to the SIAM Parallel Processing
Conference, Norfolk, VA, March.

Heroux, M. A. 2001. “Object-Oriented Design Issues
in the TRILINOS Project.” Presentation to Workshop
on Object-Oriented Software for Scientific Computing,
Livermore, CA, July.

Heroux, M. A., and K. W. Kampshoff. 2001.
“Observations on the Use of Heterogeneous Parallel
Clusters for Scientific Computing.” Paper presented to
the SIAM Parallel Processing Conference, Norfolk,
VA, March.

Kampshoff, K. W. 2001. “Parallel Sparse Matrix
Computations on Beowulf Clusters.” Senior Thesis,
Department of Computer Science, St. John’s
University, Collegeville, MN (May).

Schunk, P. R., and M. A. Heroux. 2001. “Iterative
Solver Preconditioners for Finite Element
Formulations of Multiphysics Problems Including
Incompressible Fluid and Solid Mechanics.” Proc.
International Conference on Computational
Engineering 1 (Puerto Vallarta, Mexico, August).



10316

Advanced Large-Eddy Simulation Algorithms
for Coupled-Flow Physics and Complex
Geometry
R. C. Schmidt, T. E. Voth, P. E. Desjardin, T. M. Smith, A. R.
Kerstein

In this project, Sandia aims to advance the algorithms
and methods for large-eddy simulation (LES) for unstructured
grids, irregular geometry, and coupled physics. The current
emphasis is on developing and demonstrating an LES subgrid
closure strategy based on the one-dimensional turbulence
(ODT) model. The goal of our research is to demonstrate a
new approach for LES, high-Reynolds-number, wall-bounded
flows that avoid the overwhelming computational expense of
finely resolved three-dimensional (3-D) mesh near walls, and
that are applicable to coupled multiphysics flows. Until now,
accurate LES of turbulent wall-bounded flows required
extremely fine meshes that are unaffordable for most
engineering problems. Approximate near-wall models
presently used are unreliable and incapable of treating
complex flows and multiphysics environments. 

ODT is a stochastic simulation method representing
the time evolution of a turbulent profile along a notational
line of sight, which in this application is taken to be the wall-
normal direction. In the near-wall region, finely resolved ODT
lines are embedded within a coarse LES mesh, and the ODT
evolution equations capture the fine-scale temporal and
spatial variations (in one direction) of the three-component
velocity field.

We present details of the new near-wall closure model
and perform calculations for turbulent channel flow at
Reynolds numbers based on friction velocity ranging from 395
to 10,000. In addition, we give a mathematical description of
a generally applicable ODT–based subgrid closure model for
LES that is valid for any region of flow (i.e., not only near the
wall). We also describe and discuss a separate LES–related
task that involved LES calculations of isotropic turbulence
decay in a box comparing lumped mass projection (LMP) and
reproducing kernel particle method (RKPM) filtering for
dynamic models on irregular (randomized) LES meshes.

Until now, accurate LES of turbulent wall-bounded
flows required extremely fine meshes that are unaffordable for
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most engineering problems of interest. Approximate near-wall
models presently used are unreliable and incapable of treating
complex flows and multiphysics environments. Our major
accomplishment in our most recent work was the continued
development, implementation, and testing of a new near-wall
subgrid model based on the ODT modeling approach
(Kerstein).

The development of ODT as a subgrid model required
significant revisions to the stand-alone ODT model and
numerous innovations to couple the LES and ODT
approaches. Key issues addressed included (1) revising the
ODT evolution equations to properly account for advection
effects, (2) relating ODT variables to LES variables and
providing proper ODT/LES interface boundary conditions, (3)
determining how to address continuity constraints on the 3-D
control volumes associated with the one-dimensional (1-D)
ODT domains, (4) developing a method for triplet-mapping
into the LES domain, and (5) devising a revised fractional-
step (projection), time-integration scheme that allows for the
two-way coupling between ODT (which evolves at direct
numerical simulation [DNS]-like time steps) and the global
LES solution.

The base LES code used for testing the near-wall ODT
subgrid model was a structured grid, second-order, finite-
difference code specifically designed for doing channel flow.
We obtained the code from Stanford University through our
collaboration with the Center for Turbulence Research.
ODT/LES coupling is bidirectional and occurs both through
the direct calculation of the subgrid turbulent stress by
temporally and spatially filtering the ODT–resolved
momentum fluxes (upscale coupling), and through the
LES–resolved mean pressure and velocities impacting the
ODT behavior (downscale coupling). In the approach
developed here, the equations simulating the turbulent flow
are distinct in each of the three flow regions, which we refer
to as (1) the ODT inner region, (2) the LES/ODT overlap
region, and (3) the LES core-flow region.

To demonstrate the performance of ODT as a subgrid
model for LES, we performed calculations for turbulent
channel flow at Reynolds numbers based on friction velocities
ranging from 395 to 10,000. We compared these results to
DNS and experimental data and found that remarkably good
results were obtained over the entire Reynolds-number range.
Although computational cost was not quantitatively addressed,
all results were obtained on single-processor workstations,
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with runtimes varying from several hours for the lower
Reynolds-number flows to several days for the highest
Reynolds-number flows. These results demonstrated the cost
effectiveness of the approach and provided data for
determining how the approach will scale to extremely large
problems. 

Other accomplishments included:
(1) The development and mathematical description of

a generally applicable ODT–based subgrid closure model for
LES that is valid for any region of flow (i.e., not only near the
wall); and

(2) Calculations of isotropic turbulence decay in a box
comparing LMP and RKPM filtering for dynamic models on
irregular (randomized) LES meshes.
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Molecular Simulation of Reacting Systems
A. P. Thompson, F. B. Van Swol

Reacting systems are critical in a wide variety of
materials problems central to Sandia’s missions, including
polymer oxidation, epoxy curing (encapsulation), corrosion,
reactive spreading and wetting (solder), and reactive
equilibria in hazardous waste. In many cases, significant
resources were focused on molecular simulation of
equilibrium and transport properties of materials in which
chemical reactions play an important role, but the reaction
events have been either completely ignored or greatly
simplified. For example, in polymer aging it is likely that on
some short-length scale, the oxygen-reaction and -diffusion
processes are linked. Any truly predictive model of the
chemical and physical processes underlying aging must
include this reactive/diffusive linkage.

The primary focus of this project is to introduce
chemical reaction models into existing materials simulation
models. Two different classes of model were targeted:
continuous forcefield molecular dynamics (MD) and hard-
sphere MD. We continued two major efforts to incorporate
reaction models into these existing molecular simulation
codes. For continuous forcefield MD, we extended the Monte
Carlo (MC) reaction capability to include bond-breaking. To
do this within the spatial decomposition parallel-processing
framework of the Large-Scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) code, we implemented a
general checkerboarding procedure for avoiding conflicts
between reactions on neighboring processors. We used the
code to examine a model hydrocarbon system in which the
molecular weight can grow by linear growth and decrease by
random chain scission. We are currently developing a
capability to simulate chemical aging of organic polymers by
auto-oxidation.

For the discontinuous forcefield MD (tethered hard-
sphere–based polymers), we have implemented the
polymerization reaction capability for both forming and
breaking bonds. Two options exist for the reaction criterion.
One is stochastically based, while the other is more firmly
based on reaction kinetics using the energy and angles of
collisions. The latter approach exploits the event-driven 
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algorithm that underlies hard-sphere dynamics. The tethered
chains can now account for bond-angle potentials through the
use of nonadditive diameters.

For continuous forcefield MD, we implemented both
the MC bond-breaking and bond-making capabilities. We
accomplished this using a general parallel algorithm, which
enables us to simulate large systems without any conflicts
between reactions on different processors. So far, the code has
been used to study two different reacting systems: 

(1) Linear polymer growth. We observed that trapping
the reactive end inhibits the polymerization rate in two
dimensions but not in three dimensions. 

(2) Hydrocarbon cracking/reforming. We find that at
low scission/addition ratios, the average molecular weight
passes through a maximum before reaching a stable dynamic
equilibrium.

We are currently adding the capability to simulate
chemical aging of organic polymers by auto-oxidation.

In the case of the hard-sphere MD, we introduced
bond-making events to simulate linear polymer growth. Two
options exist for the reaction criterion. One is stochastically
based, and the other is more firmly based on reaction kinetics
using the energy and angles of collisions. The latter approach
exploits the event-driven algorithm that underlies hard-sphere
dynamics. The tethered chains can now account for bond-
angle potentials through the use of nonadditive diameters. We
used the code to study polymer wall interfaces focusing on
both melts and solutions. 

The results of this study have appeared in three
publications and will be used to look at reactions at interfaces.
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Massively Parallel Global Climate Model for
Paleoclimate Applications
M. B. E. Boslough, T. R. Guilinger

Global climate has recently become recognized as a
national security issue and has been identified by the
Department of Energy’s Office of Energy Research as
important to decision making on many issues relating to
stewardship of the planet. The potential economic costs
associated with climate change are enormous, but so are the
costs of policies designed to avoid or minimize climate
change. Predictive climate models must be developed, but the
time scales of global climate change preclude validation
before the damage is done. Thus, there will always be an
element of uncertainty as to how good the models are and
whether or not they should be trusted. 

One of the most notable successes in recent years was
the ability of climate modelers to accurately hindcast the time-
dependence of global temperature changes in the twentieth
century. This breakthrough resulted from the addition to the
radiative transport model of the opacity of sulfate aerosol
pollution and boosted the credibility of climate modeling in
general. Another validation strategy is to take advantage of
the Earth’s geologic history to test the predictability of climate
models in hindcast mode using paleoclimatic data. 

We believe that successful paleoclimate models will
lead to further gains in climate-modeling credibility. The
purpose of this project is to parallelize a widely used
paleoclimate code to take advantage of the massively parallel
environments that are becoming available. We expect this
project to form a climate-modeling nucleus at Sandia that can
grow as the role of the national labs in climate modeling
increases, with Sandia in the leadership position in
paleoclimate modeling.

We successfully ported the paleoclimate workhorse
code GENESIS to the Computational Plant (CPlant) and
converted its parallelism from shared memory to distributed
memory using message-passing interface (MPI). This
accomplishment required a fundamental change in the parallel
decomposition so that they are all over latitude strip domains,
instead of the various types of decomposition used in the
shared-memory version. With over 99 percent of the code
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parallelized (in terms of runtime of the serial version), we
achieved a speedup of four times that of the shared-memory
parallel version at R15 resolution. T106 (1°-by-1°) resolution
runs 20 times faster than the National Center for Atmospheric
Research (NCAR) serial version on 20 nodes of the CPlant.

We continued the performance enhancements of our
distributed-memory parallel version of GENESIS, reaching a
speedup comparable to that of PCCM (parallel community
climate model) for some resolutions and configurations. We
identified further areas for significant improvements to be
made in the current parallel code in terms of file I/O
(input/output) and memory management. We continued our
impact-induced climate change research in collaboration with
the University of New Mexico.

We made significant improvements in the speedup of
the parallel version, reaching 21 times the speed of the serial
version, and 4 times the speed of the shared-memory version.
On the CPlant, we can now achieve nearly 14 model years per
CPU (central processing unit) day at T31 (spectral truncation
limit) resolution. Typical paleoclimate model runs of 20 to 30
years can now be performed in a couple of days. This
compares to 3 model years per day with the old version of
GENESIS for the PMESH Cray SV1 at Penn State and gives
us a version with which we can do production runs. We
further sped up the code by parallelizing over spectral
coefficient and performing sums as MPI reduction operations
during the spectral domain portion of the computation, thus
reducing the communication required every time step. 

We also identified areas for future improvements,
including the redimensioning of all global arrays so that only
memory that is used is actually allocated. This redimensioning
will decrease latency time for communication as well as
pipelining during loops. We can also speed up the
communication associated with the spectral transform by
another factor of two. If higher-resolution simulations are
needed by the paleoclimate community, we can do our parallel
decomposition over longitude in addition to latitude. Our
latest parallel version of GENESIS now has the option of
running at T63 and T106 resolutions, for which our
distributed-memory parallelism has the greatest speedup, due
to the higher computation/communication ratio. 
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Algorithmic Advances in Computational
Structural Biology
R. D. Carr, W. E. Hart, M. J. Collins, S. J. Plimpton, A. M. Johnston

The protein database (PDB) contains data on the
folding structures of thousands of proteins and is likely to
grow considerably. An appropriate analysis of these data may
produce a biologically relevant clustering of the PDB
proteins, which would be useful in predicting protein function
and for other aspects of biology and genomics. Sandia has the
resources and expertise to become a leader in this effort. 

The research for this project attempts to make a
clustering of proteins based on making pairwise computations
of the similarities in protein structure by using a numerical
combinatorial optimization measure. We formulated and
solved or approximated instances of the combinatorial
optimization problem maximum contact map overlap (max
CMO) and made preliminary checks of its biological validity. 

Max CMO gained acceptance in the computational
biology community as an important measure of protein
structure similarity. But the intractability of this NP
(nondeterministic polynomial) hard-to-calculate measure has
discouraged its use. However, for clustering purposes, finding
a good approximation to the numerical similarity score
between two proteins indicated by an optimal solution to max
CMO is sufficient. Upper bounds to this score can be obtained
efficiently by linear programming (LP) methods. Lower
bounds can be obtained by using genetic algorithms (GAs)
and local search. Lower bounds (and exact solutions) can also
be obtained through branch-and-cut using our Parallel
Integer and Combinatorial Optimization (PICO) software.
When the difference between upper and lower bounds is small,
the scores that our methods obtained are validated in their
accuracy. Most major stumbling blocks to performing these
computations efficiently and accurately are being overcome;
hence, we plan to calculate these upper and lower bounds
soon, in parallel on Computational Plant (CPlant).

(1) We successfully cast pairwise protein structure
comparison as a combinatorial optimization problem (max
CMO). Specifically, we seek the largest common subgraph of
two contact maps that preserves the amino acid ordering on 
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each backbone. A contact map for a protein is a graph
containing information about how that protein is folded. 

(2) We devised a linear integer model for max CMO,
which uses bipartite matchings both between vertices and
between edges of two contact maps. 

(3) We determined max CMO to be a variation of
maximum independent set (MIS) involving perfect graphs. We
showed that for problems similar to max CMO, the integrality
gap (showing how closely the linear model approximates the
integer answer) is no worse than log(n). For MIS, the
integrality gap is as bad as square root(n). 

(4) Using the independent set structure, we found
strong clique cutting planes that tighten our linear formulation. 

(5) There is a polynomial characterization of the
cliques of a perfect graph. Using this structure of perfect
graphs, we found efficient separation algorithms for these
cutting planes; i.e., based on our current optimal fractional
solution (which is infeasible for the combinatorial problem),
we can determine which cutting planes to add to eliminate this
solution from our current linear model. 

(6) We found polynomial size linear formulations of
our separation algorithms.

(7) We found a way of incorporating all the above
cutting planes into one bigger but polynomial size linear
formulation in a higher dimensional space. To do this, we used
the dual of the formulation in accomplishment 6, above.

(8) We strengthened the correspondence in our linear
model between the bipartite matching between vertices (x-
variables) and that matching between edges (y-variables). Our
objective function has only y-variables, but a stronger
correspondence makes cutting planes in the x-variables have
an effect on these y-variables.

(9) We broke up max CMO problem instances into
smaller pieces using novel methods, making solving our linear
formulation manageable in terms of both time and memory.

(10) We developed GAs with flexible input parameters.
We found values for the input parameters that enabled us to
find solutions close to our LP bound in many cases.
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Large-Scale Nonlinear Optimization Arising
from PDE Models
B. G. van Bloeman Waanders, A. G. Salinger, M. S. Eldred, P. T.
Boggs, K. R. Long, R. A. Bartlett

The research of large-scale partial-differential
equations (PDE)–constrained optimization methods has
enabled significant progress toward developing methods,
tools, and general algorithms. Researchers have, however,
identified difficult interfacing issues and complex
characteristics associated with large-scale multiphysics
simulation codes, forcing additional research directions. 

One of the key outcomes of Sandia’s development and
testing of sequential quadratic programming (SQP) methods
has been the realization of the many complicating
characteristics related to the Sandia simulation environment.
In particular, transients, multiphysics, and heterogeneous
computing are common to many Sandia codes, causing
complicating issues such as inexactness of the state Jacobian,
nonsmooth behavior, local residuals, and inefficient computing
environments. We addressed many of these issues through our
developments, but some require further investigation.

Previously, we developed and tested effective tools on
real production problems. Our remaining goals are to
complete large optimization problems on Computational Plant
(CPlant) and to find ways to package our tools in a practical
and accessible manner under general frameworks, such as
DAKOTA, SIERRA, and IDEA. The impact of this work will be
realized not only through development of methods, tools, and
algorithms, but also through creating powerful design
environments so that the momentum of using optimization
tools continues to grow.

The large-scale PDE–constrained optimization project
has made significant progress in the area of software
development, application testing, refinement of research
directions, publications, presentations, and collaborations. We
selected an object-oriented framework as our primary
reduced-space SQP (rSQP++) development framework and
added new algorithms to provide a flexible PDE simulation
interface and to improve the stability associated with inexact
Jacobians. Although rSQP++ runs in parallel on a small
number of processors, in its current form the algorithms will
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not scale. We designed and implemented new classes of
transformation and reduction operators so that state vectors
can be decomposed and communicated efficiently in large-
scale optimization problems. A significant amount of work
remains to propagate these new classes throughout the code.
Testing of a chemical vapor deposition (CVD) reactor
problem demonstrated an order-of-magnitude improvement in
compute cost over a black-box approach.

Limited memory capabilities were added to 03D to
effectively solve large-scale PDE–constrained problems using
a full-space solution technique. Development of a symbolic
simulator (Sundance) continues and has proven to be a very
useful prototyping and testing vehicle. We developed a special
proxy vector method to manage heterogeneous computing
environments. This critical capability allows the investigators
to manage the complexity of remote heterogeneous compute
environments, and also to manage the many different
components needed to solve a large-scale PDE–constrained
optimization problem.

Our academic collaborations have grown significantly
as a result of this research and development work.
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Parallel Methods for Coupling Circuit- and
Device-Scale Simulations
S. A. Hutchinson, E. R. Keiter

The focus of this project is to research parallel
coupling schemes between semiconductor device-level
simulation and circuit-level simulation. The motivation for this
research is multifold. Device-level simulation, which is based
on solving a set of partial differential equations (PDEs) on a
discrete spatial mesh, is generally too demanding for
application to an entire circuit. However, many device
problems of interest are only meaningful in the context of a
complete circuit. A coupled approach can be a good
compromise. Much of the progress on this project has been
dependent on the maturation of the XYCE analog circuit
simulator.

We completed the 1-D PDE diode model begun earlier
and have added enhanced physics. Also, we implemented the
initial two-dimensional (2-D) PDE device infrastructure and
added several key infrastructure capabilities, including support
for dynamically sized devices (e.g., PDE grids), dynamic
parallel problem partitioning, and associated data migration.
This key capability allows for efficient parallel performance
of heterogeneous problems such as the mixed-mode
circuit/device problems of the project. The parallel
infrastructure required to perform these runs is in place, and
we have completed initial runs in parallel.

We implemented many algorithmic enhancements for
the solution phase, including the addition of improved time
integration methods, nonlinear solution strategies, and line
search algorithms. These improvements are essential to the
eventual solution of the mixed-mode simulations and the
associated stiffness of such problems.

We also implemented the initial device/circuit coupling
(one level). In this mode of operation, the PDE–based
Jacobian elements are used in the same fully coupled Jacobian
matrices, as are the circuit-based elements.

Thus, we met stated tasks with the exception of the
design and implementation of the two-level coupling. We
switched the ordering of some tasks to provide better
alignment with the XYCE (the implementation circuit code)
development schedule, which resulted in our being ahead of
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schedule with parallel implementation but behind on two-level
coupling. However, our progress demonstrates the continuing
feasibility of our approach and puts us on track to meet
current milestones for an implicit finite-volume device
simulator prototype running within a parallel-circuit
simulation environment.
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A JAVA-Based Tool for Multifidelity Modeling
of Coupled Systems
D. R. Gardner, J. P. Castro, G. L. Hennigan, M. F. Young, M. A.
Gonzales

Significant effort has been invested in developing high-
fidelity models for parts of nuclear weapons (e.g., the neutron
generator). However, comparatively little effort has been
invested in developing computer modeling tools to examine
interactions among weapon subsystems. Computer tools for
modeling complex subsystem interactions in a nuclear weapon
in varied environments and over a wide range of time scales
(from nanoseconds to years) at multiple levels of fidelity can
enable designers and safety analysts to perform their jobs
faster, better, and cheaper.

The goal of this project is to develop methods to
couple vastly different subsystems and physical models.
Sandia will encapsulate these methods within a framework
accessed by a JAVA-based interface. At the end of the project,
users will be able to select modules from a library, modify
them, and connect them into a system, using models of various
fidelities. Each module will allow a range of thermal
phenomena to be modeled within it, and users will be able to
couple modules with differing spatial dimensionalities. In
addition, users will be able to loosely couple electrical circuit
and thermal models. For example, a user will be able to
couple temperatures from a three-dimensional (3-D), finite-
element model (FEM) of the arming, fuzing, and firing system
(AF&F) to lumped parameter models for the remainder of the
weapon and to model electrical circuit functions in the AF&F.

The technical challenges that Sandia is addressing in
this project include how to couple models of different spatial
dimensionalities. The methods developed will be broadly
applicable to systems ranging from nuclear weapons to power
plants. In particular, this work will provide an enhanced
capability to model systems of nuclear weapons modules in
normal and abnormal environments. We call the tool the
“Entero system engineering code package.”

We implemented and assessed an algorithm for linking
a lumped-parameter system model to a 3-D FEM of a
component for thermal radiation. We compared three systems:
a full lumped-parameter system model, a mixed-fidelity
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system model, and a full 3-D model. The mixed-fidelity
model consisted of 0-D (lumped-parameter) models for all the
system components except the AF&F system, which was
represented by a 3-D FEM. Temperatures for the FEMs were
computed by the COYOTE code.

In the mixed-fidelity system model, we coupled the
FEM to the 0-D system model by an average temperature. We
considered both the surface node-averaged temperature and
the volume-averaged temperature of the FEM. Average
temperatures predicted by the mixed-fidelity system model
compared well with the average temperatures predicted by the
3-D model. Using the surface node-averaged temperature for
coupling in the mixed-fidelity system model produced slightly
better temperature predictions than using the volume-averaged
temperature for coupling. In addition, the mixed-fidelity
system model produced results in approximately one-quarter
of the execution time of the 3-D model.

We coupled both the SPICE 3f5 and the ChileSPICE
circuit simulation codes to the lumped-parameter, and the
mixed-fidelity models through a construct denoted a thermal
pin, which allows a circuit to be attached to a location in a
component. We performed a coupled electrical/thermal
simulation for the LM-185 circuit to demonstrate this
capability.

We extended the mixed-fidelity algorithm to
conduction heat transfer. The algorithm uses a simplified 1-D
conduction model to connect components. We are testing and
refining the algorithm.

We developed a method for mixed-fidelity system
modeling and documented it in a Disclosure of Technical
Advance. In this method, a simulation is controlled by a
system model in which each physical component is
represented by a software object that contains a 0-D model of
the physical component. The software objects are connected
by objects called ports that identify and manage the
information exchange between objects. The 0-D model of a
component may be augmented by an alternate, possibly
higher-fidelity model by connecting it to the alternate model
with a special port that transforms the 0-D state variables of
the 0-D model to those used by the alternate model. As an
example, consider a system of two components that are
interacting via thermal radiation. The 0-D temperature of each
component is an average temperature. Suppose that the
temperature of one of the components is modeled with a 3-D
FE model. The port connecting the FE model to the 0-D
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model computes an average temperature from the former
model for use by the latter model and provides the
temperature from the 0-D model as boundary conditions for
the FE model.

We enhanced the engineering interface to enable a user
to specify a 3-D COYOTE heat-transfer model for the AF&F
in place of the 0-D model. We also enhanced the interface to
allow users to easily place an electrical circuit in the 3-D
AF&F. We added a view-factor calculator for occluding
conical frustums to the interface to enable users to calculate
view factors for lower-fidelity system models.
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Parallel Atomistic Computing for Failure
Analysis of Micromachines
P. M. Gullett, S. J. Plimpton, M. G. Martin

To quantify microstructure-property relations related to
weapon engineering designs of micromachines, Sandia will
develop atomistic algorithms for parallel computers that
compute continuum quantities. With these and other serial
computing tools, we will perform atomistic simulations of
various sizes, geometries, materials, and boundary conditions
(BCs). Currently, no capability exists that can handle the
different-size-scale effects required to predict failure. Nonlocal
continuum models have been proposed to address this
problem; however, they are phenomenological in nature and
are difficult to validate for microscale components. Our goal
is to separately quantify damage nucleation, growth, and
coalescence mechanisms to provide a basis for macroscale
continuum models that will be used for micromachine design.
Because microcomponent experiments are difficult, a
systematic computational study that employs Monte Carlo
(MC) methods, molecular statics, and molecular dynamics
(MD) simulations to compute continuum quantities will
provide mechanism-property relations associated with the
following parameters: specimen size, number of grains,
crystal orientation, strain rate, temperature, defect nearest-
neighbor distance, void/crack size, chemical state, and stress
state. This will be the first foundational study to quantify size-
scale effects from nanometers to microns in terms of damage
progression and thus potentially allow for optimized
micromachine designs that are more reliable and have higher
fidelity in terms of strength.

(1) We determined and evaluated continuum quantities
including stress, strain (deformation gradient), and
misorientation tensor. The definitions of these continuum
quantities had not previously been defined. We are publishing
this work.

(2) We developed a preprocessor called PREWARP
that defines realistic microstructures, geometries, and
defects/pores with appropriate grain sizes, orientations, and
more. Although methods exist to perform preprocessing of
atom positions, our method is user-friendly and can be used in
a general sense.
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(3) We analyzed BCs/multiaxial-stress states to
evaluate comparisons with finite-element (FE) methods.
Previously, the relationship between BCs for atomistic
representations versus those for FE analysis has been unclear.
We quantified various types and can give definitive
recommendations for matching FE simulations.

(4) We determined void growth determination. We
employed an algebraic expression to determine the void
growth from the atomic positions. We showed that results can
fall within 1 percent of error estimates.

(5) We started modified embedded atom method
(MEAM) parallelization. To obtain correct local stress and
strain measures, MEAM must be used as opposed to
embedded atom method (EAM) potentials. The MEAM
potential allows for asymmetric stress that occurs around
defects that admit anisotropy. We have started the
parallelization of MEAM.
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Implementation of Fault Tolerance in
Scientific Simulation Application Software
R. R. Drake, R. M. Summers

Sandia is working to study, implement, and test various
fault-tolerance mechanisms controlled at the simulation-code
level. That is, underlying software layers will detect errors
and failures and communicate them to the application by
using a convenient interface; the simulation code itself will
act on the errors. Targeted faults include corrupt
communication messages, processor-node dropouts, and an
unacceptable slowdown of service from processing nodes. We
are considering recovery techniques such as resending
communication messages and the dynamic reallocation of
failing processor nodes.

Sandia recognizes that scientific simulation software
must be able to detect and recover from errors and failures of
supporting hardware and software layers. Computing must
evolve from the current large, specialized multimillion dollar
Accelerated Strategic Computing Initiative (ASCI) platforms
to smaller, less-expensive interconnected machines consisting
of off-the-shelf hardware. As the Computational Plant
(CPlant, a super computer system) has shown, fault tolerance
can be necessary even on such a homogeneous system and
may also prove useful in the next generation of ASCI
platforms.

The goal is to determine a practical solution to such
faults and the ability to retrofit existing simulation codes. We
will consider (visible) communication layers and use the
message-passing interface (MPI) to allow detection and
adjustment of catastrophic failures such as a node dropout.
The local-area multicomputer (LAM) implementation of MPI
is an example, providing dynamic process spawning, some
level of fault tolerance, and standard support for many
platforms and operating systems. A robust fault-detection and
delivery-signal-handling interface will complement the MPI
implementation. The fault-detection and signal-handling
interface will enable the application to recognize and act on
platform errors.

We are studying the ability of a computer simulation to
recover from the loss of a computer node. Two important
aspects that we examined are (1) the ability of the MPI
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implementation and lower layers to recover from a computer-
node dropout, and (2) how the application will be notified of
an error and synchronized to a reasonable location in the code.
Both aspects are necessary if the simulation is to recover. The
first requires software that is not under our control and is only
currently being developed. The second is an interface issue
that may have multiple solutions and may depend on the MPI
and communication interface.

To solve the MPI issue, we made progress in two
ways. First, we established a dialog with another Sandia
research group consisting of CPlant operating-system (OS)
developers. The dialog resulted in some fault-recovery
considerations in their project. Second, we created a
collaboration with the LAM/MPI developers at Indiana
University. We enhanced the fault-tolerance coding in the
LAM/MPI implementation and wrote a general-requirements
document describing a fault-tolerance interface at the
MPI/application-programming interface (API) level, which, if
implemented in any given MPI, could be used to recover an
application should a fault occur. This is significant because an
application code, which is written to handle faults in one MPI
implementation, will run successfully on any other MPI that
implements the fault-tolerance interface.

At the application level, we encapsulated in a C++
object a mechanism to prepare for and catch errors and
timeouts. The application code is protected from the details
and can use the object to jump back to a location in the code
to begin an error-recovery procedure or to try the troubled
code again.
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Smart Sensor Technology for Joint Test
Assembly Flights
K. D. Marx, R. C. Armstrong, D. E. Rhodes, C. M. Pancerella, D. A.
Sheaffer, Jr., N. M. Berry

Sandia is performing many expensive tests using
sensor arrays. The world relies on sensors to perform a
variety of tasks from the mundane to sophisticated. Currently,
processors associated with these sensors are sufficient only to
handle rudimentary logic tasks. Although multiple sensors are
often present in such devices, insufficient processing power
exists for situational understanding. Until recently, no
processors that met the electrical power constraints for
embedded systems were powerful enough to perform
sophisticated computations.

Improving the efficacy, reliability, and information
content resulting from these sensor arrays is of critical
importance. With the advent of powerful commodity
processors for embedded use, a new opportunity to improve
efficacy arises.

Sandia intends to bring the software and expertise
gained from our work in artificial intelligence (AI) and high-
performance simulations to the general field of sensor
technology and sensor arrays. As a result of the proposed
work, sensor-array tests of practical importance to Sandia
will increase the amount of usable information derived from
those tests by an order of magnitude, while improving the
believability of the data. Although this work is applicable to
the emerging vision of ubiquitous computing generally, we
propose to focus on a system of importance to Sandia: joint
test assembly (JTA) for intercontinental ballistic missile
(ICBM) warheads. The goal of this work is to, in effect, put
the brain of the analyst on the test flight. High-fidelity
simulations can be used to train advanced neural networks
and incorporate them into sensors capable of recognizing real
situations. Because the networks are trained by simulations,
networks can learn to recognize situations that are too
expensive or too dangerous to recreate experimentally.

(1) To assess project feasibility, we reviewed available
and anticipated computer-processor and wireless-
communication hardware. 
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(2) We designed a simple electromechanical system to
capture many of the features of hardware existing in JTA
flights. The design includes the sensor implementation to
provide data on the system performance and on the thermal
environment in which the system operates. 

(3) We developed a computer model of this system; the
model implements the PSpice electrical simulation software. 

(4) We built an oscillator circuit with a temperature
sensor to emulate two of the signals anticipated from the
electromechanical prototype. 

(5) We set up a PC104 processor running the LINUX
operating system as an initial central processing unit (CPU)
test-bed. It was connected to a data-acquisition (DAQ) board
to implement analog/digital (A/D) conversion of signal data. 

(6) We wrote DAQ software. The software resides on
the processor to do the A/D data sampling and to provide an
interface with AI software by using the JAVA Native Interface.

(7) We connected the oscillator circuit and temperature
sensor to the DAQ board and used it to exercise the data-
conversion and data-conditioning capabilities of the processor
and software. 

(8) We developed and ran a model of the oscillator
circuit to demonstrate the potential for supplying the AI
modules with comparative information to be used in decision-
making processes.

(9) We devised a flexible and decentralized agent-
based architecture for the project. This will admit the AI and
Artificial Life (Alife) applications envisioned, as noted above,
to bring the brain of the analyst on board the JTA flights. We
created prototypes to determine that the agents are capable of
running in the JAVA environment with the embedded
processors that are identified for the project.

This work spawned two new initiatives:
(1) The Embedded Reasoning Institute. This is a

summer research project for advanced undergraduates and
beginning graduate students; the project involves computer
science, computer engineering, and electrical engineering.

(2) The placement of a LINUX sensor on an
instrumentation-development flight. This will involve real-
time DAQ concurrent with the numerical processing of
images.
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Multilevel Methods for Nonlinear Structural
Mechanics
C. R. Dohrmann, M. W. Heinstein

Robust and scalable parallel algorithms for solving
nonlinear partial differential equations (PDEs) are essential
for modeling and simulation to have a significant impact on
weapons programs at Sandia. Computational models with
millions of unknowns are becoming commonplace in the
engineering sciences. A major challenge associated with these
models is obtaining solutions in reasonable amounts of time.
For example, the critical time step used in explicit transient
dynamics decreases with mesh refinement and can increase
runtimes significantly. Implicit dynamic formulations are not
constrained by a critical time step, but do require the solution
of large systems of nonlinear equations.

We will investigate a variety of multilevel methods to
solve algebraic equations arising from finite-element (FE)
discretizations of nonlinear PDEs. The application focus is for
nonlinear structural mechanics codes with emphasis on
implicit dynamics and quasi-statics. The existing multilevel
framework within the quasi-statics code JAS will serve as a
starting point for our efforts, but all development will
acknowledge the importance of inclusion in SIERRA.

Two candidate multilevel methods are entirely new and
based on uniform strain and eigenmode characteristics of
subdomains. Both methods require only a single FE mesh and
would replace the coarse mesh currently required in JAS. In
addition, collaborations between staff in the engineering and
computational sciences would enable further development 
and evaluation of existing approaches such as smoothed 
aggregation.

(1) We reviewed literature on two-level and multilevel
algorithms for structural mechanics. We decided to focus on a
new two-level interface preconditioner for substructuring. This
effort will be extended to multiple levels. Also, we developed
a theoretical basis for this preconditioner and began
programming for implementation in an FE code.

(2) We developed an effective partition of unity for
domain decomposition methods. The partition is based on
solutions of problems local to each subdomain of an FE mesh
decomposition. We developed a coarse subspace and interface
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preconditioner from this partition. The new coarse subspace
will replace the exiting coarse grid (constraint mesh) in JAS.

(3) We explored different alternatives for coarse-grid
subspaces. These included zero-energy modes, energy-
minimizing uniform-strain modes, and modes based on low-
order polynomial functions of nodal coordinates. The partition
of unity that we developed enables us to use these subspaces
to construct a coarse-grid problem.

(4) We devised new preconditioners for mixed FE
formulations. Both overlapping Schwarz and interface
preconditioners were conceived. The preconditioners are
applicable to nearly incompressible materials (e.g., metal
plasticity) and will provide an alternative to the current
method of accommodating such materials.

(5) We developed methods for treating essential
boundary conditions (BCs) and contact in a multilevel
framework. These methods remove multilevel constraints
from nodes with existing kinematic or contact BCs. 
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Algorithmic Support for Commodity-Based
Parallel Computing Systems
V. J. Leung, C. A. Phillips, D. P. Bunde, N. W. Dauchy, L. A. Fisk, J.
R. Johnston, R. E. Riesen, R. L. Rubin

Sandia is developing efficient algorithms for managing
resources in parallel computers. This work focuses on
scheduling for processor allocation. Effective scheduling on
commodity-based supercomputers, such as Computational
Plant (CPlant), must account for central processing unit
(CPU) heterogeneity, bandwidth limitations, irregular
interconnection topology, and reduced hardware reliability.
These factors have not had significant impact on Sandia’s
Accelerated Strategic Computing Initiative (ASCI) Red
machine.

Existing schedulers make strong assumptions about the
uniformity of network connectivity and resource availability
(e.g., node memory). Consequently, these tools will not
perform as well on more heterogeneous computing platforms.

This work will have direct impact on CPlant utility by
improving batch and interactive schedulers. Additionally, our
work will characterize jobs that are run on CPlant and Janus
(e.g., communication load/pattern of network congestion) to
enable smart decisions for scheduling.

We will evaluate the performance characteristics of
jobs running on CPlant and evaluate the throughput of the
CPlant scheduler. Given this analysis, we will develop new
schedulers for CPlant to improve the throughput of this
machine. In particular, we will develop schedulers that exploit
users’ guidance to tailor the schedule to problem
characteristics.

We began by experimenting with job placement on
Siberia, the CPlant machine for which the most documentation
is available. The results should apply generally to Antarctica.
To gather experimental data, we developed the CPlant kernel
data-gathering facility and augmented schedule and yod log-
file output.

We found that contiguous-node allocation with low-
aspect ratio resulted in the best performance for
communication-intensive jobs. Given this result, the routes
and job sizes on CPlant become critical to node assignment.
Shortest-path routes should give the best communication
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performance when CPlant nodes are allocated contiguously. In
particular, they minimize inter-job-message contention
because most messages for a job are routed completely within
the piece of the machine allocated to that job. However,
shortest-path routes are only guaranteed on Siberia between
processors that are at most three switch hops apart. Thus, only
jobs using up to 48 contiguous nodes are guaranteed shortest-
path routes. After a thorough analysis of routing on CPlant,
we developed general shortest-path routes for Siberia. Since
Siberia was decommissioned, these shortest-path routes were
generalized to Antarctica.

The new routes will (1) immediately improve
Antarctica’s performance, even with the current
noncontiguous allocation scheme, and (2) make message-
routing behavior more intuitive and predictable. The job-
placement problem becomes easier to approximate, both
theoretically (for an automated scheduler) and in practice,
when users are allowed to choose processor allocation by
hand. We then implemented several one-dimensional packing
heuristics for CPlant, including First Fit, Best Fit, and Sum of
Squares. These implementations have been tested by
simulation and on Iceberg and Alaska during system time.
When completely tested, these heuristics can be combined
with space-filling curves to approximate multidimensional
packing. It is not clear otherwise how some of these heuristics
can be generalized to multiple dimensions. We also
implemented backfill in the scheduler.

On the theoretical side, we have shown several lower
bounds on the best that any algorithm can achieve under
certain circumstances.
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26517

Parallel Repartitioning for Optimal Solver
Performance
K. D. Devine, M. A. Heroux, B. A. Hendrickson, E. G. Boman, R.
Heaphy, R. J. Hoekstra

Sandia is making strides in parallel repartitioning to
improve solver performance. The partitioning of data and
work for distributed-memory solver packages is typically
established by the application that calls the solver. Often the
best data distribution for the application is not best for the
solver.

Overlapping Schwarz preconditioners are frequently
required to keep iteration counts down as more processors are
added. However, the overlapping Schwarz preconditioners
may have very unbalanced workloads, even if the data
distribution is balanced for other phases of the solver
computation.

By combining the parallel data-redistribution tools in
ZOLTAN with the state-of-the-art preconditioning and linear-
solver technology in TRILINOS, we are beginning to address
the problems surrounding partitioning and data and workload
distribution. (ZOLTAN is a general-purpose library for
parallel partitioning and dynamic load balancing in parallel
applications. TRILINOS is a library of state-of-the-art, robust,
scalable solvers with an object-oriented application-
programmer interface [API].)

We propose the following:
(1) Incorporate ZOLTAN into the TRILINOS

framework.
(2) Develop meaningful cost functions that give good

parallel-data redistribution for solvers.
(3) Using the graph of the sparse matrix, develop the

algorithmic theory and implementation that allow us to
determine the data distribution. When the graph is extended
for overlapping Schwarz, the data and work distribution
should still be balanced.

We completed and tested an initial implementation of
ZOLTAN in TRILINOS. Step 3 is, to our knowledge, a new
research area. To address Step 3, we developed a general
strategy based on iterative improvement. We tested this
strategy, which proved promising in a serial implementation.
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• Coupling TRILINOS and ZOLTAN. A key component
of this work is to incorporate the ZOLTAN dynamic load-
balancing library into the TRILINOS solver project. We made
significant progress incorporating ZOLTAN into TRILINOS.
Within TRILINOS, import and export classes have been
implemented; these classes are used for communication and
for data movement to establish new decompositions. We
implemented ZOLTAN call-back functions into TRILINOS to
return the graph of a matrix. Having these tools in place
enables us to use ZOLTAN to compute new decompositions in
TRILINOS and move matrix data to new processors.

Several improvements were made in ZOLTAN to
improve the performance of data movement in TRILINOS.
Within the ZOLTAN communication package and data-
migration tools, we added the capability to move objects of
variable sizes. In addition, we made improvements to the
ZOLTAN design to modularize common functionality and to
enable greater code reuse.

The combined TRILINOS and ZOLTAN package was
tested in Sandia’s XYCE Parallel Electronic Simulator.
(XYCE is a massively parallel [MP] analog-circuit simulator
that Accelerated Strategic Computing Initiative [ASCI]
designers use for arming, fuzing, and firing [AF&F]
simulations.) XYCE has two phases requiring very different
partitions: a load phase and a linear-solve phase. In the load
phase, devices must be distributed among processors so total
processor-load times are equal and network connections
between processors are minimized. ZOLTAN directly
computes partitions with respect to load times, which can vary
by up to two-orders-of-magnitude variation among devices.
The linear-solve phase requires a partition with respect to the
graph of the matrix. In this partition, all nodes and edges of
the matrix graph are weighted equally. For a fixed-size
problem involving a simple network, the ZOLTAN-
TRILINOS coupling allows XYCE solutions with up to 80
percent efficiency on 32 processors. 

• Partitioning for overlapping preconditioners.
Overlapping Schwarz preconditioners may have very
unbalanced workloads, even if the data distribution is
balanced for other phases of the solver computation. In typical
data decompositions, only the work and communication
within a processor subdomain is considered in computing new
partitions. However, for overlapping preconditioners, the work
and communication required for the overlap regions can be
significant and must also be accounted for in computing new
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partitions. Moreover, the amount of work in the overlap region
is a function of the subdomains in the decomposition. This
interdependence between the overlap workloads and the
decomposition drives requires an iterative approach to
repartitioning for overlapping preconditioners.

We developed a general partitioning approach for
overlapping preconditioners. An initial partition is generated
using a standard partitioning tool. A cost function that reflects
both subdomain and overlap-region costs is then computed.
Using a diffusion-type algorithm, work shifts from heavily
loaded (with respect to this new cost function) processors to
less-loaded neighboring processors; the costs are updated to
reflect new processor assignments. We evaluate the new
partition and repeat the diffusion stage until workloads reach
an acceptable balance.

We tested this strategy using the serial partitioning
algorithms in CHACO (a graph partitioning package) for the
initial partition, along with a serial diffusion algorithm for the
iterative improvement. A variety of matrices coming from
partial differential equation (PDE)–based applications were
used to test the method. We applied the iterative-improvement
balancing scheme to each matrix with one level of overlap.

For nearly all problems, the maximum processor load
is significantly reduced; load reduction should result in
improved performance. Given these results, we feel this
method should be further pursued with a parallel
implementation in ZOLTAN and testing in TRILINOS.
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Numerical Methods Applied to High-Energy
Physics
J. S. Wagner, P. C. Gray

The concept of mass is a bedrock of our understanding
of the physical world. Along with the concept of mass, the
interpretation of space has posed lasting challenges to the
human intellect. The two prevailing theoretical paradigms that
independently explicate mass and space, the Standard Model
of Particle Physics and the Big Bang Cosmology, are
demonstratively contradicted by respective experimental
findings concerning the anomalous g-value of the muon and
precision measurements of the cosmic microwave 
background (CMB).

Significantly, both theoretical pictures are also deeply
troubled by the appearance of unphysical divergent quantities.
Two further enduring theoretical riddles are likewise
mysterious, the surprising effectiveness of mathematical
descriptions of physical phenomena, discussed by Wigner, and
the significance of large numbers, considered initially by 
Dirac. 

This letter introduces a cryptographic synthesis that
(1) creates a unified archetype by fusing the concepts of mass
and space through the definition of a new physical entity, the
“inverse state,” (2) yields an interlocking concordance of
quantitative results involving (a) the νε, νµ, and ντ masses,
(b) the Higgs mass through the formulation of a seesaw
relation, (c) the value of the gravitational constant G, (d) the
magnitudes of the fine-structure constant a, and the unified
strong-electroweak coupling constant a*, and (e) the group
structure of particle states, and (3) provides responses to the
philosophical questions voiced by Wigner and Dirac. 

The principal conclusions are (1) the barrier to
theoretical progress has been the arbitrary disjunction of the
concepts of mass and space, and (2) there exists a universal
optimized organizing principle relating the cosmic and
microscales possessing a precision of one part in ~10121.

Sandia conjectures that the corresponding regulatory
architecture plays a fundamental role in a broad range of
complex phenomena including the biological realm. The
exceptional level of theoretical exactitude expresses an
epistemological limit of a new form.
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We conducted fundamental research in the nature of
matter and in cosmological principles. Arithmetic conditions
relating particle masses can be defined on the basis of (1) the
supersymmetric conservation of congruence and (2) the
observed characteristics of particle reactions and stabilities.
Stated in the form of common divisors of the particle-mass
parameters, these relations can be interpreted as expressions of
genetic elements that represent particle characteristics. 

To illustrate this concept, it has been shown that the
pion triplet (�±, �o) can be associated with the existence of a
greatest common divisor do± in a way that can account for
both the highly similar physical properties of these particles
and the observed �±/�o mass splitting. Classification of the
respective physical states is achieved by association of the
common divisors (genes) with corresponding residue class
designations in a finite field F (typ.). Further, the existence of
the finite field Å and the corresponding group of units F*
(typ.) leads immediately to the definition of a new physical
entity, the inverse state, a concept that allows supersymmetry
to be directly expressed in terms of hierarchical relationships
between odd and even order subgroups of Å*. The invention
of the inverse state further enables (1) the formulation of the
cosmic seesaw congruence, the statement that fuses the
concepts of mass and space, (2) the creation of a new
definition of particle elementarity, and (3) the computation of
the Higgs mass.

The structure established by the use of these
mathematical procedures transforms the theoretical
organization of the particle-mass scale into a cryptographic
analysis. It has been shown that the law of quadratic
reciprocity arranges the group structure of physical particle
states by powerfully constraining the subgroup relationships in
Å*. A profound consequence of the subgroup ordering is the
doubling of the genetic function of the divisors and their
classification with the residue classes of Å. On the basis of the
pattern found, the genetic divisor interpretation can be applied
to both (1) the designation of subgroup orders and (2) the
specification of the masses and intrinsic attributes of
individual particle systems. It was generally concluded that
the constraint on the group relationships expressed jointly by
quadratic reciprocity and the seesaw congruence creates a
universal optimized structure that plays a fundamental
regulatory role in a large array of complex phenomena.
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Self-Organizing Network Intelligent Algorithm
(SONIA)
J. S. Wagner, D. L. Harris, N. G. Brannon, G. M. Pollock

This project will explore the possibility that
distributed, perhaps biomimetic, intelligence could emerge
either inadvertently or deliberately on very large scale
computational networks. This project will also attempt to
analyze such systems in terms of potential performance
bounds, detectable signature characteristics, and possible
mitigation strategies. Currently, there are about 108

computers on the Internet with a total processing capability of
more than 1016 operations per second, which is arguably
comparable to about 500 human consciousnesses if the
Internet were highly connected. If a self-executing algorithm
evolved or were created for whatever reason, then this vast
number of computers could be a fertile breeding ground for
genetic algorithms. Specific questions to be investigated
include: Is it possible to develop either accidentally or by
design some sort of distributed intelligence from a system with
these capabilities? Would such a distributed intelligence be a
threat, a nuisance, or a benefit?

We reached agreement on the initial questions outlined
in the project proposal as well as some follow-on questions.
We also identified key issues and questions that need to be
addressed for monitoring and assessing distributed systems
aspects related to this research. Further, we completed an
extensive bibliography, notes, and an outline for a report
detailing important aspects of this research. 

For this investigation we focused our research
activities on three major aspects: (1) the correspondence
between a characterization of levels of human intelligence and
potential levels of intelligent cyber agents to allow
categorization and assessment of intelligent cyber agents, (2)
an understanding of human consciousness and how this could
be related to cyber agents and the potential for their evolution
or emergence as conscious entities, and (3) an investigation of
computer technologies that could directly support or inhibit
the evolution or emergence of biomimetic intelligence. These
areas are directly related to the set of specific questions that
we attempted to answer.
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It is possible to develop either accidentally or by
design some sort of distributed intelligence; elementary
distributed denial-of-service attacks are a prelude to more
sophisticated distributed intelligence. Distributed intelligence
could provide both significant beneficial and detrimental
effects, depending on the agent circumstances and
characteristics. It is currently not possible to prove whether
any entities with biomimetic intelligence exist today; however,
this indeterminacy primarily was dependent on the definition
and level of intelligence. Given lower intelligence thresholds
and the absence of any agent self-consciousness, we agreed
that lesser agents do currently exist. It would not be possible
to prove that a conscious biomimetic intelligence entity is
impossible. Distinctions exist between accidental and
deliberate scenarios; one example is the greater amount of
time and computing resources that an agent would require to
accidentally evolve versus one deliberately designed to a
given level of intelligence. Consequently, we agreed that
accidental evolution of conscious biomimetic intelligences is
highly unlikely in the near term, but potentially plausible
emulations of conscious agents with deliberate design could
occur at any time. 

From this research there was a clear conclusion that
continued research into measurements of agent intelligence
and agent consciousness is required to more adequately
categorize cyber agents into the legal framework. The
detection of agent behavior that potentially could emerge into
an advanced intelligence is also required.
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Electronics and Photonics

The goals of the “Silicon Three-
Dimensional Photonic Crystal and
Its Applications” project are to
advance Sandia’s recent technology
breakthrough in creating silicon
photonic crystals and to demonstrate
these engineered materials’ unique
potential for various national security
applications. Potential military appli-
cations include infrared image control
(thermal stealth), target identification,
and signature recognition. Potential
commercial applications targeted at
the wavelength used for optical
communications will lead to a totally
new generation of devices that are

integratable with current micro-
electronics, MEMS, and sensors.
This will enable full microsystems
on a chip. Examples of discrete
silicon photonic devices are high-
performance low-cost lasers, light-
emitting diodes, mirrors, waveguides,
and optical filters. This work received
an R&D 100 Award and has one
patent application pending.

The Electronics and Photonics
investment area explores innovative
solutions to national problems that
build on Sandia’s existing strengths.
Advances in the realization of small,
low-power, highly integrated elec-
tronics packages (i.e., integrated
microsystems) support the mission
needs of Sandia. Research focus
areas have included microdevice
concepts that enable advances in
microelectronics, photonics,
microelectromechanical systems
(MEMS), and sensors. Other
important research includes
biological interfaces, mechanical
actuation, photonics concepts,
chemical sensing, and optical
recognition; new approaches to
integration, packaging, and
micropower systems are being
investigated.
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Silicon Three-Dimensional Photonic Crystal
and Its Applications
S. Y. Lin, S. K. Lyo, J. G. Fleming

The goal of this project is to advance Sandia’s recent
technological breakthrough in creating high-temperature
metallic silicon (Si) three-dimensional (3-D) photonic crystals
(PhC). We are examining the new 3-D crystal structures and
will demonstrate their unique applications in military and
commercial photonics. Military applications in the infrared
(IR) include using bandpass filters for thermal image control,
target identification, and signature recognition. Commercial
applications targeted at the wavelengths used for optical
communications at 1 µm to 2 µm wavelengths will lead to a
totally new generation of Si photonic devices that can be
integrated with current Si microelectronics. Examples are
high-performance mirrors, waveguides, and optical filters.
With a typical device size of 5 µm to 10 µm, the PhC device is
truly miniature in size and will pave the way for integrated
optical circuits. Sandia researchers will also investigate the
crystals for future energy applications. 

(1) Physics of an all-metallic 3-D PhC. We built a 3-D
PhC with tungsten (W) metal for the first time and showed it
to operate in the IR wavelength of 4 µm to 25 µm. The
photonic structure has an absolute 3-D photonic bandgap
(PBG) and can sustain high-temperature (high-T) operation at
T greater than 1000°C. This new metallic structure has many
superior optical properties, including an extraordinarily large
PBG (8 µm to greater than 25 µm) and the strongest
attenuation constant (30 dB per unit cell) ever reported in any
pH. The large bandgap means that as few as four layers are
sufficient for optical waveguiding and light confinement. This
accomplishment opens up a new dimension in PBG
engineering and in lightguiding and bending and will pave the
way for a broad-bandwidth optical interconnect.

(2) First realization of absolute PBG using a simple
cubic PhC at IR wavelength. Conventionally, it is believed
that a simple cubic structure does not possess a complete
PBG, due to its inherent dispersion anisotropy. Yet this
structure may be the most ideal for constructing a 3-D optical
interconnect since it exhibits x-y-z rotational symmetry. 
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Through extensive computational design and fabrication, we
show that it is possible to have a complete bandgap in a 3-D
simple cubic PhC. 

(3) Three-dimensional control of light using a quasi-3-
D photonic slab structure. A conventional 2-D PhC confines
light only in the 2-D plane and, thus, is less useful than a 3-D
PhC, although a 2-D structure is easier to fabricate and in
some cases is sufficient for integrated photonic applications.
We recently realized a quasi-3-D structure, which confines
light in the 2-D plane by PBG effect and in the third direction
by a strong index guiding. This accomplishment may find
important application in ultrafast optical switching. 

(4) Direct absorptance measurement and observation
of an order-of-magnitude absorption enhancement. A new
absorptance measurement system has been set up and is fully
operational. A recent absorptance measurement on a 3-D
metallic PhC reveals an interesting and potentially important
phenomenon: Despite the strong metallic reflection, a
structured metallic PhC exhibits strong anisotropy at the
photonic band-edge. This strong absorption may be utilized to
enhance photonic voltaic conversion efficiency and even
incandescent lamp efficiency. A fundamental discovery like
this can quickly create a disruptive technological impact on
energy and communication applications.
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Monolithic Micromachined Variable Tuners
for Rapid Prototyping and Optimization of
Microwave Circuits
C. W. Dyck, C. P. Tigges, S. Hietala, L. R. Sloan, T. R. Christenson,
T. A. Plut

Microwave tuners measure and optimize the
performance of microwave devices by varying the impedance
presented to the device. Once the optimal impedance for a
performance parameter (e.g., noise, power, efficiency, and
gain) is known, a circuit is synthesized to present the proper
impedance to the device and to translate that impedance to
the system environment (usually 50 ohms). Present tuners are
greater than 20 cubic inches with coaxial connectors as an
interface. Loss incurred in the interface between the tuner and
the device diminishes the impedance range of the tuner. 

Sandia is developing miniature integratable precision-
machined (MIPM) tuners that can be assembled in a hybrid
fashion or monolithically integrated with microwave active
devices. This development would minimize interface losses,
increase the tuning range, reduce design cycle times and cost,
reduce size and weight of microwave circuitry, allow for
frequency agility in circuit design, and improve microwave
circuit performance.

A key element in the realization of an MIPM tuner is a
small, low-loss switch. We demonstrated functional
micromechanical switches on gallium arsenide (GaAs)
substrates. Open-state was less than 0.3 dB, and return loss
was greater than 25 dB (0.1 to 20.1 GHz). Off-state isolation
was greater than 25 dB. 

We continued to focus on improving the MIPM switch.
This effort resulted in two new process approaches and the
start of contact metallurgy studies. For the first process, we
used gold (Au) as the mechanical material and photosensitive
benzocyclobutene (BCB) as the electrically insulating
material. Based on process issues, we adopted a second
approach using nickel (Ni) as the mechanical material and
SiON as the electrically insulating material. The latter
approach is still in development and shows promise in
accomplishing our goals of increased manufacturability, yield,
and performance, based on results from a number of process
iterations. 

Sandia National Laboratories LDRD Annual Report 2001 160

We continued to focus on

improving the MIPM switch.

This effort resulted in two new

process approaches and the

start of contact metallurgy

studies. For the first process,

we used gold (Au) as the

mechanical material and

photosensitive

benzocyclobutene (BCB) as the

electrically insulating

material. Based on process

issues, we adopted a second

approach using nickel (Ni) as

the mechanical material and

SiON as the electrically

insulating material. The latter

approach is still in

development and shows

promise in accomplishing our

goals of increased

manufacturability, yield, and

performance, based on results

from a number of process

iterations. 



We changed the initial process and initiated contact
studies to improve the radio-frequency (RF) switch fabrication
yield and device functionality. Early results showed limited
switch lifetime caused by metal fatigue and by the devices
sticking after a few actuation cycles. The previous process
also used an organic film as the anchor layer. Organic layers
were found to be inappropriate for this application, as they
absorb moisture and are too compliant. The switch process
was first changed to a gold (Au)-BCB process, then to a Ni-
SiON process to address the metal fatigue and organic anchor
layer issues. We initiated contact studies to decrease sticking
and improve the switch lifetime. 

The first process consisted of Au coplanar microstrips
as the base metal layer deposited on top of GaAs substrates.
We used polymethylglutarimide (PMGI) as the sacrificial
layer. Au was electroplated above the sacrificial layer to act as
the mechanical spring and the electrical contact. We deposited
photosensitive BCB and patterned it to insulate the electrical
contact from the mechanical spring. The structures were
released with O2 plasma. This process eliminated the need for
organic anchors and did not have any thin trenches where
metal thinning and fatigue could occur. O2 plasma release was
used instead of a wet release because it deposited less residual
contaminants and required fewer steps.

We encountered two process issues. First, the
electroplated Au films had large stress gradients. This caused
the singly clamped RF switches to curl out of plane, making
them unusable. The residual stress gradient was also difficult
to predict because it varied from run to run. The result is that
we purchased a dedicated Au electroplating bath and are
installing it to run controlled studies of the film. Second, the
BCB films had large residual compressive stress (greater than
30 MPa). The BCB films were tensile as deposited; however,
they rapidly absorbed N-methyl-pyrrolidone (NMP) during the
PMGI wet release. The resulting compressive stress buckled
the doubly clamped RF switches. Acetone was tried as an
alternative release chemistry, but it attacked the BCB layer. 

We modified this process by replacing the
electroplated Au layer with electroplated Ni, and by replacing
the photosensitive BCB with low-stress SiON. The base metal
coplanar microstrip layer and the sacrificial PMGI layers were
unchanged. The O2 plasma release process was also still used.
We used electroplated Ni because it has low residual stress
gradients. This process has been well characterized at Sandia.
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Ni is also a better mechanical material than Au because it is
stiffer and more resistant to fatigue. Its disadvantages are
higher resistivity and relative permeability. Our plan is to use
the Ni as a mechanical material (for the springs), and
substitute Au back into the process as the contact material
once the residual strain gradients are well controlled. For now,
Ni will be used for both the mechanical and electrical portions
to continue the switch development.

Current issues include residual tensile stress in the Ni
film. Residual tensile stress is better than compressive stress;
however, when this is imposed on our current switch
topography, the result is that the switch will pull down to the
substrate after release. Increasing the sacrificial layer
thickness has largely mitigated this effect. Design changes
will also improve the device performance. A second issue is
the stress mismatch between the SiON layer and the Ni film.
Although both films have low residual stress, the mismatch
between the two is enough to cause curling on structures that
have large overlap areas. We will fix this problem by making
minor design improvements. A third issue is the
nonuniformity of SiON. It deposits unequally over different
materials. We are now investigating this nonuniformity. 

We have begun contact metallurgy studies and have
ordered test structure masks and test equipment to test a
variety of sputtered contact metals. We will measure contact
resistance for the different metals as a function of applied
force and the number of actuation cycles.
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Quantum Tunneling Transistors for Practical
Application
J. A. Simmons, J. L. Reno, S. K. Lyo, J. R. Wendt, W. E. Baca, M. P.
Lilly

Sandia recently demonstrated the Double Electron
Layer Tunneling Transistor (DELTT), a three-terminal
quantum transistor with excellent electrical isolation between
input and output. This is the first three-terminal quantum
device that does not depend on lateral size confinement, but
rather is planar, allowing reliable fabrication. In the past
year, we demonstrated DELTTs with excellent behavior at 77
K and verified models predicting the maximum operating
temperature. In addition, we demonstrated circuits (bistable
memories and digital logic gates) using the multifunctionality
of the DELTT at 77 K.

Because the DELTT is quantum, it should be capable
of extremely high speeds. In conjunction with its
multifunctionality, this would make it particularly suited for
such high-end applications as ultrahigh-speed analog-to-
digital (A/D) converters for use in radar imaging and high-
speed transistors for communications. Before the DELTT can
fully live up to its exceptional promise, however, a number of
engineering obstacles must be overcome. The most important
of these are (1) modification of the growth structure to achieve
room-temperature operation, and (2) engineering of the device
geometry to reduce parasitics and thus achieve high speed.

In this project, we will engineer further improvements
in the DELTT to achieve room-temperature operation,
increase the operating speed, and assess the ultimate speed
limitations. We will pursue two different major thrusts. These
are (1) the use of different material systems with larger
conduction band offsets than aluminum gallium
arsenide/gallium arsenide (AlGaAs/GaAs) to achieve deeper
quantum wells (QWs) and larger tunneling barriers for higher
temperatures, and (2) the design of DELTTs with very short
low-capacitance gates, low-resistance channels, and various
other optimized features designed to reduce parasitics and
enable high speed. 

Our investigations of the three-layer DELTT structure
continued. We verified that our conceptual model of its
principle of operation is valid. We grew, fabricated, and
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measured numerous three-layer DELTT structures having
different thicknesses of the first (emitter) tunneling barrier. We
showed that the peak tunneling current decreased
exponentially with the thickness of the emitter tunnel barrier,
and also that the peak tunneling current varied linearly with
the density in the emitter layer. Our model predicts that it
should be possible to achieve three-layer DELTTs with current
densities as high as 104 Å/cm2. 

We grew these DELTTs from the AlGaAs-GaAs
material system. We generally measured them at a temperature
of 77 K. We showed them to exhibit gate-controlled negative
differential resistance up to a temperature of 273 K, or
roughly 0°C. We also grew DELTTs from the indium
aluminum arsenide (InAlAs)-indium gallium arsenide
(InGaAs) material system, which we expected would exhibit
operation at room temperature. However, difficulties with
fabrication prevented us from completing measurements on
these devices.

We also showed that the source-drain voltage at which
the resonant tunneling current peak occurs can be predicted by
a simple lever-arm model. A self-consistent solution of
Schrodinger’s and Poisson’s equations for the DELTT
structure yields the positions of the energy subbands for the
various layers in the structure. The validity of the calculation
was verified by photoluminescence measurements. The
resonant peak occurs when the emitter and resonant layer
subbands align. The observed peak voltage values were within
10 percent of the calculated values and showed that the model
is correct.
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Development of Magnetically Excited
Flexural Plate-Wave Devices for
Implementation as Physical, Chemical, and
Acoustic Sensors, and as Integrated
Micropumps for Sensored Systems
W. K. Schubert, D. R. Adkins, J. L. Dohner, R. J. Shul, M. A.
Mitchell, W. C. Ginn, M. A. Butler, L. F. Anderson, D. C. Graf, J. P.
Lucero

The magnetically excited flexural plate-wave (mag-
FPW) device has great promise as a versatile sensor platform.
FPWs can have better sensitivity at lower operating
frequencies than the more common surface acoustic-wave
(SAW) device. Lower operating frequency (< 1 MHz for the
FPW versus several hundred megahertz to a few gigahertz for
the SAW device) simplifies the control electronics and makes
integration of sensor with electronics easier. Magnetic rather
than piezoelectric excitation of the FPW greatly simplifies the
device structure and processing by eliminating the need for
piezoelectric thin films, also simplifying integration issues.
Furthermore, unlike the SAW device, the FPW can operate in
both gas- and liquid-phase ambients, greatly increasing the
number of potential applications. The versatile mag-FPW
resonator structure can be configured to fulfill a number of
critical functions in an autonomous sensored system. As a
physical sensor, the device can be extremely sensitive to
temperature, fluid flow, strain, acceleration, and vibration. By
coating the membrane with self-assembled monolayers
(SAMs), or polymer films with selective absorption properties
(originally developed for SAW sensors), the mass sensitivity of
the FPW allows it to be used as biological or chemical
sensors. Yet another critical need in autonomous sensor
systems is the ability to pump fluid. Mag-FPW structures can
be configured as micropumps, using controlled acoustic
streaming to move the fluid. In this project, Sandia will
enhance the acoustic streaming by inducing wave interference
through active control of the phase relationship of multiple
sources. Successful development of mag-FPW devices as
physical and chemical sensors, and as micropumps for both
liquid- and gas-phase analytes, would enable the development
of a completely new integrated sensing platform.
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• Fabrication, characterization, and modeling. We
designed, fabricated, and tested accelerometer chips. We
attached a dual-membrane FPW device to a plastic manifold
for gas-flow sensing. To heat the membrane above ambient
temperature, we added direct current (DC) on top of the
alternating current (AC) drive signal to the input port. Gas
flowing over the membrane cooled the membrane, increasing
the tension and the resonant frequency. Increased heating
power improved the sensitivity. Reasonable sensitivity was
achievable with careful compensation for drift in ambient
conditions. We demonstrated better than 0.5 milli-g sensitivity.
Greater sensitivity could be obtained with larger proof mass or
a thinner cantilever beam. 

We fabricated and tested acoustic streaming test
structures. We observed rapid motion of tiny spheres
suspended in water on the back surface of the FPW
membrane; however, we were not able to drive the spheres in
any preferred direction. These tests were done without a lid to
confine the fluid near the membrane. 

We used an improved FPW finite-element model
(FEM) to explore the effects of fabrication flaws, packaging
loads, and drive approaches on FPW operating characteristics.
Packaging-induced stress loading on the FPW frame can result
in operation anomalies. Loading interacted with the driven
transducer leg (TL) configuration to increase or decrease the
signal strength and even to alter which mode was most
strongly excited. Modeling also showed that making the FPW
membranes slightly wider (about one-eighth wavelength) than
an exact number of wavelengths can compensate for
misaligned TLs and improve performance, in agreement with
our experimental observations.

• Polyimide FPW devices. Having made unsuccessful
prior attempts to fabricate polymer membrane FPW devices in
silicon, we pursued an alternative approach with Hutchinson
Technologies Incorporated (HTI). HTI fabricated several FPW
designs in their copper-polyimide flex-circuit material. We
investigated several designs by FEM and selected seven
designs for testing. HTI produced a few hundred of these
devices on their standard 12-inch-by-27-inch sheet stock.

• Single-port FPW drive electronics. The
microprocessor-based detector circuit tracked the impedance
peak that occurred at the FPW resonance point. These new
drive electronics allowed us to pursue simpler and more
compact FPW designs and made it easier to integrate FPWs
into complete sensor systems.
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The picture shows several versions of
polyimide flexible circuit board FPW
devices mounted in a single ceramic
package. The frequency response for one
of the devices is shown in the graph at
right. This type of FPW device could
prove much cheaper to fabricate than our
traditional Si-based version. 

The sensing membrane of a flexural plate-
wave accelerometer chip is centered in a
thinned cantilever beam with a large, full-
thickness proof mass at one end. The device
is fabricated from a silicon wafer using a
multiple-step deep reactive ion etching
technique. Acceleration perpendicular to
the plane of the chip causes the beam to
flex, affecting the tension in the sensor
membrane, and thus the resonance
frequency of the device. The reference
membrane is used to account for drift in
ambient conditions (pressure and
temperature).
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Stress-Free Amorphous Diamond for High-
Sensitivity Microsensors with Integrated
Microstructures
J. P. Sullivan, R. J. Hohlfelder, T. A. Friedmann, R. J. Shul, M. P. de
Boer, D. A. LaVan, W. K. Schubert, C. I. H. Ashby, T. M. Alam

In this project, Sandia’s patented stress-free
amorphous diamond (a-D) films were used to create high-
sensitivity microsensors and rugged microelectromechanical
systems (MEMS). A-D possesses a suite of properties unique
to any other microstructural or microsensor material,
including the ability to easily tailor film stress from
compressive through zero to slightly tensile, hardness and
stiffness 90 percent that of diamond, very high wear
resistance, surfaces that are intrinsically hydrophobic, extreme
chemical inertness, chemical compatibility with silicon (Si)
processing, room-temperature deposition, the ability to control
the film conductivity from insulating to conducting, and
biocompatibility. We used ultrathin to thin (0.1µ to 2µ thick)
a-D freestanding membranes in the fabrication of flexural
plate-wave (FPW) chemical sensors. We used the chemical
sensors to detect the presence of volatile organic compounds
(VOCs) with ethyl cellulose as the detection layer. 

We developed a number of a-D MEMS structures and
new MEMS fabrication technologies to evaluate the properties
of a-D and the performance of a-D MEMS structures. These
structures included friction-and-wear test structures, new
tensile test and fracture toughness structures, two-level
structures, and grayscale lithography for sloped sidewalls in
MEMS. The MEMS structures fabricated from a-D are
particularly important because they offer one possible
solution for addressing stiction in polysilicon (poly-Si) MEMS,
and they also offer a possible technology leading to wear-
resistant, long-lifetime MEMS. The MEMS structures also
permit measurement of the mechanical properties of films of
a-D. These measurements are not possible using conventional
techniques developed for bulk material. 

We also conceived new sensor and MEMS-device
structures that offer new capabilities for Sandia’s programs,
including acoustic sensors, radio-frequency (RF)-processing
structures based on submicron mechanical oscillators, hybrid
a-D/poly-Si MEMS, and bio-MEMS.
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Project goals are to create new high-performance
chemical sensors and MEMS, based on a stress-free a-D
material invented at Sandia, and then to use these structures to
gain understanding about the unique structure and properties
of this material. We met these goals. 

We fabricated FPW chemical sensors using thin
membranes of a-D. We designed these sensors to detect the
presence of VOCs, such as perchloroethylene, chloroform, and
xylene, using ethyl cellulose as the sensing agent. (The sensor
can be used to detect other chemical agents by applying a
different sensing agent to the sensor surface.) The fabricated
sensors showed good sensitivity to the volatile organics down
to the two-parts-per-million level, with a net sensitivity a few
times better than a comparable nitride-based sensor. Even
further sensitivity improvement is expected by reducing the 
a-D membrane thickness from 0.37µ to a thickness less than
0.1µ. 

We recently created and tested several new a-D MEMS
test structures, including (1) a friction-and-wear test structure,
(2) new tensile-test and fracture-toughness structures, (3)
grayscale lithography test structures, and (4) a-D multilevel
test structures. The friction-and-wear test structure consisted
of coupled, orthogonally oriented comb-drive actuators
designed to have a single contact surface with adjustable
contact pressures and shear rates. (A portion of this design
was featured on the April 2001 cover of the MRS Bulletin.)
The new tensile test structures included large (greater than 1
mm) bowtie-like structures that were actuated using tensile
test machines, as well as smaller pull-tab structures (gauge
widths down to 10µ) that are actuated with a nanoindenter.
These latter structures were used to determine the fracture
toughness of a-D, an important materials property that
determines the maximum tensile strain that a structural
member could endure. We determined that the fracture
toughness of a-D is about 8 MPa/m2, which is a high value for
a ceramic material (it is about eight times higher than that of
poly-Si). We developed the grayscale lithography test
structures to create a new MEMS processing technology that
allows three-dimensional (3-D) shaping of 2-D–deposited a-D
films. These test structures successfully showed the viability
of this approach and opened the possibility for the creation of
all-a-D captured hub and pin-joint designs. We also developed
the first multilevel a-D MEMS designs with a hybrid
structure. These structures consist of patterned poly-Si
combined with a-D structural elements (spring-supported
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An amorphous diamond MEMS
structure that is designed to measure
the force generated by an
electrostatically actuated comb drive is
shown. The inset shows a close-up of
the comb fingers of the comb drive.



resonating plates) and were developed to enable acoustic
sensing using small MEMS structures. We successfully
fabricated and tested these structures. 

We also achieved a new understanding of the surface
chemistry of a-D and the compatibility of a-D with biological
materials. Water-contact-angle studies revealed that the as-
fabricated a-D MEMS surface is nearly hydrophobic
(advancing contact angle of 84°), and that annealing at
temperatures greater than 1100 K yields a true hydrophobic
surface (contact angle of 94 K). We believe that the increase
in contact with annealing is due to desorption of oxygen from
the carbon surface, which leaves a mostly hydrogen-
terminated surface. The intrinsic high-contact angles found for
this material are especially useful for reducing stiction
(contact adhesion) in MEMS structures, and this has been
reflected in the ability to release the a-D MEMS structures
without the use of applied hydrophobic coatings or
supercritical drying. 

We performed biocompatibility testing of the a-D
material to evaluate the viability of a-D bio-MEMS structures.
We grew endothelial capillary cells on uncoated and
fibronectin-coated a-D surfaces and observed that there was
abundant cell growth and adhesion on the fibronectin-coated
surface but little adhesion to the uncoated surface. This result
indicates that a-D MEMS would be especially valuable as bio-
MEMS, which could be important for future Sandia programs.
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Radiation-Induced Prompt Photocurrents in
Microelectronics: Physics
P. E. Dodd, W. Beezhold, B. L. Doyle, D. L. Buller, R. S. Flores, D.
S. Walsh, G. Vizkelethy, M. R. Shaneyfelt, J. R. Schwank

The effects of photocurrents in nuclear weapons
induced by proximal nuclear detonations are well known and
remain a serious hostile environment threat for the U.S.
stockpile. The focus of this project is to study the physical
phenomena underlying prompt photocurrents in
microelectronic devices and circuits. Sandia’s goal is to obtain
an improved understanding of these phenomena and to
incorporate improved models of photocurrent effects into
simulation codes to assist designers in meeting hostile
radiation requirements with minimum build and test cycles.

Analytical photocurrent models have been successfully
applied for low-level transients. At higher radiation dose
rates, effects such as the variation of lifetime and carrier
mobility with injection level, internal electric field distortions,
and Auger recombination become important. These effects are
typically ignored in analytical models. Numerical device
simulators such as the Da VINCI three-dimensional (3-D)
code work at a fundamental physical level and inherently
handle phenomena such as electric field distortions and high-
injection conditions. However, Da VINCI, which is used at
Sandia primarily for cosmic-ray upset analysis, has neither
been rigorously applied nor validated for the study of x-ray
and gamma-ray photocurrents.

A newly developed capability on Sandia’s ion
microbeam accelerator is the ability to supply ionizing
radiation in selected microregions of a device. Achievable
dose rates should approach those possible with conventional
large-scale simulators such as HERMES III and Saturn. It is,
therefore, possible to test the physics and models in Da VINCI
at the device or subcircuit level in ways not previously
possible. This project will benefit weapon-based integrated
circuit (IC) development by ensuring that they are insensitive
to hostile threats.

This project met all milestones to study hostile-threat
photocurrent effects in weapon electronics using transient
radiation microscopy (TRM). We continued the experimental
tests and simulations and found no “show-stoppers” from
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either the experiments or simulations. We successfully set up
and used the second, improved version of the TRM.
Improvements include more precise and reproducible
positioning of the device under test (less than 100 nm), more
precise current measurement, significant noise reduction, and
shorter ion-beam pulse length. During the experiments, we
used dose rates up to 200 Grad(Si) per second and a pulse
length of 100 ns.

To further investigate the extended storage time effect
that we discovered in our previous work, we performed a
large number of experiments on a commercial positive-
intrinsic-negative (PIN) diode with a wide range of dose rates
and ion-beam pulse lengths. The Da VINCI simulations
predicted the extended storage time very well for all dose
rates. The agreement is quite remarkable for both high dose
rates when the photocurrent exists several times longer than
the ion-beam pulse, and for low dose rates where the diode
response mirrors the beam pulse. 

To complement the TRM measurement, we studied the
transient response further, using electron linear accelerators
(LINACs). No enhanced storage time was found, as had been
previously predicted by Da VINCI simulations. Da VINCI
simulations are in excellent agreement with both TRM and
LINAC data taken over many orders of magnitude 
in dose rate. 

We improved the TRM system still further to meet
Mark III specifications. We performed experiments with this
significantly improved system, and, using a new method to
control the ion-beam pulse, we achieved ion-beam pulses
shorter than 10 ns at a dose rate of 100 Grad(Si) per second.
We performed experiments on extremely thin PIN diodes and
partially confirmed simulation predictions that extended
storage times would disappear. We are conducting further
work to fully understand these results. 

We performed TRM experiments on 2N2907 bipolar
junction transistors, as well as experiments on discrete
CMOS6r (bulk complementary metallic oxide semiconductor
[CMOS]) and CMOS7 (silicon-on-insulator [SOI]) transistors
fabricated in Sandia’s Microelectronics Development
Laboratory. These transistors form the building blocks for all
CMOS ICs fabricated at Sandia for use in weapons and
satellite systems. Data on the Sandia parts indicate that the
beam dose rate may vary slightly from pulse to pulse, 
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requiring further development of the system. To measure the
very small currents induced in SOI devices, we fabricated and
successfully tested special parallel transistor-array test
structures.
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SOI–Based High-Aspect-Ratio Si Bulk
Micromachining for MEMS Applications
R. J. Shul, C. T. Sullivan, C. P. Tigges, M. A. Polosky, T. R.
Christenson, S. Montague

Nearly all microactuator types rely on elastic
suspension for reliable and effective operation. The
exceptionally high yield strength and linear mechanical
response possessed by single-crystal silicon (Si) renders it an
appropriate material for the fabrication of springs,
particularly if they may be patterned into arbitrary prismatic
geometry. Using a deep reactive-ion etch (DRIE) process and
silicon-on-insulator (SOI) wafers, Sandia will fabricate
released, movable single-crystal Si structures 10 µm–100 µm
thick with lateral dimensions less than 5 µm. The integration
of these structures with surface-machined microelectro-
mechanical systems (MEMS) or LIGA (acronym for the
German term Lithographie, Galvanoformung, und
Abformung, for lithography, electroforming, and molding)
enables a considerable design leverage in diverse applications
such as clasps, sensors, inertial resonators, microengines, and
position actuators.

The attraction of high-aspect-ratio Si is that the parts
can have relatively high longitudinal (out-of-plane) stiffness
and mass. With this technology, we anticipate the fabrication
of thick actuators with increased force and comparable throw
as compared to surface-micromachined (SMM) MEMS.
Additionally, we will develop a two-mask lithographic process
to form thick comb drives and stators (providing high force)
with thin springs (low spring constants) on a single device to
achieve low voltage actuation, a very desirable goal. Also
enabled is the fabrication of high-mass structures with micron
resolution for accelerometers or gyros, in addition to
extremely rigid, lightweight, high-strength structural
components for systems applications. The development of this
technology will also allow fabrication of a simple and robust
discriminator/optical redirect design. The simplicity is a direct
consequence of the use of thick Si, which reduces the number
of required levels for the device structure and permits a
simpler configuration of the optical redirect elements and
interconnect.
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We developed a DRIE process for multilevel SOI
structures. The advantage of a multilevel DRIE process in
bulk machining is the ability to trade off lateral and
longitudinal structural stiffness for various applications. This
capability is particularly useful for actuated suspension-
bearing systems, since the overall depth of the device can be
dictated by process or actuation force requirements while the
suspension geometries are dictated by stiffness requirements.
Since longitudinal versus lateral stiffness ratio is proportional
to the square of the thickness, multilevel structures give a
wide margin in suspension-system design. 

The process requires two-level lithography and high-
accuracy alignment. A hard mask that defines the actuator
fingers and anchors is initially applied. To minimize
topography issues, this mask is typically less than 2 µm and is
inert to solvent rinses. The second-level mask is then
patterned using conventional photoresist. The second-level
mask contains the actuator fingers and anchors as well as the
springs, and requires high-accuracy alignment. The sample is
then exposed to the DRIE process for the first etch step. In
this step, all features are etched to a specific depth. The
second-level resist is then stripped in acetone, leaving the
first-level resist intact. The sample is then DRIE–etched to the
underlying oxide layer. The actuator fingers and anchors are
protected by the first-level mask while the springs are exposed
to the etch. The thickness of the springs is therefore less than
that of the protected features. The springs, which are protected
only during the first etch, are about 10 µm thick, while the
anchors and actuators, which are protected during both etch
steps, are about 25 µm thick. Although the multilevel SOI
process has been demonstrated, the process needs to be
optimized. Due to the high alignment tolerance necessary, we
redesigned the mask. Using more sophisticated alignment
marks, we expect alignment errors to be less than 0.5 µm. We
completed preliminary fabrication of two-level structures on
bulk Si wafers, and these show promise.

A cantilever beam 1 x 2 optical switch with a 5 µm
thick top Si layer was successfully etched using the smooth
sidewall DRIE process developed for optical
microoptoelectromechanical systems (MOEMS) structures
with small critical dimensions. A polymeric optical waveguide
stack has been developed using perfluorocyclobutane (PFCB)
and benzocyclobutene (BCB), with the high-index BCB as the
core layer sandwiched between two layers of PFCB cladding.
The waveguide stack is post-processed on top of the SOI
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mechanical structure. We successfully fabricated and tested
this structure and are optimizing the design, process steps, and
integration to improve yield and operation. 

We demonstrated further development of multiwafer
integration and device location with SOI structures. A spring
device was fabricated in 50 µm thick SOI to position small
optical lenses. We believe this technology can be used to
accurately position hybrid components to tolerances in the
micron range and can also be used for wafer-to-wafer
integration. It is also possible to envision using such structures
to locate and align fiber optics for optical switching
applications.

Recent success with the DRIE processing of SOI
material stimulated interest in the fabrication of
electromagnetic (EM) SOI devices. With a four-mask
integrated SOI and DRIE process, EM devices were laid out
and will be fabricated with isolated copper (Cu) coils and
embedded rare-earth permanent magnets. The process uses
double-sided DRIE, silicon (Si) oxidation, Cu electroplating,
permanent magnet application, and oxide etch-release steps.
The device is an eddy current–damped accelerometer that will
use a generalized microactuator that operates as a shutter or
valve. 
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Defining the Frontiers of Vertical, External-
Cavity, Surface-Emitting Lasers
A. V. Smith, A. A. Allerman, R. E. Allman, K. M. Geib, A. J. Fischer,
P. Esherick, D. K. Serkland

New sources based on diode laser technology are
needed to improve wavelength coverage and beam quality for
applications in remote sensing, local sensing, displays, and
data storage. Vertical external-cavity surface-emitting lasers
(VECSELs) provide significant flexibility in output wavelength
and power over vertical-cavity surface-emitting lasers
(VCSELs) and yet maintain the good beam quality inherent in
VCSELs. The external cavity permits single transverse mode
operation with large-diameter beams and also provides space
for nonlinear optical elements within the laser cavity that can
shift the output wavelength of near-infrared (IR) lasers into
the visible, ultraviolet (UV), or mid-IR. Sandia continues to
establish itself as a leader in VECSEL research and
development by demonstrating record IR output powers, and
compact blue and IR sources. 

Sandia will advance the understanding and
capabilities of VECSELs in three important areas: 

(1) Optically pumped, wavelength-converted
VECSELs,

(2) Optically pumped, high-power (greater than 1 W)
VECSELs, and

(3) Electrically pumped VECSELs.
The utility and compactness of optical pumping of

VECSELs has been demonstrated and continues to be the
quickest route to advanced VECSEL devices. Wavelength-
converted VECSELs shift the output wavelength of near-IR
lasers into the visible and UV with frequency doubling. Mid-
IR wavelengths can be produced by insertion of an optical
parametric oscillator into the VECSEL cavity. High-power
VECSELs have required optimized quantum-well (QW) gain
regions and innovative thermal management, and we expect
further improvements. Direct electrical pumping of VECSELs
is a technically formidable problem but certainly presents the
largest payoffs if realized. Our approach to electrically
pumped VECSELS has changed to a bottom-emitting geometry
that shows great promise. Sandia’s excellence in the areas of
compound semiconductor growth, photonic devices, 
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and nonlinear optics provides us with an exciting opportunity
to solidify our leadership position in this emerging technology.

• Optically pumped VECSEL. One path to higher
power in VECSELS is increasing the pump diameter while
keeping the pump power density near its optimum value.
Unfortunately, this results in high temperatures in the active
region, which reduces efficiency. In our previous work, we
reported increased efficiency using an optically contacted
sapphire window to remove heat from the active region. We
now have further characterized VECSEL performance with
the intracavity sapphire window. Using a pump beam diameter
of 500µ, we achieved 1.5 W of continuous-wave (CW) output
at 980 nm. We demonstrated good beam quality by
transmitting 1 W through a single-mode fiber, starting with
1.5 W launched with simple lenses. Pulsed operation (66
percent duty cycle) produced a maximum average power of 2
W and a maximum peak power of 4.4 W. The optical
efficiency remained only about half of that obtained with a
small pump beam diameter, suggesting that further gains in
efficiency and output power are obtainable with improved
thermal management.

We made progress in understanding the so-called blue
mode of operation of our broadband intracavity-doubled
VECSEL. We suspected that this might be a mode-locked
laser, but recent modeling of broadband frequency-doubling
(with our state-of-the-art models) suggested that the VECSEL
is, instead, frequency-modulated. This blue mode of operation
shows stable blue-output amplitude with many modes
simultaneously lasing and has milliwatts of output power in a
compact diode-pumped setup, making it a desirable source for
many blue-light applications.

• Electrically pumped VECSEL. We completely
redesigned our electrically pumped VECSEL structures to
address problems in achieving uniform current injection with
our earlier designs. Our new approach utilizes a bottom-
emitting structure that allows a central top contact to inject
current uniformly where needed and also allows more
efficient heat sinking. We fabricated devices that demonstrated
much greater electroluminescence uniformity, as intended. We
constructed a new probe station for rapid wafer-level
characterization of the new device structure in both CW and
pulsed modes. We obtained lasing in pulsed operation for
oxide-confined devices in an external cavity with 5 percent
output coupling with peak intensities in the milliwatt range. 
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We identified thermal issues due to the lack of heat sinking
and substrate absorption as the key issues that need to be
addressed.
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Growth and Characterization of Quantum
Dots and Quantum Dot Devices
R. M. Biefeld, J. G. Cederberg, M. J. Hafich, S. R. Kurtz, J. F.
Klem, K. M. Geib, J. R. Wendt, G. A. Vawter, E. D. Jones, S. K. Lyo,
A. J. Fischer, W. W. Chow, H. C. Schneider

A clear systems need exists for the development of
alternative short wavelength (ultraviolet [UV]) as well as 1.3
µm infrared (IR) lasers on gallium arsenide (GaAs) for use in
vertical-cavity surface-emitting lasers (VCSELs). To meet this
need, Sandia will develop efficient self-assembled quantum
dot (QD) emitters. Confinement in three dimensions (3-D) will
minimize the degradation of output power with increasing
temperature and improve overall efficiency. Enhanced 3-D
confinement should aid in the development of shorter-
wavelength UV-visible (UV-vis) VCSELs as well as produce
ultralow-threshold currents. The 3-D carrier confinement will
decrease lateral carrier diffusion, thereby increasing the
internal quantum efficiency (IQE). Additional benefits of QDs
within VCSELs include polarization control and the ability to
tailor the emission wavelength by accessing material
compositions with greater strain than permitted in quantum
wells (QWs). 

Our project objectives include the following:
• To develop a microscopic theory that combines

photonic and quantum kinetic aspects so that optical
properties of the QD/extended-QW system can be predicted
and compared to the observed characteristics for maximized
device performance. 

• To examine the effects of surface orientation and
strain on the size and position distribution of self-assembled
QDs using metal-organic chemical vapor deposition
(MOCVD) and molecular beam epitaxy (MBE). We will use a
combination of surface orientation, strain effects, and
substrate or mask patterning with electron-beam lithography
to grow QDs with controlled size, shape, and spatial
distribution. 

• To explore development of stable QD formation by
argon (Ar) ion-beam etching of various substrates for an
additional preparation technique. 

• To prepare QD light-emitting diodes (LEDs) and
lasers using the techniques developed in this investigation.
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We used MOCVD and MBE to grow indium arsenide
(InAs), indium gallium arsenide (InGaAs), indium arsenide
antimony (InAsSb), and GaAsSb QDs on GaAs. The QDs are
uniform in size, varying from 15 to 30 nm in height and 50 to
100 nm in width, with densities of 0.5–2 times 1010 cm-2. The
size and position uniformity vary with the growth technique
and conditions.

Specifics of our progress follow:
• We determined that the introduction of Sb during QD

formation reduces the 2-D to 3-D critical thickness by
reducing the surface energy. The photoluminescence (PL)
intensity and linewidth are also dependent on growth
technique and conditions, including temperature and growth
rate. We observed PL intensity at both low temperature (4 K)
and room temperature. 

• We began investigating the interactions of the strain
field of GaSb QDs with GaAs/AlGaAs QWs. 

• We performed investigations of the substrate miscut.
Results indicate the importance of step-density for dot
formation. 

• We began GaSb/InGaSb heterostructure growth and
characterization to investigate Ar-milled nanostructures. 

• We initiated our investigation into the dynamics of
excitation-energy (e.g., exciton) transport in multidot-well
structures. 

• We have theoretically shown that the two dominant
mechanisms by which an exciton hops between widely
separated states are dipole-dipole and photon-exchange
coupling. 

• We found that for dot-to-dot coupling, the photon-
exchange interaction can compete with the dipole-dipole
coupling only for long-distance (greater than 400 nm) transfer. 

• We are currently formulating multiphonon-assisted
hopping transfer rates between dots.

• We computed gain spectra using a theory developed
for QD lasers, using a self-consistent treatment of the coupled
QD/QW system, including many-body Coulomb effects. Our
approach involves adapting the semiconductor Bloch
equations in the screened Hartree-Fock approximation to
describe a shallow QD surrounded by a QW region. This
picture describes both strain-induced dots and dot-in-a-well
structures. The solution of the semiconductor Bloch equations
gives the optical spectra.
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Heterogeneous Integration of Optoelectronic
Arrays and Microelectronics
K. M. Geib, A. A. Allerman, V. M. Hietala, D. K. Serkland

Integrated microsystems provide the benefits of small
size, low power consumption, robustness, and potentially
inexpensive manufacture. However, multifunctional advanced
microsystems often require a combination of microelectronic
and photonic technologies. For example, high-density two-
dimensional (2-D) integrated optoelectronic arrays are the
basic components necessary to construct real-time
electrooptical signal-processing and analog information-
processing microsystems. In corresponding applications such
as digital and neural computing, data mining, and data
communication switching, there is a critical need to provide
local electronic processing in each optoelectronic pixel.
Moreover, to achieve the required functionality in these
systems, highly sophisticated devices, often with state-of-the-
art performance, are necessary. Thus, combinations of dense
numbers of high-performance devices originating from
disparate technologies are needed to achieve the next
generation of information-processing, interconnect, and
intelligent sensing microsystems.

As the integration density increases, heat dissipation
becomes a critical issue. Thus, tailoring the properties of the
substrate material independently from the epitaxial material is
desirable. The applique technique that we demonstrated
allows this independence by transferring only the epitaxial
material and eliminating the substrate material.

Advanced integration of electronics and photonics will
require the development of techniques for bringing both
technologies onto the same substrate. 
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An 8 x 8 VCSEL array with four 16-
channel GTL drivers integrated into a
single 84-pin grid array package. The plot
is the measured input/output characteristic
of one channel of the package device.



Integration of microoptics with light sources for
communications is quite challenging. An alternative approach
that minimizes alignment tolerances is to capture the light
from several lasers using an imaging fiber bundle. The
preliminary investigation of this technique looks promising.

• We demonstrated a hybrid package with high-speed
drivers wire-bonded to vertical-cavity surface-emitting lasers
(VCSEL) arrays. We fabricated a number of hybrid packages
consisting of an 8 x 8 VCSEL array and four 16-channel high-
speed drivers, with 100 percent operability reported by our
industrial partner. The drivers convert gunning transceiver
logic (GTL) digital logic levels into the current levels required
by the lasers. 

• We demonstrated functional 2-D VCSEL arrays flip-
chipped onto driver circuitry. We demonstrated flip-chip
integration of VCSELs with high-speed gallium arsenide
(GaAs) electronics. We designed and fabricated a 64-element
integrated VCSEL driver. We are fabricating VCSELs, which
will be flip-chip–bonded to the driver die once the VCSEL
fabrication is complete. We bonded 850 nm VCSELs to test
coupons with 100 percent functionality.

• We designed and fabricated GaAs amplifier receiver
circuitry. We designed, fabricated, and tested a 64-element
receiver array. Each receiver element consists of a metal
semiconductor metal (MSM) photodetector, an amplifier, a
level discriminator, and a GTL output stage. 

• We developed applique bonding of VCSELs to
unique substrates. We demonstrated applique bonding of
dissimilar materials by transferring VCSEL epitaxial material
less than 10µ thick after substrate removal onto a silicon
wafer, using an electroplated indium interlayer.

• We developed a technique to provide collimation of
the VCSEL array output in the integrated package.
Collimation of the light from a VCSEL array requires
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(a) Numerical aperture dependence of
coupling efficiency (ratio of light coupled
into the fiber to VCSEL light output) and
coupling error (ratio of maximum to
minimum coupling for a change in lateral
position). (b) LED illumination of a small
portion of the fiber bundle consisting of
15,379 individual fibers.



sophisticated optics and small alignment tolerances. We
developed a more straightforward approach using a flexible
imaging fiber bundle light guide with a 1.8 mm hexagonal
cross-section consisting of 15,379 fibers, each with a 9.1µ
core and a 2µ thick cladding on a 13.5µ pitch to transmit the
VCSEL light to the detector without the use of collimating
optics. This technology is insensitive to VCSEL/fiber
alignment, making it ideally suited for light transmission over
short distances (several meters).
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Miniature Sensors for BW Agents Using
Fatty-Acid Profiles
G. C. Frye-Mason, K. Wally, C. H. Morgan, P. R. Lewis, C. D.
Mowry, R. P. Manginell

Sandia is developing a microfabricated sensor for the
rapid identification of bioorganisms. When fully developed,
this device will provide a unique miniaturized capability for
biological warfare (BW) agent detection, an important
national security mission that is especially key to
nonproliferation and materials control (NP&MC). Tailored
toward detection of pathogens and other BW agents such as
anthrax, the device will also have significant spin-off
applications.

The miniature BW agent detector relies on an
established technique of identification based on fatty-acid
(FA) profiles. These biomarkers are used to distinguish
bacteria at the gram-type, genera, and even species levels.
Current commercial methods extract bacterial samples and
chemically derivatize them to produce fatty-acid methyl esters
(FAMEs). These methods are lengthy (over one hour) and
labor-intensive, but have been used to differentiate BW agents,
plant pathogens, food-borne pathogens, and other
microorganisms. More recent work demonstrates that FAMEs
can be obtained from whole bacterial cells in an in situ
single-step pyrolysis/methylation/mass spectrometry analysis.
Derivatization and detection occur rapidly, with little sample
preparation. Bacteria have been differentiated. This method
can also detect the causal agent of anthrax, amino acids, and
oligopeptides. 

We used microfabricated pyrolyzers to demonstrate the
in situ pyrolysis of whole-cell bacteria to produce volatile
FAME derivatives, and demonstrated FAME detection using
surface acoustic-wave (SAW) devices.

The intended goal of a miniature BW agent detector
will require progress in the area of micropyrolysis,
microfabricated gas chromatography (GC) separations, and
detection of FAME products. We made progress in each of
these areas, including the following recent accomplishments:
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(1) Demonstrated microfabricated GC separations of
FAME molecules, using air carrier (previously only nitrogen
had been used). This achievement is important since a
portable system would have to use air.

(2) Redesigned and fabricated a new test fixture for
micropyrolysis tests. This test fixture worked as designed,
enabling important bacterial pyrolysis experiments.

(3) Developed a reproducible procedure for capturing
and analyzing the products of micropyrolyzer tests. This
procedure also demonstrated that micropyrolysis devices
could be reused many times, a key issue for the final system.

(4) Demonstrated a coating technique used to keep 
the sample contained in the “hot” zone of the micro-
pyrolysis device.

(5) Demonstrated that the micropyrolysis/methylation
technique, using FAs, does indeed give a linear response
versus quantity of material.

(6) Demonstrated SAW detection of FAME molecules.
Two-coated SAW devices detected vapor-phase FAMEs
rapidly and reversibly. These characteristics demonstrate that
SAW detection could be viable for the portable device
envisioned in this project.

(7) Demonstrated micropyrolysis of two bacterial
samples, Bacillus subtilis and Pseudomonas fluorescens. We
produced several FAME molecules from each bacterium. 
Our original milestone was detection of FAMEs from
three bacteria.

(8) Generated intellectual property for Sandia in the
form of a technical advance.
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Enhanced-Sensitivity Acoustic-Wave
Biosensor Arrays
S. M. Brozik, D. W. Branch, D. Y. Sasaki, G. D. Meyer, R. W.
Cernosek

This project continues with the development of
enhanced-sensitivity biosensors utilizing acoustic platforms
with biorecognition layers. The resulting sensors will be
capable of detecting both chemical and biological agents in
aqueous media, and have application in nonproliferation,
military scenarios, environmental monitoring, intelligence,
law enforcement, medical diagnostics, and food processing.

This project is evaluating two acoustic sensor
platforms for detection of biological warfare (BW) agents: the
quartz crystal microbalance (QCM) and the shear-horizontal
surface acoustic-wave (SH-SAW) device. These acoustic
devices probe both the mass and the viscoelastic properties
(film rigidity) of a surface layer. The oscillating surface of the
device causes displacement and deformation of the layer.
Mechanical compliance of surface receptor layers, bound
organisms, and the surrounding fluid media all contribute to
the viscoelasticity. By exploring the microdevice-biomaterials
interface, we can optimize these sensors to achieve the desired
sensitivity required by the nonproliferation and military
communities.

• Investigation of nonspecific binding of immobilized
antibody layers. To minimize nonspecific attachment of
antigens, we applied thin films of polyethylene glycol (PEG)
to the gold (Au) surface of the reference sensors. This process
has proved satisfactory for preliminary investigations.

• QCM sensor. We investigated several covalent
immobilization techniques that are designed to be compatible
with QCM resonators and SH-SAW acoustic sensors. One
such scheme uses an alkanethiol and streptavidin film to tether
antibodies to a Au surface. The Au electrode surface is first
bioactivated with mercaptohexadecanoic acid (MHDA), which
mediates conjugation of streptavidin to biotinylated
antibodies. The antibodies were biotinylated at a substitution
level to minimize steric hindrances and, therefore, optimize
their natural affinity to their target analytes. We achieved
typical substitution amounts that range from 5 to 18 moles of
biotin per mole of immunoglobulin G (IgG). The
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bioconjugation scheme permits the surface chemistry to be
renewed by biotinylating the antibodies with iminobiotin,
where binding is dependent on the local pH. 

We used the above scheme to capture anthrax spore
simulants (e.g., Bacillus thuringiensis) on the surface of a
QCM resonator operating in liquid. The University of
Alabama at Birmingham (UA) provided antibodies that were
raised against Bacillus anthracis. These antibodies were
biotinylated and then bound to the surface of a 5 MHz QCM
resonator. We passed buffer containing a specific
concentration of spores across the surface of the QCM and
monitored frequency shift (∆f). The frequency was resolved to
0.5 Hz, and we extrapolated a detection limit of 24.2 ng cm-2.
This translates to around 32,000 spores that can be detected
using a 5 MHz QCM sensor.

• SH-SAW sensor. Critical to the mass sensitivity of the
SH-SAW device is applying the appropriate polymer thickness
to simultaneously optimize the following parameters: E-field
screening from the liquid, insulation of the interdigitated
electrodes (IDTs) from liquid, and the mass sensitivity. We
evaluated the static capacitance of the double-electrode, split-
finger IDTs in air (ετ = 1) and in water (ετ = 78.5) using
different polyimide (ετ = 2.9) thicknesses on the LiTaO3 (ετ =
47). We found effective screening to occur when the
polyimide thickness was around 1.2µ. 

We demonstrated a detection of spores generically by
using biotinylated polystyrene beads (r = 0.5µ). We applied
PEG molecular weight (MW) 5000 to the Au surface of the
reference to prevent nonspecific binding while antibodies
were attached to the working line. Measuring the phase shifts,
we detected the amount of mass. The amount of beads
injected was 105 beads per milliliter. We found the net phase
shift post injection to be about 1.1°, corresponding to bound
mass of about 0.1 µg. At this time, further optimization of the
polyimide film is necessary to improve mass sensitivity.

• Characterization of flexural plate-wave (FPW)
devices for response in low-viscosity liquid environments.
Sandia is developing magnetic FPW devices in a separate
project. Although that project has not yet demonstrated a fully
functional FPW device in a liquid environment, significant
progress has been made toward that goal.

• Collaboration efforts. We continue to receive anti-
anthracis antibodies and test spores from UA. In addition,
small peptide units (SPUs) are being developed as alternative
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receptors for anthrax. These patented SPUs should provide
robust bioreceptor layers capable of being tailored for 
array elements.

Ongoing work in collaboration with Auburn University
(AU) will focus on food pathogen detection. In addition to
laboratory and modeling collaborations, AU has supplied
Sandia with antibodies raised against Salmonella so we can
conduct parallel studies using the SH-SAW device. 
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High-Al-Content AlGaInN Devices for Next-
Generation Electronic and Optoelectronic
Applications
A. G. Baca, C. I. H. Ashby, S. R. Lee, J. Han, R. J. Shul, M. H.
Crawford, A. F. Wright, A. J. Fischer, C. C. Mitchell

Tremendous recent breakthroughs in the technology of
gallium arsenide (GaN) and related aluminum gallium indium
nitride (AlGaInN) materials synthesis and device
demonstrations have sparked world-wide interest in these
materials for lighting and other applications. By adding Al
and In to GaN, the energy bandgap can be tuned from the
visible (2.0 eV) to the ultraviolet (UV, 6.1 eV). These advances
will drive the development of multicolor light-emitting diode
(LED) displays and white-light sources with high reliability 
(> 10 years’ lifetime) and low power consumption (~ 10 W).
The large-bandgap (2.0–6.1 eV), high-breakdown field (~ 5 x
106 V/cm) and saturation drift velocity (2.7 x 107 cm/sec) and
chemical inertness will enable a new generation of high-
temperature and high-power electronics critical for many
commercial and defense applications. 

Realizing efficient solid-state white-light illumination
and high-power electronics will depend on further
improvements in high-Al-content AlGaInN materials and
devices. Over the last several years, Sandia has made
substantial strides toward the development of AlGaN
materials and devices; the world’s shortest-wavelength (355
nm) LED was recently demonstrated by Sandia researchers.
This project seeks to achieve these necessary improvements
through a partnership with GELCORE (joint venture between
EMCORE and GE Lighting) to develop “High-Efficiency
GaN-LED–Based White-Light Sources,” and through forefront
research in AlGaN–based high-electron-mobility transistor
(HEMT) electronics technology. In addition, the development
of cantilever epitaxy will provide lower-defect substrates for
these applications. The GELCORE partnership is synergistic,
with internal missions to develop short-wavelength
illumination sources for chemical-biological sensing, while
the development of high-power electronics will lead to new
business opportunities in portable (military) and satellite
communications. 
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We realized low-dislocation-density GaN growth in
our work by a method that both is simpler and offers more
benefits than other approaches. The method is termed
cantilever epitaxy, a new type of epitaxial lateral overgrowth.
We showed cantilever epitaxy to reduce dislocation density by
about three orders of magnitude. Our efforts in p-doping were
successful and improved the processing of LEDs. Our growth
efforts in high-Al-content AlGaN by metal-organic chemical
vapor deposition (MOCVD) also were successful and resulted
in high GaN, HEMTs with a breakdown voltage in excess of
100 V. These transistors also achieved high power levels of
1.67 W/mm at 10 GHz.

(1) We achieved LED power levels of greater than 
1 mW at 380 nm (our goal was 2 mW).

(2) We improved p-contacts by optimizing the 
anneal temperature.

(3) We developed cantilever epitaxy process with
dislocation densities three orders of magnitude lower than
conventional growth methods.

(4) We developed processes for growing high-Al-
content films without cracking.

(5) We developed GaN HEMT with greater than 100 V
breakdown. The transistor achieved power levels of 1.67
W/mm at 10 GHz.
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Microfabrication of Electromagnetic Devices
T. R. Christenson, C. P. Tigges, W. G. Yelton, P. G. Clem, D. T.
Schmale

High-performance microfabricated electromagnetic
(EM) devices remain an integration challenge due to lack of
understanding about depositing high-quality ferromagnetic
materials and inability to co-fabricate high-quality factor and
high-density EM coils. Sandia expects that the solution to
these processing issues will enable batch microfabrication of
a large class of EM devices. These devices include millimeter-
scale actuators with several-hundred-micron actuation strokes
at well above millinewton output forces. Performance is
facilitated with soft ferromagnetic materials that possess high-
saturation magnetic flux density and additive or molding-
based high-aspect-ratio batch-processing techniques. The
resulting generic magnetic microactuator platform technology
is well suited for applications involving microrobotic
propulsion, high reliability, and relatively high-power
handling optical and radio-frequency (RF) switching, low-
leakage gas and liquid valves, gas- and liquid-flow regulators,
precision microoptical positioning stages, and
microgenerators. These devices also will also benefit from
permanent magnets, which possess exceptional efficiency at a
small scale. 

Due to the low driving point impedance of
electromagnets and the low temperatures involved with this
type of fabrication, we anticipate that ultimately, co-
integration with bipolar drive and control microcircuitry 
will enable integrated sensing, data taking, and closed-
loop operation.

We devised two processing techniques to realize a
batch-fabricated air core coil and a coil with a soft
ferromagnetic material core. Both schemes rely on a batch
diffusion-bonding and wafer-transfer approach that we found
to yield exceptionally low interface resistance between
electroplated copper layers. We identified preferred diffusion-
bonding conditions for Cu as 425°C at a pressure of 5 ksi for 1
to 2 hours. We found titanium (Ti) to serve as a suitable
sacrificial metal that maintains etch properties subsequent to
Cu diffusion-bonding sequences. 

One approach to coil fabrication involving multiple-
angled deep x-ray exposures was tested for the first time using
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an improved custom-fabricated two-axis tilting stage. Results
revealed a considerably more powerful technique for the
definition of reentrant photoresist geometry. We investigated
electrochemistry for an alloy of nickel-iron-cobalt and
determined operating conditions for a family of low-coercivity
(less than 1 Oersted), high-saturation flux density (greater than
1.7 Tesla) materials. We determined that a fluoroborate-based
chemistry provided significantly greater bath stability than
sulfamate- or sulfate-based chemistry.

The identification of electroplating conditions that
facilitate the compositions necessary for kovar and SuperInvar
low thermal-expansion alloys was an additional benefit of this
work. We laid out a new test mask to evaluate magnetic and
mechanical properties of these electrodeposits, including
structures for internal strain measurement, stress-strain
response, bulk modulus, thermal-expansion coefficient, and
magnetic hysteresis response. 

We filed for two patents on our concern-batch coil
microfabrication and multiple-angle x-ray exposures.
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GaAs MOEMS Technology
O. B. Spahn, C. P. Tigges, J. L. Reno, E. J. Garcia, M. A. Polosky,
G. D. Grossetete, J. F. Klem, J. J. Lean

Many microelectromechanical systems (MEMS)–based
components require optical monitoring techniques that use
optoelectronic devices to convert mechanical position
information into useful electronic signals. While the
constituent piece-parts of such hybrid opto-MEMS
components can be optimized separately, the resulting
component performance, size, ruggedness, and cost are
compromised substantially by assembly and packaging
limitations. 

Gallium arsenide (GaAs) microoptoelectromechanical
systems (MOEMS) offers the possibility of monolithically
integrating high-performance optoelectronics with simple
mechanical structures built in very low stress epitaxial layers,
with a resulting component performance that is determined
only by GaAs microfabrication technology. For example,
submicron features can be etched into GaAs structures,
allowing for the sensing of submicron alignment and
displacements by a variety of approaches. This capability
provides dramatically improved sensitivity and eliminates
packaging and alignment problems. More importantly, GaAs
MOEMS implicitly integrates the capability for radiation-
hardened optical communications into the MEMS sensor or
actuator component, a vital step toward rugged, integrated,
autonomous microsystems that sense, act, and communicate.

We continued to focus on microfabrication issues to
control stiction, the limiting mechanism in the operation of
our devices. We developed novel switch designs that do not
rely on mechanical stops (and therefore physical contact) to
limit the motion of the cantilever, a novel and radical
approach that not only circumvents the processing roadblocks
but also offers superior performance. We consider our new
approach to be highly promising not only in terms of our
objective, but also as a general concept in MEMS drive and
sensor technology. We are filing technical advances on 
this subject. 

We also designed a novel mechanically latched switch
structure that is useful for mechanical memory applications.
Concurrent with our process development and design
activities, we obtained data on dynamic performance of the
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standard 1-by-2 switches, and we compared that data with
predicted values. In addition to its inherent value, the data will
be used in the implementation of a physically based control
approach that will mitigate the presence of stiction with an
appropriate drive signal and allow high-frequency operation. 

We made progress in fabrication of high-reflectivity
(tilting) micromirrors (HiRTM) devices and changes in the
device structure implemented for the second-generation
design. We also designed distributed Bragg reflector (DBR)
Fabry-Perot filters for sensor applications and optical
components for the communications industry. These types of
devices constitute basic building blocks of tunable active
structures such as vertical-cavity surface-emitting lasers
(VCSELs) and resonant-cavity detectors.
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Integrated Microsensors for Autonomous
Microrobots
E. J. Heller, D. R. Adkins, S. A. Casalnuovo, R. H. Byrne, R. C.
Hughes

The goal of this project is to develop a suite of new
low-power integrated microsensor systems that will enable the
development of networks of 0.25 in.3 autonomous microrobots. 

The focus of Sandia’s work is on two primary sensor
classes. The first class consists of microsensors that can be
used as navigational and communication aids. Several
possible devices in this class include microglobal positioning
systems (GPS), magnetometers, ultrasonic or optical detector
systems (for proximity detection), and single-chip radio-
frequency (RF) transceivers. Although we will consider a
number of possibilities in this class, only those deemed most
suitable to the microrobot application will undergo further
development. The second group of sensors consists of
microsensors for environmental trace-chemical detection.
There are a number of possible sensors to consider in this
class, but microsensor systems based on chemiresistors and
surface acoustic-wave (SAW) devices have already undergone
the most substantial development and will be given priority.
The primary emphasis is to develop microsensors that can
take advantage of modern semiconductor manufacturing
techniques to efficiently produce large numbers of essentially
disposable microsensor systems. As devices are completed,
they will be incorporated into microrobots that others are
constructing. We will use these microsensors to enable
networks of autonomous microrobots. We will consider several
methods of network organization, but the primary focus is
expected to be on “marsupial” systems. These systems use a
larger mother robot to deploy and support a large group of
networked autonomous microrobots.

Our tracked microrobot is capable of climbing over
nickels, dimes, and quarters and can easily move on short-pile
carpeting. In addition, the microrobot contains some of the
features of much larger robots, including a PIC
(programmable interface controller) 16C77 central processing
unit (CPU), batteries, a thermistor temperature sensor, and
status-indicator light-emitting diodes (LEDs). However, the
microrobot’s functions are currently preprogrammed. Future
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versions of the microrobot will allow for sensing
environmental properties and responding according to
programmed instructions.

Two versions of the microrobot and associated
software are available. The initial version of the microrobot
and software allows the microrobot to move forward and
backward only. The most recent version allows the robot to
make 90° right and left turns under program control. This
feature is an initial step toward giving the microrobot
obstacle-detection capabilities. The microrobot can run for 15
to 20 minutes on a single set of batteries and travel about 90
inches. The control electronics for the microrobot are
composed of a combination of devices in die form and
commercially available passive surface-mount components,
and are built in the form of a simple multichip module
fabricated on a glass substrate. The control electronics are
mounted on the front of the microrobot and are easily
accessible for in situ programming of the onboard PIC
microprocessor. 

We are pursuing several new developments to improve
the capabilities of the microrobot. We made improvements to
the mechanical capabilities of the microrobot platform itself,
including new wheels that prevent the silicone tracks from
falling off and new Smoovy motors with 25:1 gear reduction
that will allow the robot to move about five times faster than
the previous microrobots that used motors with 125:1 gear
reduction. We are also investigating direct current (DC)
permanent magnet motors that use less power and run faster
than the present motors.

Among the most significant improvements is the
addition of an RF communications link to allow both remote
control of the microrobot and data from onboard sensors to be
transmitted from the microrobot. The RF communications link
is being implemented using the RF Monolithics TR1000
hybrid transceiver. This module is contained in a 10 x 7 x 2
mm3 shielded enclosure and requires a minimum of external
passive components. The complete radio is located on a 15 x
13 mm2 two-sided conventional FR-4 printed wiring board,
with surface-mount components on both sides. This radio
module has been used successfully for other robotics
applications, but for the current project we had to write new
code to interface with the MicroChip PIC microcontroller. The
radio operates at 916.5 MHz and has a maximum data
transmission rate of 115.2 kb/sec using amplitude-shift keyed
modulation, making it suitable for voice transmission. In 
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upcoming work, we expect to implement simple commands to
give the user remote control capability and readout of
temperature sensor data.
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Silicon-Integrated Planar Microbatteries
S. H. Kravitz, N. S. Bell, D. Ingersoll

Sandia seeks a new microbattery concept that will be
integrated into silicon (Si). By combining Si-micromachining
with new cathode and anode materials, this concept will
permit batteries to be built directly into integrated circuit (IC)
or microelectromechanical systems (MEMS) devices. The
concept is to micromachine interdigitated reservoirs on a Si
wafer, which will serve as containers for the battery materials.
The reservoirs will be interconnected by microchannels, which
provide a means to pass electrolyte between the interdigitated
reservoirs without allowing particles through. We will
electrically isolate the reservoirs from each other by using a
thermally grown oxide. A conductive liner will then be added
to the reservoirs.

We will achieve dispensing of the electroactive
material into the reservoirs using MicroPen, a computer-aided
design (CAD)–driven system consisting of a high-precision
fluid-dispensing unit coupled with an X-Y table. To prevent
clogging or migration between reservoirs, spherical
monodisperse powders with a narrow size distribution will be
prepared by co-precipitation of alkoxides or by flame pyrolysis
of atomized chemical precursors.

We will design this device in two different ways. As a
series-connected battery, it will supply 100 V to MEMS
devices. In parallel connection, it will be a high-
capacity/high-power 3 V battery capable of supplying high
current needs for communication or mechanical motion. With
some battery chemistries, it will be possible to recharge, using
photovoltaic (PV) cells. The approach of making an integrated
and co-packaged planar power source on a Si chip will
reduce the size and cost of a battery-powered system. 

We made progress in three areas: (1) the redesign and
fabrication of the microbattery structure, (2) the formulating
and dispensing of pastes of appropriate rheology and particle
size to fill the cavities of the battery, and (3) the development
of the appropriate filling procedure for the compartments. We
accomplished the following tasks:

• Developed new Bosch-etch procedures to allow
etching of the three different etch depths required in this
design, with special emphasis on perfecting the etch to create
2 µm or 3 µm posts 100 µm deep.
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• Developed a buried electrode procedure for the
electrical contact/lid assembly to allow complete sealing.

• Established anodic bonding parameters for Si, with
1000 Å of insulating oxide.

• Developed a new mask to allow accurate alignment
of the electrical contact/lid assembly to the Si compartments. 

We sealed the first devices. The yield on these sealed
devices was not high because space around the hundreds of
devices on the wafer was insufficient to form a good anodic
bond. We have since redesigned the layout to provide more
room around the devices. These devices are filled with anode
and cathode materials, which are separated by the 2 µm to 3
µm posts/spaces between the two compartments. The battery
materials must have no particles smaller than the size of the
spaces or an electrical short will occur between the two
compartments. The materials are dispensed as pastes using the
MicroPen. We made anode (graphite powder) and cathode
(lithium cobalt oxide [LCO]) pastes using a tri-block
copolymer and solvents. We measured these pastes for particle
size and viscosity. If a solvent wash was used to pre-wet the
battery compartment, we successfully filled the batteries by
using plastic nozzles that sealed the fill hole in the lid of 
the battery. 

The cathode component is LCO. When Sandia initially
synthesized this material, it was discarded on characterization
of the particle size because particle size was smaller than the
post spacing. We subsequently purchased commercial LCO
and characterized it for particle size. The mean particle size
was 20 µm. We synthesized a conductive tri-block copolymer
(pBAAc) and mixed it with the LCO to act as a thickener,
binder, and particle dispersant. We measured the viscosity of
this mixture. We made a dispensable paste by dissolution in n-
methylpyrolidone (NMP) and polymethylmethacrylate
(PMMA). The anode component is graphite in the form of
acetylene black. This was also mixed with the pBAAc 
and NMP. 

We initially attempted paste injection with a steel tip
into the lightly oxidized Si cavities. This attempt resulted only
in wetting the glass lid; the paste flowed out of the cavity
without filling it. We changed the pen tip to plastic and
enlarged it to seal the cavity opening, and we pre-wetted the
Si cavity with NMP. The paste then was extruded into the
cavity until it flowed out of the exit hole. The devices are
awaiting electrolyte fill and testing.
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High-Efficiency Optical MEMS by the
Integration of Photonic Lattices with Surface
MEMS
J. G. Fleming, S. Y. Lin, M. A. Polosky, S. S. Mani

Optical microelectromechanical systems (MEMS) are
emerging as a key element of MEMS technology. However,
despite the great interest in this area, the actual optical
components employed are primitive: mirrors, simple lenses,
and waveguides. In this project, Sandia is seeking to make a
revolutionary advance in both MEMS and photonics through a
combination of surface MEMS and the newly emerging field of
photonic lattices. 

Photonic lattices are the photonic analogues of
semiconductors, in which the photonic bandgap (PBG) arises
as the result of a periodic array of regions of high- and low-
refractive index. As a general rule, the pitch of the lattice
corresponds to roughly half the wavelength of light at midgap.
The properties of these engineered materials rely only on the
index of refraction of the materials and their arrangement.
These engineered materials have a number of novel
properties: they can act as extremely efficient mirrors, and
they can be “doped” to form very high-Q optical cavities and
highly efficient 90-degree-bend waveguides.

In many ways, it is natural to try to combine surface
MEMS with photonic lattices. Silicon (Si), the basic structural
material of MEMS, can also be used to form the lattice. Since
the lattice properties rely on the repeat unit, which is small,
small changes in dimension can result in large changes in
optical properties of the lattice. Such small, well-defined
displacements are readily obtained using MEMS processing.
Potential applications include high-reflectivity mirrors,
switching mirror arrays, waveguide switches, scanning
spectrometers, and hollow waveguides.

We have continued to make considerable progress on
this project. We fabricated and tested one-dimensional (1-D)
switching structures and fabricated the first iteration of large
dielectric stack mirrors integrated with surface MEMS. In
both cases, we identified the major fabrication problem to be
residual stress in the mirror stacks. We obtained useful
switching cavity data; however, the large integrated mirror
structure required a redesign. The redesign involves the
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addition of a drumlike stiffening rim around the mirror,
combined with a series of stiff springs between the rim and
the mirror, which can deform to relax the mirror stress. This
lot is complete, and we are evaluating it. 

In the area of waveguiding in photonic lattice
structures, we demonstrated efficient waveguiding in 2-D
photonic lattice structures and are the first to demonstrate
waveguiding in 3-D photonic lattices. Much of this work is
summarized in the August 2001 MRS Bulletin. The 3-D
waveguide appears on the front cover of the publication. 

Although it was not in our original proposal, we
fabricated hollow waveguides in which the 1-D mirror
confines light in a hollow tube. These structures have been
proposed sporadically by various groups since the sixties;
however, they are difficult to fabricate, especially on a small
scale. These devices can be thought of as one-photonic lattice
mirrors (Bragg reflectors) that are formed into a tube. We
successfully fabricated such structures, and the initial results
indicate reasonable propagation losses and low coupling
losses. These structures are structurally very similar to the
channels being developed for bio-MEMS/microfluidics. There
may be significant value to having a single platform, which
can be used to channel both light and fluids. 

Sandia National Laboratories LDRD Annual Report 2001 204

Refereed
Fleming, J. G., and S. Y. Lin. 2001. “Waveguiding in
MEMS-Compatible Three-Dimensional Silicon
Photonic Lattices.” Proc. Transducers ’01
EuroSensors XV 2 (Munich, Germany, June):
1344–1347.

Lin, S. Y., J. G. Fleming, and E. Chow. 2001. “Two-
and Three-Dimensional Photonic Crystals Built with
VLSI Tools.” MRS Bulletin 26(8) (August): 627–631.

In the area of waveguiding in

photonic lattice structures, we

demonstrated efficient

waveguiding in 2-D photonic

lattice structures and are the

first to demonstrate

waveguiding in 3-D 

photonic lattices. 



26518

II-V:Boron-Based Semiconductors for
Optoelectronic Materials and Device Studies
J. F. Klem, E. D. Jones, N. A. Modine, K. Leung, S. R. Kurtz

We are continuing Sandia’s award-winning work on
vertical-cavity surface-emitting lasers (VCSELs). VCSELs
offer high efficiency, excellent beam quality, and
manufacturability. A VCSEL operating at 1.3 µm to 1.55 µm
would revolutionize communication technology. Current
promising materials are based on indium gallium/arsenic
nitride (InGa/AsN) or gallium arsenic antimonide (GaAsSb),
both grown on gallium arsenide (GaAs) substrates where the
superior thermal conductivity and index contrast of aluminum
gallium arsenide (AlGaAs) distributed-Bragg-reflector (DBR)
mirrors can be employed. However, because of poor valence
or conduction band alignments, these systems do not satisfy
the needed temperature stability. We believe the gallium
arsenic antimony nitride (GaAsSbN) material system is a
superior candidate for the 1.3 µm to 1.55 µm semiconductor-
laser system because GaAsSbN offers fewer difficulties with
strain-layer growth and can span a range of bandgaps from
0.8 eV to 1.2 eV (1.55µ to 1µ). However, lack of basic
information on this alloy restricts its use in semiconductor
devices. Therefore, we will thoroughly investigate the
GaAsSbN alloy system. The growth of this material for laser
applications is completely new and has not been investigated.
The material properties of this alloy are poorly characterized,
and the material affords an excellent opportunity for Sandia’s
world-class expertise in growth and characterization of novel
semiconductors. This investigation will also enable us to
expand the understanding of dilute-nitride alloys beyond our
existing world-class efforts in InGaAsN. For this project, we
assembled a research team that has demonstrated leadership
in the research and device community through publications,
invited presentations, and record device performance in
developing new semiconductor alloys.

Sandia is using local-density approximation (LDA)
first-principles calculations to show that replacing 6.3 percent
of the As atoms in GaAs with Sb decreases the bandgap of the
artificially ordered alloy by 0.10 eV, while increasing the
lattice constant by 0.5 percent. Similar calculations for indium
gallium arsenide (InGaAs) with 6.3 percent In indicate that the
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bandgap is reduced by 0.08 eV, while the lattice constant is
increased by 0.4 percent. This confirmed that Sb should be an
effective alternative to In as an additive to GaAsN used to
further lower the bandgap while matching to the GaAs lattice
constant.

We surpassed our theory milestone by theoretically
studying clustering effects in gallium boron arsenide (GaBAs)
and GaAsSb. The main conclusion of these calculations is that
boron (B) atoms interact more strongly than Sb atoms, and as
such, the B clustering causes a greater spread in the bandgap
than for possible Sb clustering. This suggests that carrier
localization due to clustering and/or composition fluctuations
may be less of a problem in GaAsSb than in GaBAs.

We performed a study of growth conditions that led to
nitrogen (N) incorporation into GaAsSb. Using x-ray
diffraction (XRD) in conjunction with photoluminescence
(PL), we found that use of TMSb (tri-methyl-antimonide)
enabled us to incorporate N when DMHy (di-methyl-hydride)
was added, while, if TESb (tri-ethyl-antimonide) were used as
the Sb precursor, subsequent addition of DMHy produced no
incorporation of N.

We experimentally studied the optical and electrical
properties of XGaAsN (X=In, Sb, B) materials as a function
of growth technique. To determine whether some of the
properties of InGaAsN were caused by metal-organic
chemical-vapor deposition (MOCVD)–related impurities
(hydrogen, carbon, oxygen, and others) or growth conditions,
(e.g., deficient group V flux), we performed comparative
studies on InGaAsN grown by molecular-beam epitaxy
(MBE) using a radio-frequency (RF) plasma, N source.
Summarizing, we find that annealed MBE material quality is
comparable to that of annealed, MOCVD–grown InGaAsN.
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The Integration of Advanced Photonics and
MEMS
J. G. Fleming, S. Y. Lin, C. T. Sullivan

Sandia is continuing to research microelectro-
mechanical systems (MEMS). In spite of considerable interest,
optical MEMS devices typically do not apply the range of
possibilities associated with the wave nature of light. Optical
MEMS devices usually consist of conceptually simple, but
structurally complex, mechanical systems—really just movable
mirrors. One interesting research area is that of ring
resonators and waveguide couplers. Physically, ring
resonators and waveguide couplers are relatively simple
structures, but could act as narrow, high-efficiency band
filters/drops and couplers. Difficulties in fabrication and
switching have hindered research. Applying MEMS might
resolve both difficulties. Moreover, the size scale of ring
resonators and waveguide couplers is almost ideal for MEMS;
small displacements give rise to large changes in optical
properties.

Perhaps because of relatively recent rapid progress in
fields that traditionally have not overlapped, the opportunity
exists to combine elements of the two fields—advanced
photonics and MEMS—to make significant technological
advances. To advanced photonics, MEMS can offer a simple,
manufacturable switch. On the other hand, advanced
photonics offers the ability, not just to reflect light in free
space, but also to confine light within waveguides where the
light can be efficiently manipulated, switched, and filtered.

Existing MEMS technology does not realize this added
functionality. With possibly the world’s premier surface-
MEMS capability, Sandia is in an excellent position to
integrate advanced photonics and MEMS research. Sandia
has world experts on advanced photonics as well as advanced
sensor groups; the latter are one of the potential beneficiaries
of MEMS advances. Furthermore, the devices of interest are
relatively easy to fabricate, so we could expect significant and
rapid progress with relatively little resource expenditure.

We made considerable progress on this project. We
designed two-level test structures with waveguides and also
devised resonator and coupler switches. We designed the
structures to work with a parallel plate-type switch. The
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narrow portion of the waveguide, in which the light couples to
the resonator or coupler, is supported by a thicker strut. To aid
coupling of light into the waveguide, the waveguide tapers out
in stages from the 0.2µ wide active area to 6µ at the input
side. The actuator and electrode portions are designed to have
a gradient in fill factor to allow for chemical-mechanical-
polishing (CMP) dishing to create a thin—approximately 0.5µ
high—active region while retaining a thicker—approximately
1.5µ thick—input-coupling region. Silicon-nitride (SiN) posts
support resonator rings off the substrate. We tested the design
and process flow first in polysilicon (poly-Si), which is readily
available and inexpensive. Using these test lots, we
demonstrated the SiN-pillar formation, narrowing down the
active portion of the waveguide, CMP dishing, polishing of
end facets, release of the parts by supercritical carbon dioxide
(CO2) drying and electrical actuation. Parts using existing
silicon-on-insulator (SOI) material have now been fabricated.
We know single-crystalline Si has better optical properties
than poly-Si; therefore, we will perform optical testing on
these structures and not on the poly-Si structures. We have
completed initial tests and observed wavelength dropping.
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Aging Mechanisms in Dormant MEMS
Structures
T. M. Mayer, B. C. Bunker, H. I. Kim, J. G. Kushmerick, D. R.
Jennison

Thin-polymer films can render microelectromechanical
systems (MEMS) surfaces hydrophobic, eliminating the
catastrophic effects of capillary-driven interfacial adhesion.
However, even treated surfaces can demonstrate strong
adhesion and stiction after long-term environmental exposures
resulting from aging and restructuring within the antistiction
films. The physics and chemistry of interactions between
micromachine components is poorly understood.
Consequently, micromachine performance as a function of
time and storage conditions (dormancy) cannot yet 
be predicted. 

This project will elucidate the mechanisms of property
evolution in hydrocarbon and fluorocarbon coatings with an
emphasis on self-assembled monolayers (SAMs). Sandia will
employ a suite of in situ experimental probes to determine (1)
how the molecular structures and compositions of MEMS
surfaces change with time and environmental exposure, (2)
how these molecular changes influence the interfacial
adhesion between well-defined, nanometer-scale, single-
asperity contacts, and (3) whether models based on molecular
and nanoscale experiments can be used to predict the evolving
interactions between rough surfaces in model micromachine
components. The result of this project will be the development
of physical/chemical models for dormancy in MEMS that
spans molecular-, nanometer-, and micron-length scales. The
model will provide a framework to evaluate MEMS
environmental and packaging requirements and to develop
more robust MEMS designs and antistiction coatings. This
project will provide experimental input to and validation of
simulated interfacial phenomena for both molecular-scale
dynamics of contacting surfaces and mechanical modeling of
realistic MEMS structures.

We made significant progress in evaluating the
stability of fluorinated alkylsilane films in humid
environments. We measured adhesion and friction properties
of a number of films as a function of humidity, defined long-
term testing protocols for initial screening and detailed
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accelerated test conditions, and assembled the experimental
and theoretical tools necessary to carry out the remainder of
the first-year milestones. We concentrated on interactions of
water vapor with monolayer organosilane films. We observed
the degradation and sensitivity to water adsorption of films
formed by vapor deposition from fluorinated
octyltrichlorosilane (FOTS) and octyldimethylaminosilane
(FOAS). We found that as-deposited FOTS films are unstable
in humid environments and restructure to form small globules
on the surface. This is accompanied by significant adsorption
of water vapor and an irreversible increase in the frictional
properties of the film. This behavior is caused by poor binding
of the film to the substrate and can be mitigated by annealing
to drive condensation reactions with surface hydroxyl groups. 

Films formed from FOAS, however, are strongly
bound to the surface after deposition at room temperature and
show no evidence of degradation from humidity at room
temperature. Statistical screening measurements of film
degradation at more extreme exposure conditions are under
way. We have also initiated computational models of silicon
dioxide (SiO2) surfaces and interaction of film head groups
with this surface. 
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MEMS in µFluid Channels
C. I. H. Ashby, M. P. de Boer, E. F. Hasselbrink, C. M. Matzke, D. Y.
Sasaki, G. D. Bachand, M. Okandan

Microelectromechanical systems (MEMS) comprise a
new class of devices that include various forms of sensors and
actuators. Recent studies show that high-sensitivity MEMS-
cantilever structures—appropriately functionalized with
chemically sensitive films or biological receptors—are able to
detect a wide range of chemicals, biomolecules, or even single
bacterial cells. In this approach, cantilever deflection replaces
optical-fluorescence detection, thereby eliminating complex
chemical-tagging steps that are difficult to achieve with chip-
based architectures. A key challenge to utilizing this new
detection scheme is the incorporation of functionalized-MEMS
structures within complex microfluid (µfluid)-channel
architectures. Achieving this integration is currently limited by
the processing approaches used to seal lids on pre-etched
µfluid channels. 

This project will combine Sandia’s leading capabilities
in MEMS processing with our newly developed low-
temperature photolithographic method for fabricating µfluid
channels to construct MEMS-instrumented µfluidic chips.
Sandia will initially apply this approach to immunospecific
detection of bacterial cells in collaboration with Cornell
University. We will also explore in situ cantilevers as a new
approach to directly monitor fluid transport within
microchannels. Cantilever-based detectors offer aN (10-18)-
force sensitivity that can be used to detect local flow rates and
pressure gradients within µfluidic channels. (Localized
pressure and flow instruments are currently not available but
are critical to optimizing µfluidic architectures.) Initial work
will focus on passive MEMS structures; later in the project we
will extend this new integrated approach to incorporate
actuated MEMS that can be used to direct or otherwise modify
µfluidic-flow environments.

A key challenge in this project is to fabricate leak-
proof microchannels that can be loaded with liquid samples to
undergo pressure-driven or electroosmotically driven flow
past cantilevers. We successfully fabricated leak-proof
microchannels over cantilevers. Our new dielectric
microchannel-formation process employs continuous
sequential deposition of layers of high-density-plasma
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(HDP)–deposited silicon oxide (SiOx) and silicon oxynitride
(SiOxNy). The HDP SiO is similar to thermal silicon dioxide
(SiO2) and serves as an inner-channel surface that is inert
toward the aqueous solutions that have been tested to date.
The SiOxNy comprises the bulk of the electron cyclotron
resonance (ECR) film because of its mechanical resiliency.
The trilayer structure displays low stress (12 MPa) and is
mechanically robust. The composite trilayer film
(SiOx/SiOxNy/ SiOx) is deposited over patterned photoresist
that covers the cantilevers. The photoresist is removed by
dissolution in acetone after the deposition, and Fourier-
transform infrared (FTIR) analysis shows no photoresist
residue after dissolution. We assembled a leak-proof
interconnect for introducing fluids into the microchannel using
capillary tubes attached to the open ends of the microchannels.
We also successfully investigated Si rubber as a material for
fabricating microchannels. We constructed microchannels over
arrays of cantilevers fabricated at Sandia in the Materials
Development Lab and over individual cantilevers fabricated at
Cornell University that were positioned both parallel and
perpendicular to the microchannel axis.

We monitored local flow rates and pressure gradients
optically by incorporating cantilevers into the flow stream.
Additionally, we monitored the response of protein-coated
beads flowing past nanoporous media. Fluid flow across the
cantilevers caused bending because of shear surface-stress on
the top and sides of the cantilevers. Differential deflection of
the microfabricated cantilevers allowed them to act as novel
pressure-sensor devices for microfluidics. The microchannels
also allowed for the behavior of protein-coated beads to be
measured using pressure-based flow and electroosmotic flow.
Using pressure-based flow, the beads flowed past the
nanosized pores, “ignoring” their presence. In contrast, the
proteins sought out the pores and became immobilized in
them under electroosmosis, revealing that electric fields
strongly influence protein-pore interaction. 
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Dispersive Photonics for Next-Generation
Sensors and Microsystems
G. A. Vawter, M. J. Hafich, G. R. Hadley, S. Y. Lin, W. J. Zubrzycki,
C. R. Alford, J. R. Wendt, D. W. Peters

Artificially structured photonic-bandgap (PBG)
materials are commonly investigated for their unique ability to
block and guide light. However, an exciting aspect of PBGs
that has received little attention is the extremely high
refractive-index distortion near the edge of the bandgap but
within the range of frequencies capable of propagating within
the PBG material. In fact, a recent suggestion is that a
negative-refractive index may be realized with the correct
PBG configuration. 

Sandia proposes to investigate, both numerically and
experimentally, the design and performance of such PBG
materials intended to optimize the “distortion” of refractive
index to realize new classes of photonic devices. For example,
stripes of positive and negative refractive index form a planar
“lens train” capable of guiding light much like a sequence of
spherical lenses guides a Gaussian beam. Quadrants of
positive and negative index will form a resonant optical cavity
without mirrors or waveguides of any kind.

These optical properties of PBGs are expected to yield
new and unexpected applications as understanding and
fabrication technology develop in the next few years. Guided
light might be focused to extremely high intensity and used to
probe micro- or nanocavities filled with organic material in a
chemical- or biological-sensor role, such as cytology. Or the
refractive index of a fluid could be monitored with a very
sensitive threshold wherein the strong index distortion effect
would dramatically alter the optical properties of a waveguide
or resonant cavity.

Sandia has created a new numerical model to compute
the out-of-plane losses for a general class of photonic-crystal
(PhC) waveguides formed by the superposition of a two-
dimensional (2-D) PhC onto a slab-confinement structure. We
use this model to calculate the propagation loss of a single-
row-defect waveguide composed of hexagonal air holes
etched into two different slab structures. We interpreted the
results in terms of a simple coupled-mode-theory picture
where loss results from coupling by the waveguide
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corrugation between the fundamental mode and certain
radiative slab modes. This picture in turn suggests that low-
loss PhC waveguides should be possible through carefully
engineering the radiation modes of the slab waveguide.

Planar PhC waveguides are of interest because of ease
of fabrication and potential for highly dispersive behavior.
Unfortunately, these waveguides are not without loss because
of possible radiation out of the epitaxial plane. To be of
interest in lightwave circuits, the losses must be demonstrated
to be of an acceptable magnitude. Such devices have been
fabricated and demonstrated to guide light, but accurate
quantitative measurements of waveguide loss have rarely been
reported. When such measurements are reported, the
measurements are usually in the range of 15 to 100 cm-1.
Therefore, determining whether such waveguides can be
designed and fabricated with significantly lower losses, (e.g.,
below 5 cm-1) is of great importance. 

In our method, the 3-D Helmholtz equation is solved
by finite-difference (FD) techniques for the complex
propagation constant of such a PhC waveguide. The results
show significant detail of light propagation and sensitivity to
the slab geometry. Results suggest both a simple coupled-
mode-theory picture of the loss mechanism and possible low-
loss designs.

For the present study, circles of 0.264 µm diameter
arrayed in a hexagonal pattern with lattice constant λ = 0.44
µm were assumed to be etched about 2 µm into two different
common slab geometries using either aluminum oxide (Al2O3)
or aluminum gallium arsenide (AlGaAs) lower-slab layers.
The resulting computed power loss as a function of the
normalized wavelength for both slab geometries shows a
series of high-loss resonance peaks separated by lower-loss
regions. The calculated best loss for the Al2O3 structure is 10
cm-1 over a 130 nm wavelength range and, for the AlGaAs
structure, 40 cm-1 over a 70 nm wavelength range. Thus, the
predicted propagation loss for the Al2O3 slab geometry is
already close to being in an acceptable range for general
utility and is considerably below measured values reported to
date.
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We were also successful in setting up frequency-
domain models of PhC band structure. We use these models to
calculate the direction of propagation of light within a 2-D or
3-D PhC as a function of the wavelength of light. Unlike
common optical materials, only specific wavelengths of light
will propagate across a PhC in any given direction. This
characteristic is key to our interest in exploiting the dispersive
nature of PhC for new and useful optical devices. With this
model in place, we can now design PhCs in both frequency
and spatial domains.
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Emerging Threats

The project “Surface Decontami-
nation of Bacterial Protein Toxins
by RF Power” is based on a radio-
frequency electromagnetic (nonion-
izing radiation) method of decon-
tamination. This method of decon-
tamination requires no water, no
drying, and no cleanup, and offers
very fast inactivation of bacterial
protein toxins. Further, it penetrates
joints, bearings, and other difficult-
to-reach surfaces. The photon energy
is so low that photocurrents and
electrostatic discharge effects are
not produced so that sensitive equip-
ment is not at risk. This method

operates by irreversible alteration of
the conformation of biomacro-
molecules. It is energy efficient,
leaves no residue, and may be
applied either by scanning or all at
once in a multimode cavity. One
patent disclosure has been filed by
this project.

The Emerging Threats invest-
ment area addresses Sandia’s
national security mission by develop-
ing and applying high-impact
responses to emerging security
threats. Focus areas for research
include the development of new
national security capabilities for
focused logistics, difficult targets,
modeling and simulation, minimally
manned warfare, and protection of
the homeland. The research concen-
trates on innovations that enable
the development of new system
concepts and architectures projected
for future operations in these areas.
This goal is accomplished primarily
through partnerships to broaden the
application base for Sandia’s
mission-driven technologies.
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10368

Surface Decontamination of Bacterial Protein
Toxins by RF Power
R. P. Toth

This pilot project is investigating the feasibility of
using radio-frequency (RF) power to decontaminate bacterial
protein toxins dried onto various surfaces that mimic the
surfaces found on vehicles, including surfaces coated with
radar-absorbing material (RAM) and the thin, three-
dimensional webs that simulate fabrics. In previous work,
Sandia focused on developing RF equipment: a W-band
extended interaction oscillator; a near-field–focused elliptical
antenna; and a rectilinear scanner; and on using that
equipment to inactivate a toxin surrogate, the
neurotransmitter enzyme acetyl choline esterase. This year we
continued to work with the procedures and assay methods
previously developed, with the goal of successfully
inactivating Kanagawa hemolysin toxin.

This year we applied RF equipment and developed
process and analytical methodologies for toxin surrogates in
previous work. We accomplished the following tasks:

• Selection of the toxin. Selection of the toxin was
driven by considerations of safety, relevance to threat toxins,
thermostability, and ease of use. The last point devolves to
avoiding toxins on the Centers for Disease Control’s (CDC’s)
Select Agent list and suitability of spectrophotometric assay.
The other considerations are self-evident, with the possible
exception of a requirement for thermostability. Thermo-
stability is desirable because it provides a control for simple
thermal denaturation while under RF exposure. The toxin
selected for these studies was a hemolytic toxin from Vibrio
parahemolyticus that is named for the prefecture in Japan
where it was characterized following episodes of food
poisoning from fish. This bacterial protein toxin has a
molecular weight of 42,000 and is composed of a dimer. It is
thermostable (i.e., not inactivated by heating to 80°C to 90°C
for 10 minutes); it is directly hemolytic; and it consists of 165
amino acid residues with a single disulfide bond. It is encoded
by nine genes, only one of which is on a plasmid. It is a pore-
forming toxin with a receptor that is Ca++ independent. In
human erythrocytes, the hole produced in the cell membrane
is about 2 nm. Injected intraperitonially in microgram doses, it 
is toxic to mice due to cardiotoxicity. 
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• Spectrophotometric assay of toxin activity/
inactivation. The assay method selected was based on 
spectrophotometric detection of hemoglobin (HGb) released
through the pores formed in ovine erythrocyte suspensions.
HGb standards (15, 30, 45 mg/l) were used to calibrate the
spectrophotometer. The basic reactions employed were
conversion of HGb to met-hemoglobin by ferricyanide, with
further conversion via cyanide (Drabkin’s Reagent) to form
cyanmet-hemoglobin with a strong absorption peak at 530 to
550 nm. 

• Toxin application and recovery methods on a variety
of surfaces. The toxin was tested before and after drying on
the target surface, as well as before and after RF exposure.
Controls for autolysis of the erythrocyte suspension were
performed before and after runs.

• Estimation of drying and rehydration cycle effects.
As in the toxin surrogate studies in our previous work, drying
did not produce the expected 2 log inactivation. On the
contrary, drying of reconstituted Kanagawa hemolysin toxin
produced less than 10 percent inactivation. 

• RF exposure effect on the primary activity of the
selected bacterial protein toxin. RF exposure inactivated the
toxin. Standing-wave exposure of thin three-dimensional
targets reduced the activity by about 40 percent. Tests on
RAM materials produced half of that inactivation. We
speculate that the reduced effect is due to the difficulty of
establishing a standing-wave field on such a lossy material.
The total RF power produced at W-band is only 60 W. It was
coupled to the surface, to be decontaminated by a Cassegrain
feed, elliptical reflector with a roughly 60 to 65 percent
aperture efficiency. The antenna was about 20 inches in
diameter and produced a diffraction-limited spot size (half-
power, full-width) of 7 mm to 8 mm. The spot was scanned
over the surface with a dwell time of about 100 µsec. We
tested both traveling-wave and standing-wave exposures.

These pilot-level results suggest that full-scale tests are
warranted. These results also indicate how an operational
system would be configured: (1) higher power (not the 60 W
used here), (2) multilateral exposure with a high-Q (high-
quality) chamber (not the scanned spot used here), and (3)
dwell times in the order of a minute (not the one-tenth second
used here). This sort of design would be useful to
decontaminate reconnaissance vehicles such as remotely
piloted vehicles flown through a toxin cloud.
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Intense White-Light Pulse Propagation in Air
Using Self-Guided Optical Filamentation:
Applications to Remote Sensing and
Countermeasures
S. M. Cameron, T. S. Luk, A. C. Bernstein

Recent experimental observations of stable, self-
guided light propagation of gigawatt peak power femtosecond
optical pulses through the atmosphere over long distances
(about 100 m) without diffraction divergence has important
ramifications for laser-beam transport, directed-energy (DE)
weapons, and optical remote sensing. Stabilization of the
laser channel is attributed to a dynamic balance between the
Kerr self-focusing nonlinearity in air and the combined effects
of normal diffraction and refractive defocusing from the
induced ionization column. Conical white-light emission
associated with the propagating light channel can be used for
multispectral remote sensing over long distances. By using
spatial adaptive control, temporal pulse shaping, and
dispersion compensation to manipulate onset and stability of
the self-focused beam-forming process, optical energy can be
concentrated in a prescribed focal volume at predetermined
range for remote sensing at high field intensity.

In previous work, Sandia characterized spectral
brightness, spatial distribution, and angular divergence of 
conical white-light emission produced by nonlinear
propagation of 800 nm femtosecond pulses in air. We also
measured parametric studies of how laser energy and initial
chirp condition affect the spectral brightness of the conical
emission. We identified optical processes responsible to key
spectral features in the white-light spectral distribution and
also made spectral brightness and angular divergence
comparisons with the white-light generation produced in
water. The spectral brightness measurements covered the
spectral ranges from 0.4 µm to 1.6 µm. We made similar
measurements on the continuum generation produced by
nonlinear propagation in air, using 400 nm femtosecond
pulses. By comparing the characteristics of these two
wavelengths, we determined key mechanisms responsible for
the white-light continuum generation. To determine
fundamental nonlinear parameters and limitations in our
numerical model, we developed our numerical simulation
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effort and compared the experimental data on the spatial and
temporal collapse of the femtosecond pulses. Combining the
nonlinear propagation model and experimental result allowed
us to develop an accurate model to predict the achievable
intensity at range.
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HPM Vulnerability Assessment and Tests
L. D. Bacon, G. J. Denison

High-power microwave (HPM) technology has
matured to the point where practical electromagnetic (EM)
weapons are becoming technically feasible. One opportunity
for this type of directed energy (DE) is a terrorist attack on
our infrastructure. This project concentrates on only one type
of system—hand-held radios. 

The major initial challenges are modeling and
simulation, and the development of a source designed for
close-range, in-chamber effects research on target electronics.
Sandia is also assessing electronic system susceptibilities to
HPM attacks causing system upset for one specific system,
with the view that this process can be applied to other more
complex systems and scenarios. We are examining (1) possible
entry path(s) of EM energy into a critical system, and (2)
interactions with electronic circuits that may cause upset or
latchup leading to damage and the EM parameter set
(frequency, power level, pulsewidth, repetition rate, etc.) that
exacerbates these tendencies. 

To better understand an HPM system’s vulnerability at
the component level, we tested specific circuit elements for
damage. Once we determine HPM system requirements, we
will carry out validation tests and work on critical
components of an HPM system. Our work consists of three
aspects: (1) vulnerability assessment to determine HPM
transmitter parameters, (2) development of an HPM system,
and (3) modeling and simulation.

Our goals are to
• Determine specific target systems and perform a

vulnerability assessment.
• Build a nonfrequency-tunable HPM transmitter.
• Design a frequency-tunable HPM system.
• Conduct HPM tests of the radio.
• Do tests aimed at a comparison of the vulnerability

assessment and actual effects.
Two major efforts—computer modeling and simulation

of effects, and an experimental effort that included testing
targets for effects—were required to meet current objectives.
We added new systems to our test matrix, which now includes
a variety of radio types. Our specific tasks were to
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(1) Complete HPM tests and compare those results
with code results. The tests were carried out in different
frequency bands for two different types of assets in transmit
or receive. We tested a variety of radios in a test-cell chamber
and a mode-stirred chamber.

(2) Model and simulate effects at 1 GHz and higher
frequencies (narrowband). The modeling was extended to
include chaotic/nonlinear effects. 
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Dispersible Granular Sensor (Smart Sand)
for Landmine Detection Based on TNT
Immunoassay
C. J. Brinker, C. S. Ashley, B. G. Hance, J. S. Schoeniger, A. K.
Singh

Trace chemical sensing of nitroaromatic explosives in
soil can provide useful information for the detection of buried
landmines or other unexploded ordnance, especially when
combined with complementary information from physical
detection methods. Environmental fate and transport studies
of explosives in soil indicate that 2,4,6-trinitrotoluene (TNT)
and similar products such as dinitrotoluene (DNT) are major
contributors to the trace chemical signature emanating from
buried landmines. Chemical analysis methods under
development have great potential to detect landmines or to
rapidly classify electromagnetically detected anomalies as
landmines versus landmine-like objects. However, these
chemical methods are currently confined to point sensors.

Sandia produced prototype granular sensor particles
that are designed both to preconcentrate signature chemicals
from the environment and to provide easily detectable changes
in visible fluorescence when exposed to nitroaromatic
explosives. In contrast to existing chemical methods confined
to point sensors, Sandia’s method can remotely determine the
presence of nitroaromatic explosives in surface soil, utilizing a 
novel distributed granular sensor approach in combination
with ultraviolet visible (UV-vis) fluorescence light detection
and ranging (LIDAR) technology. We produced prototype
sensor particles that combine sample preconcentration,
explosives sensing, signal amplification, and optical signal
output functions. These particles can be sprayed onto soil
areas that are suspected of explosives contamination. Using
these sensor particles in conjunction with our fluorescence
LIDAR spectrometer system, we demonstrated the detection
of 1 part per million TNT in soil from 2-inch-diameter natural
soil targets at a standoff range of 0.5 km. In addition, we used
a laboratory fluorescence imaging system to demonstrate
spatially resolved detection of TNT in soil. While our
prototype tests primarily have used TNT, we demonstrated the
fluorescent polymer used in formulation of our sensor
particles to be sensitive to 2,4-DNT as well. This is an
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important signature compound for trace chemical detection of
buried landmines.

Sensor particles are made by depositing appropriate
fluorescent materials from solvent solution into carrier
particles. The fluorescent optical response of the particles to
TNT and DNT is provided by doping the particles with a
small amount of a fluorescent polymer (C14 polymer,
supplied by Nomadics, Inc.). By design, the fluorescence
emission spectrum of the distributed particles is strongly
affected by absorption of nitroaromatic explosives from the
surrounding environment. 

C14 exhibits a very sensitive amplified response to
nitroaromatic explosives due to oxidative quenching of the
highly delocalized excited state of the polymer. C14 exhibits
an absorption maximum at about 430 nm, with emission
maximum at about 460 nm. A second fluorescent polymer, p-
bis(o-methylstyryl)-benzene (MSB), which absorbs at about
360 nm, exhibits multiple emissions at 400 to 420 nm (near
the absorption maximum for C14), and has no response to
nitroaromatic compounds, was included in the particles to
serve both as an internal standard and as an optical pump for
C14. We prepared TNT- and DNT-doped soil samples by
sieving and drying natural soil. We used analytical-grade DNT
or recrystallized military-grade TNT to prepare samples doped
to a concentration of 10 mg/kg or 100 mg/kg, respectively. We
prepared lower concentrations by dilution with clean soil. We
prepared hockey puck samples containing 10 g of soil
sprinkled with about 1 mg/cm2 particles and covered with a
quartz window. 

We used a laboratory fluorescence spectrometer or
remotely used a portable LIDAR laboratory to obtain spectral
measurements. Using about 1 mg/cm2 coverage of the sensor
particles on natural soil, we observed significant spectral
changes due to TNT concentrations in the parts-per-million
range (a milligram TNT per gram of soil) on 2-inch-diameter
targets at a standoff distance of 0.5 km. We also used these
field measurements to validate calculations of fluorescent
signal/noise for the granular sensor particles, as a function of
several variables, including particle and receiver
characteristics, standoff range, pump laser characteristics, and
particle coverage.
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Dexterous Robotic Manipulation of
Hazardous Materials in Unstructured
Environments
P. C. Bennett, T. S. Gladwell, M. J. McDonald

Sandia has developed the science and technology base
required to revolutionize the remote manipulation of
hazardous materials in difficult, unstructured environments.
Dexterous remote manipulation is required by the Department
of Energy (DOE) and other organizations to safely and
quickly respond to increasing numbers of encounters with
unexploded ordnance (UXO), such as munitions, mines, and
improvised devices left by terrorists. The science base created
at Sandia includes advances in geometric reasoning, sensor
fusion and model-building, automated planning, and task-
based reasoning. These advances are motivated by the need to
reduce risk to explosive ordnance disposal (EOD) and other
field technicians, who are frustrated by the slow, unsafe,
primitive remote manipulation capabilities available on the
market today.

The engineering motivations for constructing such
systems are the need to determine how laboratory
technologies such as sensing and control perform when
actually fielded, and how they are best integrated. The first
motivation advances the science of component technologies by
establishing limits on their practical use and identifying flaws
in accepted problem definitions. The second motivation also
establishes limits on component technologies and allows them
to successfully coexist with one another. This knowledge
increases successful transition of technologies to the field.

The system that Sandia built was originally envisioned
as teleoperated, but now includes significant autonomy to
lessen operator burden. Autonomy will be in the form of
automatic planning of manipulator motions required to
manipulate objects or perform operations at locations
designated by the operator. Autonomy requires high-
bandwidth force control responses that enable safe contact
operations. With the manipulator mounted on a mobile
vehicle, the system is capable of performing tasks such as
opening unlocked doors and going through them, deploying
inspection devices, and unscrewing fuses autonomously under
task-level direction of an operator.
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Increased use of computer-based motion planning and
sensor-based control allowed us to integrate advanced
capabilities that we had not originally planned. We were able
to move from teleoperation to assisted (telerobotic) and
automated operations, which substantially reduced operator
burden during task execution. Examples of this include
automated stowage and deployment of manipulators
regardless of starting point, replay and rewind of the last
movements, automated camera tracking of the tool tip, and
visual targeting implementation.

Visual targeting enabled the operator to draw on a
camera view, designate points and lines, and command robot
actions based on the designated items. The operator could
designate objects such as a pipe bomb, provide position,
orientation, and length information, and then with a push of a
button, command the system to pick up the pipe or to properly
align a weapon to destroy it. We incorporated work from
others to enable the interface, and we developed automated
path-planning algorithms to enable the button command.

We implemented automated camera tracking of the
remote system tool tip after observing that up to 40 percent of
the time required to execute an operation was spent adjusting
camera views. Operators can now select this option by
pushing a graphical user interface (GUI) button that initiates a
kinematic tracking of the tool tip and automatic aiming of the
camera’s pan-tilt unit. 

We implemented a reachability check on the system to
determine if an operator-selected action could be executed on
the designated object. Predicated on the kinematic knowledge
of the robot’s capabilities and the input available from visual
targeting, the system could determine if the robot could reach
the object with the required orientation; if not, robot motion
would not execute, and the operator would be notified of 
the issue.

We implemented visual three-dimensional feedback for
preview and augmented view of operations, which eliminated
the need for frequent camera adjustments to reascertain the
current manipulator configuration. In addition, individual
joints in the graphical representation turned red when joint
limits were reached, thus communicating to the operator the
reason the robot had ceased movement even though a
command to move was still being sent.
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Successful demonstrations based on user-community
interactions included the following:

• We recovered improvised explosive devices from
building and car situations and placed them in mock
containment vessels for removal from the vicinity. 

• We aligned disruption weapons with target devices,
and users verified proper placement. 

• We emplaced x-ray equipment, made x-ray
recordings, and recovered the recordings in approximately 4
minutes without direct human intervention, which is
approximately five times faster than baseline capability. 

• We opened car and building doors to access devices
placed in indoor and outdoor scenarios, then conducted
confined space searches, including access to glove boxes. 

• We accomplished computer-assisted key insertion
and turning to gain access to car trunks and doors. 

• We consistently carried out automated and computer-
assisted tool changing in the course of all demonstrations.

Interactions with the user community were extensive
during the development and implementation of the above
technologies. Community participants included DOE/National
Nuclear Security Administration (NNSA) emergency response
personnel, the interagency counterterrorism Technical Support
Working Group, Albuquerque Police Department Bomb
Squad, international counterterrorist operators, and the U.S.
Armed Forces. 
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Autonomous Dynamic Soaring Platform for
Distributed Mobile Sensor Arrays
M. B. E. Boslough, L. C. Marron, R. J. Pryor

Among the greatest practical challenges to the
realization of robotic swarms is the relative lack of rapid
mobility and the limited power supply associated with
currently available autonomous devices. Unmanned airborne
vehicles (UAVs) are particularly constrained because they
must consume significant power just to stay aloft. This
constraint limits the potential application of UAV swarms
unless the individual vehicles can derive locomotive energy
from the local environment. It is, however, theoretically
possible (as has been demonstrated with support from flight
data collected in this project) for a robotic glider to remain
aloft and navigate by dynamic soaring in the shear boundary
layer near the Earth’s surface, or in separation flow on the
leeward side of a topographic high. 

Dynamic soaring was first described in the nineteenth
century. It is the means by which many species of albatross
cover vast distances of the ocean without flapping their wings.
Moreover, the flight cycle required to derive energy from the
wind velocity gradient is a circuitous pattern of climbing
upwind, turning and diving downwind, and turning back
upwind. This cycle allows vast areas of the sea to be scanned
with no net expenditure of flight energy. The Wandering
Albatross, Diomedia exulans, has been observed to follow
ships for several days in a row.

The same method that optimizes foraging for seabirds
can be applied to search, tracking, sentry, and monitoring
problems. With communication links, a collective intelligence
can be designed that improves on nature.

We modified our goals significantly from our original
proposal to focus on software development and flight
simulations at the expense of hardware and actual flight tests.
We developed a generalized genetic programming tool called
YGP and fully integrated it with a flight behavior simulation
tool called Birdbox. We also developed a version of
FlightGear with which we can reproduce and display flight
test data as well as display evolved behaviors.

• YGP is a generalized version of a genetic
programming tool. In YGP, the data structure of the tree that
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contains the flight-control algorithm consists of multiple
arrays that keep track of state variables (for flight simulation),
calculated variables (for high-level situational awareness and
decisions), calculated integers (for policy table flags), registers
(genetically calculated values), and pointers (for multiple
decision trees that depend on policy flags). Array dimensions
are determined at compile time and depend on the evaluation
function, the number of degrees of freedom (DOFs) of the
flight vehicle, and whether the flight space is discrete or
continuous. By generalizing the genetic programming,
behaviors for any environmental rules can be developed with
the same code, from the most basic (4 DOFs, discrete space,
simple flight rules, fixed lift zone) to the most advanced (6
DOFs, continuous space, full aerodynamics, turbulent
boundary layer). We used the most basic example as a
benchmark because it runs much faster than a realistic
simulation. YGP demonstrated the fastest convergence that
approaches the best solution we have ever found for the
benchmark problem. We also developed a method of storing
behaviors so that they can be written and read across various
computational platforms. These trees are compact, with about
a one-kilobyte storage requirement per behavior. Finally, YGP
also has a generalized capability for communication among
vehicles, so that collective behavior and swarming can be
developed.

• Birdbox is a cross-platform flight simulator that we
developed primarily as a research tool. We used OpenGL,
Open GL Utility Toolkit (GLUT), and Open GL User Interface
(GLUI) libraries so that the simulator can be run in non-
Windows computer environments. Birdbox allows a
researcher to visually observe simulated gliders exhibiting
flight behaviors evolved with YGP. The user can modify the
following elements: camera rotation, camera translation,
number of birds, size of birds, texture mapping, water
animation, and screen update rate. GUI buttons provide the
underlying functionality by allowing the user to load a new
behavior file and switch to other environments. The data
window displays time and instantaneous information about the
bird state, such as distance, altitude, and current register. Birds
are rendered as paper airplanes, each with its own color and
shadow on the ground to locate the bird in the XY plane. The
same evaluation function subroutines that are used in YGP are
used in Birdbox, along with the same data structure and
traversal function for the decision trees that are evolved with
YGP. 
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• We adapted FlightGear as a flight visualization tool
for demonstrations. FlightGear is an open-source flight
simulator that incorporates LaRCsim, a NASA Langley
Research Center product that provides a full 6 DOF flight
model. We developed a new flight model inherited from
existing flight model C++ objects. The new model,
FDMAlbatross, enables the user to display flight paths
developed by any function capable of returning positions in a
Cartesian space, thereby allowing any evolved flight trajectory
to be displayed. FlightGear also holds promise as a full
aerodynamics simulation tool that can be combined with YGP.
Most major geographic features such as bodies of water,
mountain ranges, and valleys can be displayed using
FlightGear, giving researchers the ability to visualize the
performance of a particular flight behavior in
various locations.
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10381

Miniature UV Fluorescence–Based Biological
Agent Sensor
K. L. Schroder, R. M. Biefeld, J. Han, P. J. Hargis, Jr., R. F. McCoy,
Jr., A. J. Fischer

To date, efforts in developing nitride-based emitters
have focused mostly on visible (blue and green) light emission
using indium gallium nitride (InGaN) as the active region.
Ultraviolet (UV) applications using gallium nitride (GaN) and
aluminum gallium nitride (AlGaN) have remained relatively
unexplored. Sandia aims to fabricate a UV light-emitting
diode (LED) in a recently established metal-organic chemical
vapor deposition (MOCVD) facility that has demonstrated the
growth of GaN materials with structural, optical, and
electrical quality comparable to the best reported thus far. 

This project will develop a miniaturized UV
fluorescence biosensor based on UV LED and miniature
spectrometer technologies that Sandia is currently developing.
Sandia will evaluate the performance of an LED operating at
360 nm in biofluorescence measurements. The LED is based
on the AlGaN family, which has direct optical bandgaps from
364 nm GaN to 200 nm (aluminum nitride [AlN]). The wide
wavelength range of these materials makes them attractive as
compact UV light sources. 

Our specific goals are (1) to develop novel UV LED
light sources, (2) to demonstrate their usefulness for the
detection of biomaterials, (3) to develop a miniature
spectrometer for biofluorescence measurements, and (4) to
culminate in the design for a prototype instrument that can be
used for demonstration measurements. 

• LED development. Considerable work has been done
on the growth and processing of GaN–based UV LEDs. Initial
studies focused on the internal structure of the LED active
region (e.g., quantum-well [QW] width, barrier width, doping
levels), but did not result in a significant increase in LED
performance. Improvements in the low-temperature buffer
layer, where the GaN film initially nucleates on the sapphire
substrate, have dramatically reduced the number of threading
dislocations in our GaN material. Threading dislocations are
known to be nonradiative recombination centers for GaN
grown on sapphire substrates and to reduce the overall
efficiency of LEDs. These improvements in the GaN
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nucleation layer resulted in a 15 times increase 
in LED performance, with output powers as high as 1.3 mW
at 20 mÅ for devices operating at 390 nm. Similar
improvements can be expected as for LEDs grown with
GaN/AlGaN QWs for emission at 350 nm.

LEDs have also been grown on low-defect-density
cantilever epitaxy (CE). CE is a lateral overgrowth technique
pioneered at Sandia that has been shown to significantly
reduce the number of threading dislocations and, hence, to
improve the optical efficiency of light emitters grown on GaN.
Our first LED wafer grown on CE substrates resulted in 1.3
mW of output power at 20 mW for a device operating at 390
nm. This result is very encouraging since we know that our
CE wafers are not optimized. We observed certain areas
across one LED device to be extremely bright, while other
areas did not emit light. Therefore, with improvements in our
CE substrates, we expect to produce LEDs that are much
brighter than those possible on planar sapphire substrates. CE
substrates will be particularly important for shorter-
wavelength LEDs where reductions in threading dislocation
density have been shown to dramatically improve device
efficiency.

• Spectrometer and detector development. Our efforts
focused on fiber coupling of gateable detector arrays suitable
to commercially available miniature spectrometers. We
acquired several miniature spectrometers for evaluation. None
of these commercial units is available off-the-shelf with
detectors suitable for temporally gated biofluorescence
measurements. We selected two types of gateable detectors for
evaluation. The first is an array of individual miniature
photomultiplier tubes, and the second is an avalanche
photodiode array. Eventually, between 16 and 32 detector
elements would be required to spectrally resolve the
fluorescence signatures. For evaluation purposes, we acquired
four element arrays. We designed a fiber-coupling scheme for
coupling of the spectrometer output to the detectors and
fabricated fiber-coupling hardware.

• Prototype sensor system design and biofluorescence
measurements. We created a design for a prototype sensor
using a UV LED and miniature spectrometer. For this design,
a sample of bioorganisms in solution is placed into a cuvette
that is then placed in the prototype sensor. The sample is
illuminated by the LED, and fluorescence is detected by the
spectrometer. The current configuration uses a Zeiss miniature
monolithic spectrometer with a charge-coupled device (CCD)
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detector, but the new spectrometer and fiber-coupled detectors
can be readily incorporated. New biofluorescence
measurements have not yet been conducted with the
prototype. 
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Proton Beam Directed-Energy Weapon
M. G. Mazarakis, T. J. Renk

One of the most pressing U.S. emerging threats is the
MACH 2 sea-skimming missiles that are expected to be widely
available to opposing naval and shore offensive forces. The
time available from detection to destruction is only 10–20 sec.
A rapid-response, total-lethality, flexible-aiming and -firing
defensive system is essential for continued protection of the
U.S. naval fleets, and carrier battle groups, in particular.
Sandia is developing a concept design of a new type of
directed-energy (DE) weapon based on high-energy particle
beams. Not only could it be capable of destroying the missile,
but also of neutralizing any biological or chemical agent
before destruction. Partial beams, propagating with velocities
close to the speed of light, could deliver onto the target lethal
energy.Multiple pulses could easily destroy a target at a
required distance. The first application for evaluation is that
of terminal defense for naval vessels such as the aircraft
carrier. A longer-term, longer-range possibility is for theater
missile and ballistic missile defense, which is also being
evaluated in the simulation and modeling work.

This project successfully addressed atmospheric
propagation and target lethality. We defined the technical
parameters for system performance expectations and did not
identify any “show-stoppers.” We delineated accelerator
requirements and compared them with various accelerator
concepts. We developed a roadmap for future technology
development. 

Our study focused on several key issues and technical
parameters for this weapons concept, with the following
conclusions:

(1) A speed-of-light interceptor could give dramatic
improvement in targeting response time, rapid 
redirection, and retargeting for defense against a high-velocity
sea-skimming missile.

(2) This weapon would provide a unique and cost-
effective defense capability for protection of U.S. Navy 
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carriers against present and future high-speed (MACH 2)
antimissile attack.

(3) The proposed proton-beam weapon has good
penetration and lethality potential against the typical
components and systems carried in the nose of an anti-
ship missile.

(4) Further development of intense beam-accelerator
technology is needed to address these challenging but feasible
requirements.
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Micro-High-G Acceleration Recorder
D. A. Hoke, R. G. Lundgren, V. I. Bateman, R. R. Lockhart, E. A.
Henry, J. J. Allen, F. J. Peter, J. W. Lantz

All recent attempts to collect projectile acceleration
data at impact velocities greater than 3500 feet/sec have
failed. These data are becoming increasingly important to the
hard and deeply buried target community in order to
determine high-velocity penetration dynamics, multilayered
target characteristics, and survivability of the fuze, explosives,
and penetrator. This project will develop, either internally at
Sandia or using a commercial supplier, a suitable acceleration
transducer plus the associated miniaturized electronics to
process and store the acceleration data. 

This project initially was to use Sandia’s integrated
microelectromechanical systems (IMEMS); however, that
fabrication process was dropped. Our current approach is to
develop a transducer separate from the signal-processing
electronics. Important transducer attributes are small size,
low power consumption, and good cross-axis signal rejection.
Power consumption correlates strongly with overall
electronics volume because a larger energy-storage device
must be used. We will evaluate the transducer developed both
in laboratory tests and as part of a complete acceleration
recorder used to instrument an earth-penetrator test.

We analyzed the capacitance processing electronic
device needed to translate the MEMS–based accelerometer
output and obtained results that indicated that the device could
not provide adequate dynamic range and that its power
consumption would exceed our goals. This discovery
effectively eliminates the current MEMS accelerometer
design. 

We conducted a fundamental review of all potential
physical phenomena that we could use to create an
accelerometer with the characteristics needed, without limiting
the transducer to a MEMS component. The most likely device
would be piezoelectric, piezoresistive, or capacitive. We
identified manufacturers of each transducer type, but none was
producing components with the needed characteristics. We
have begun scheduling visits to these manufacturers to discuss
modifications that would make their devices meet our needs.
In parallel, we have begun design considerations for a revised
MEMS device to be produced at Sandia. The technology to be
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developed, silicon (Si) on glass (SOG), shows promise
because of the relative ease of connecting the sense mass
(etched bulk Si) to the electronics.

We developed preliminary electronic schematics for an
integrated acceleration recorder with an assumed diameter of
about 1 cm. Completion of the recorder will be held until an
accelerometer is chosen. We also designed a preliminary
mechanical design for the acceleration recorder housing. We
began work on a testing equipment configuration for the
acceleration recorder electronics to test functionality and
calibrate the recorder.
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Dynamic Range Imaging for Terrain Mapping,
Position Determination, and Obstacle 
Avoidance in Autonomous Navigation
C. L. Smithpeter, D. V. Campbell, J. T. Feddema, S. K. Dunlap, R.
O. Nellums, T. M. Gurrieri, A. D. Niese, K. O. Wessendorf

In autonomous navigation, needs exist for sensing
position, generating a terrain map, and obstacle
assessment/avoidance from a moving platform. The three-
dimensional (3-D) image data from a conventional laser radar
(LADAR) is a possible solution for the sensing need; however,
current LADAR sensors are limited by cost, complexity,
required laser power, and sensitivity to motion. Other 3-D
image data applications such as precision munitions
guidance, physical security, target surveillance, and docking
of spacecraft have similar concerns with respect to current
LADAR technology. 

Sandia aims to address the limitations of LADAR
sensors by developing a miniature LADAR architecture that is
insensitive to platform or image scene motion. The ultimate
objective is to reduce the LADAR receiver to a focal plane
array similar to a charge-coupled device (CCD) camera. In
addition, we are seeking innovative techniques to reduce the
required laser illumination power, which currently dominates
system cost and power requirements. Our primary focus is on
designing the integrated circuitry (IC) in each pixel of the
array to sense laser time-of-flight (TOF) range with
nanosecond accuracy. Additional circuit design objectives are
to reject solar background and electronic gating on a 100 ns
timescale. We are fabricating two versions of the IC array for
laboratory testing.

We completed the design of an 8 x 16 flash range array
and submitted it for fabrication. The components of the pixel
include a low-noise pre-amplifier, differential modulator, and
time gating. Previous research and our analysis predict that
amplifying the signal as close to the photodiode as possible
will achieve optimal sensitivity. The noise of this pre-
amplifier typically dominates signal to noise and the
corresponding sensitivity. Improving sensitivity reduces the
required laser energy per image. Based on this analysis, we
designed an integrating charge amplifier with 20 times gain
and low-noise characteristics. 

Sandia National Laboratories LDRD Annual Report 2001 239

Sandia aims to address the

limitations of LADAR sensors

by developing a miniature

LADAR architecture that is

insensitive to platform or

image scene motion. The

ultimate objective is to reduce

the LADAR receiver to a focal

plane array similar to a

charge-coupled device (CCD)

camera. In addition, we are

seeking innovative techniques

to reduce the required laser

illumination power, which

currently dominates system

cost and power requirements.

Our primary focus is on

designing the integrated

circuitry (IC) in each pixel of

the array to sense laser time-

of-flight (TOF) range with

nanosecond accuracy. 



Our analysis found the second source of excess noise
is bias (steady-state) current running through the modulator
amplifier. This current also limits the dynamic range of the
sensor. We developed a differential modulator to eliminate the
bias currents, thereby reducing noise and improving 
dynamic range. 

LADARs typically use time gating on the 100 ns scale
to reject unwanted light. Switching the analog circuitry of the
pixel in the 100 ns time scale is a challenge. The gating issues
are induced noise, signal loss, and unpredictable bias currents.
Our solution is to use a balanced or differential switching to
reduce the effect of gating on the range measurement.
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Distributed Reconfigurable Homogeneous
Microrobotic Systems
D. M. Hensinger, J. T. Feddema, S. E. Eskridge

A distributed reconfigurable microrobotic system is a
collection of unlimited numbers of distributed small,
homogeneous robots designed to autonomously organize and
reorganize to achieve mission-specified geometric shapes and
functions. The concept of a homogeneous system, which is
similar to the cell structure of biological organisms, has
fundamental applications and advantages (mass-producible/
low-cost, fault tolerant, self-maintainable/repairable) in the
design of multimodal, complex artifacts. Such systems can
evolve into many different shapes (e.g., manipulators,
antennas, buildings, and even animals) and perform a variety
of functions (e.g., crawl, walk, and swim). If some part of the
system malfunctions, it can still maintain total function
through automatic reconfiguration. For example, a system
could piggyback into space on the space shuttle in some
contorted form to maximize the shuttle’s payload. Upon
arrival, it could reconfigure itself from its traveling position
and form a tether for shuttle docking, reconfigure itself again
and form a lasso to rope a damaged satellite, and then
reconfigure once again to form a satellite-repair tool. Even
better would be to build the satellite from a collection of
homogeneous reconfigurable robots and have it repair itself.
For difficult terrain maneuverability, a homogeneous system
could become snakelike for narrow passages, grow legs for
walking or climbing, or roll down a slope as a ball.
Conceptual designs for both two-dimensional (2-D) and 3-D
reconfigurable homogeneous robots exist. 

Sandia will investigate design, control, and planning
issues for self-configuring and self-organizing for both
systems. Our ultimate goals are (1) the building and testing of
a suite of miniature, homogeneous robots designed for self-
reconfiguration systems, (2) the development of control
electronics that will guide and dock multiple robots that form
a larger robot, and (3) the development of planning
algorithms to achieve selected shapes and of motion-planning
algorithms to move the resulting shapes.
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• 2-D system. Sandia’s research on the 2-D system
focused on control system integration, testing, and
demonstration. Research on the 3-D systems focused on
formalizing and publishing the configuration planning
method. We completed the integration of the active joint
mechanism for coupling and manipulation of two Gemini
robotic platforms. The coupled Gemini platform is able to
adopt six distinct configurations. The configurations have
unique implications for the mobility and mission effectiveness
of the coupled system. We identified configurations that
improve the range and mobility of the coupled system over
that of the uncoupled system. Decoupling the components and
allowing them to function autonomously can obviate any
degradation of the performance of the coupled system. We
developed an automated docking system that relies on
ultrasonic range detection to align the individual robotic
modules prior to coupling. We redesigned the coupling
mechanism to improve its strength in response to 
dynamic loading.

• 3-D system. Sandia is designing and fabricating the
3-D systems in collaboration with Dartmouth University. We
successfully completed all milestones with the exception of
the design, fabrication, and demonstration of 3-D
interconnects. Work on the 3-D system focused on
documenting and publishing the configuration planning
algorithm implementation and resulted in a paper that we
submitted to IROS2000. We built a self-reconfiguring robot
system of four identical modules. Each module connects to its
neighbors with rotating actuators. Each individual module can
move in three dimensions relative to its neighbors. We are
currently modifying this system to allow global locomotion
and manipulation experiments.
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Robust Planning for Autonomous Navigation
of Mobile Robots in Unstructured, Dynamic
Environments
G. R. Eisler, C. L. Lewis

Emerging battlefield doctrines envision “sensor-to-
shooter” battlefield grids that will bring an instant firepower
response on critical targets via assessment from human
“recon” teams and unattended ground devices comprising the
grid. However, training enough soldiers to do reconnaissance
tasks is expensive; and maintaining extended-term human
surveillance posts can be problematic. Teleoperating robotic
assets does not maintain covertness, nor is it feasible for more
than a few robots.

Collections of autonomous mobile robots have the
advantages of stealth, compactness, redundancy, and long-
duration operation. They can provide effective communication
networks, manifest collective intelligence via distributed
algorithms, and carry a variety of sensors. 

This project takes the first step toward this goal by
developing a single vehicle characterized by an algorithmic-
driven, multispectral approach to point-to-point navigation.
By the third year, the vehicle will contain on-board trajectory
planning; global positioning system (GPS) satellite position
fixes with inertial measurement backup; a mix of sensors to
determine obstacle size, configuration, and density; the ability
to replan a path in the face of impenetrable terrain; and
Internet communication for receipt of mission objectives.

Sandia will use a phased approach for long-range path
planning incorporating digital maps. The mission terrain will
be characterized from various standpoints: slope, obstacle
density, covertness, line-of-sight (LOS), etc. We developed
planning algorithms to “grid” the terrain and weight of each
gridpoint according to the aforementioned metrics. Short-
range planning will center on obstacle/hazard avoidance and
modifying steering to be fuel- and time-efficient. Obstacle
sensor development to date has shown that optical devices
have the best potential for long-range obstacle alerts,
allowing time for a planned path over the remaining point-to-
point terrain versus reactive obstacle avoidance at 
short range.

We developed the baseline 1 m vehicle on the RATLER
(Robotic All-Terrain Lunar Exploration Vehicle) design. The
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vehicle provides excellent mobility, simplified mounting and
access structures for sensor attachment, and electrical
component shielding.

We developed a three-dimensional (3-D) route planner
for navigation over changing elevation; integrated the use of
mapped data into the planning environment; provided an
active-imaging sensor system for short-to-medium-range
scene analysis; provided an inertial measurement unit to
complement GPS usage; and provided radio-frequency (RF)
Ethernet communication to the EON system, the Sandia
external network.

• Path planning. The path-planning environment
allows the user to interactively visualize a 3-D terrain model
and to plan minimum-cost paths across the terrain based on
metrics of mission requirements or goals. The underlying
planning algorithm uses a weighted graph approach via either
a uniform grid or a nonuniform “quadtree” representation
overlaid on digital terrain elevation data (DTED) maps. Edge
weights or relative costs between variables for the robot to
traverse a grid edge are provided for a selection of variables
including travel distance, time, vehicle attitude in roll and
pitch, radio communications, covertness, and path width (to
provide a safety margin against getting blocked or stuck).
Choosing time provides a dynamical element to the search by
biasing downhill traverses more. Each weight or importance
factor specifies a given variable influence on the overall edge
cost. Large changes in relative weights can produce very
different choices in traversals. Dijkstra’s algorithm and the A*
method are standard minimum-cost algorithms in the artificial
intelligence (AI) literature and are provided. A* uses a
predictive measure of estimating cost to the goal that can help
focus the direction of the search, but may fail for the erratic,
nonmathematically smooth nature of natural terrain. In cases
where dynamic replanning is necessary due to unexpected
obstacles during path traversal, the D* algorithm is provided.
The D* algorithm relies on a nonuniform grid to provide a
localized “escape” solution. Terrain models are used to
evaluate the graph edge weights (e.g., pitch, LOS radio 
communications). 

Supported terrain models include the U.S. Geological
Survey (USGS) digital elevation models (DEMs), synthetic-
aperture radar (SAR), and a variety of custom data formats.
High-resolution aerial photographs (e.g., black and white,
color, infrared) may be “texture-mapped” to the terrain
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elevation model to aid in distinguishing vegetation type and
density as well as cultural features such as roads, trails, and
buildings. The current path-planning environment allows the
user to interactively view the 3-D terrain models and any
planned path(s). Regions of radio, vehicle, or location LOS
visibility can be generated to aid in analysis of the terrain and
to do mission planning. In addition, manual designation of
avoidance regions can also be implemented and recognized by
the planning algorithms.

• Inertial navigation measurements. We are applying
Sandia technology for missile and bomb navigation to this
land navigation problem through the use of a SANDAC flight
computer, NovAtel GPS receiver, and a Litton LN200 inertial
measurement unit. This combination provides a baseline in
measurement acquisition and position estimation. This stage
will be the precursor for replacing these components with
less-expensive units and compensating for the loss of accuracy
through improved modeling of the accumulated errors and
sensor fusion via Kalman filtering. 

• Obstacle sensing. The obstacle detection system has
progressed from the previous two-device prototype to a bank
of sixteen ultrasonic Massa M-5000 Smart Sensors providing
panoramic coverage of the vehicle. The coverage extends 4
feet radially from the edge of the vehicle. To detect obstacles
around the robot, all of the sensors are triggered at the same
instant and the data from each sensor are read through a
common serial port. As the vehicle (located in the center)
moves, it continues to image a body-fixed “occupancy grid.”
The blue 8° beam angle cones indicate the detection zones
from the M-5000 sensors. Obstacles are color-coded based on
the strengths of reflected returns (in increments of 25 percent
of full scale), which prioritize the obstacle avoidance 
steering needed. 

We added bumper switches to the vehicle as a last line
of defense to prevent catastrophic contact with obstacles (e.g.,
encoders, compass, vehicle tilt sensors).
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10772

Intense Directed-Energy Theory Initiative
J. S. Wagner, M. G. Mazarakis, P. C. Gray, M. W. Trahan, S. Tucker,
E. P. Parker

As part of the Strategic Defense Initiative (SDI) era,
Sandia achieved national recognition for leadership in end-to-
end design, modeling, and simulation of directed-energy (DE)
systems, including charged particle beams (CPB), high-power
radio frequency (RF) and high-power microwaves (HPM), and
hybrid laser-assisted CPB systems. This project is advancing
and leveraging these never-superseded simulation tools and
techniques to enable Sandia to tackle new national security
applications. Applications under investigation include both
exoatmospheric and endoatmospheric applications as well as
laboratory end-to-end accelerator designs supporting many
related fusion plasma and DE applications.

Sandia’s nearly abandoned DE simulation legacy
includes a full suite of multidimensional simulation codes with
a variety of physics-based approximations. These range from
simple macroscopic envelope models of beams to fully self-
consistent microscopic electrostatic, magnetostatic,
electromagnetic (EM), and neutral gas dynamic particle-in-
cell (PIC) codes. 

We reconstituted and modernized for future
applications a suite of simulation codes originating from SDI
legacies. We constructed EM, electrostatic, and magnetostatic
(Buckshot) codes in one dimension, two dimensions, and three
dimensions. We built a unique neutral gas particle code to
study neutral gas dynamics in both space and atmospheric
environments. We constructed a genetic algorithm that can
operate a PIC code (Buckshot) that will enable the automated
use of PIC codes as design tools.

We rebuilt several new simulation and modeling codes
using historical Sandia-developed physics packages to
demonstrate the breadth and depth of Sandia’s CPB modeling
and simulation (M&S) capability. We met all of our current
milestones. We added new features to prior programs and
conducted new demonstration applications to show depth and
breadth of capability. We reconstructed the ion-beam
superconducting super collider (SSC) version of Buckshot and
the EM code and conducted representative particle beam
demo simulations. We enabled the SSC helical electrostatic
quadrapole model as an example of using Buckshot as an ion-
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beam accelerator design tool. We built the NGP code for
endoatmospheric beam heating issues. We implemented the
EM code for a shaped-charge detonation signature demo, as
an example of signatures that might be an indication of space-
based difficult targets.

We rebuilt the Air Propagation Code (APC) and
conducted preliminary studies to guide experimental design to
address unresolved issues in air chemistry models. We
validated the rebuilt code by recreating the experimental
results first reported for unpropagated radial-pulse-line
accelerator (RADLAC) high-current relativistic electron
beams. Although our final report does not take advantage of
all of the code’s capabilities, the APC has the ability to study
effects related to beam propagation such as nose (radial)
expansion, erosion, or instability growth.
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10791

Fuzzy Data Mining
S. M. Deland, L. A. Kennicott, C. L. Jenkin, J. M. Britanik, G. N.
Conrad

This project focuses on techniques for pattern
discovery in discrete-event time-series data. The researchers’
original motivation for the project was based on observed
challenges in analyzing data from network-based, sensor-
driven monitoring systems. Examples of such systems include
the unattended monitoring systems used in nuclear material
safeguards and transparency applications, and network
intrusion-detection systems (NIDS) used to monitor computer
network communication traffic and user sessions. Analysis of
data from such systems requires extracting and classifying
patterns in the sensor data and interpreting them in terms of
expected or allowed activities. 

A key issue from an operational perspective is that it is
not feasible to have a human perform all of the analysis. A
simple approach to automating the analysis is to identify
patterns, classify the patterns as normal (or allowed, or
expected, or other classification) and abnormal (or
suspicious, or unauthorized, or other classification), and use
pattern-matching algorithms to identify and classify observed
behavior. However, pattern-detection tools generally cannot
discover new, unknown patterns in the data. New tools are
needed that are capable of pattern discovery, i.e., the
identification of new patterns in the data, whether those
patterns represent normal activity or whether they are
indicative of unauthorized, anomalous activities. 

In this project, Sandia explored two different aspects of
the pattern-matching/-discovery problem. The first aspect
studied was the use of dynamic time-warping (DTW) for
pattern-matching in continuous data. In essence, DTW is a
technique for aligning time series along the time axis to
optimize the similarity measure. The second aspect studied
was techniques for discovering patterns in discrete-event data.
We developed a pattern-discovery tool based on adaptations
of the a priori and generalized sequential pattern (GSP)
mining algorithms. We then used the tool on three different
application areas: unattended monitoring system data from a
storage magazine, NID, and analysis of robot training data.

The basic approach to sequential pattern discovery is
to tokenize the event data, representing the events as symbols
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in a sequence. Initially, patterns are “discovered” in the data
by exhaustively searching the symbol sequences for repeating
subsequences. Two problems are associated with this approach
to pattern discovery. First is the intensive nature of the
exhaustive search that is exponential to the size of the
sequence. The a priori and GSP algorithms are
computationally efficient methods for addressing this problem.
Second is the matter of deciding what subsequences or
patterns are significant to consider for investigation or to
ignore in further analysis. Occurrence frequency and other
statistical measures can be computed to help a user decide
which patterns are significant. A final interesting problem with
discrete-event data from multiple sensors is that events from
simultaneous activities can be intermingled, effectively
disrupting the patterns or making them “noisy.” To handle this
problem, we investigated the use of regular expressions and
likeness measures to identify similar patterns. After exploring
a number of different likeness measures, we defined a token
sequence weighted metric that allows a domain expert to
provide appropriate significance to tokens and metric
components. Each token can be weighted to provide a penalty
relative to noise, absence, and sequence position. Additionally,
the individual components of the metric, noise, absence, and
sequence position can be weighted to exhibit their relative
importance during analysis.

We incorporated the sequential pattern-discovery
algorithms into a prototype sequential pattern-discovery tool.
We applied the sequence pattern-discovery tool to three
different problem domains: (1) data from an unattended
monitoring system used to monitor activity at a simulated
storage facility, (2) Transmission Control Protocol/Internet
Protocol (TCP/IP) packet data for an NID application, and (3)
robot state data. In each application, we used the tool to find
interesting patterns in the data. In the case of the storage
facility data, a number of the patterns represented simple
event combinations (e.g., pairing of open- and closed-door
events, triggering of image capture) known to occur in the
data. This analysis helped validate the pattern-discovery
approach. The robot data represented a complex state vector
and was thus an excellent test of the ability of the pattern
detector to discover patterns in a sequence of arbitrary object
representations.

The concepts behind the tool certainly exhibit promise,
and there are a number of enhancements suggested by
individuals who have seen demonstrations of the tool, as well
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as possible uses. The tool shows promise in analyzing
network-intrusion data, bunker sensor data, and state
sequences from robot test runs. Other possibilities may
include nontemporal data such as textual patterns or
genome sequences.
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26531

Air Sterilization and Decontamination
R. P. Toth, G. C. Hauser, P. C. Gray

This project will further develop and test a novel
method of air sterilization/decontamination to protect vehicles
and buildings from attack with biological or chemical
weapons. Conventional methods of protection from biological
agents is by HEPA (high-efficiency particulate aerosol)
filtration (mechanical sterilization). To a knowledgeable
adversary, HEPA filters are easily defeated because of their
spatial bandpass characteristics. In view of the loads likely to
be used in a bioattack and of vulnerability to certain
recognized threat agents, occupants will not be protected.

Sandia has developed a new technology based on a
radio-frequency (RF)–driven, atmospheric-pressure plasma
reactor. It is low cost and capable of quickly sterilizing air
(agent half-life in the tens of microseconds) at realistic loads
and air flows.

A knowledgeable adversary can defeat HEPA filters
because of the spatial bandpass characteristics that (HEPA)
filters have. Regarding the likely loads used in a bioattack and
vulnerability to certain recognized threat agents, occupants
will not be protected. Also, due to shadowing, UV is not
useful for the heavy loads expected in a biological warfare
(BW) attack. Furthermore, UV damage to DNA
(deoxyribonucleic acid) is reversible. Sandia has investigated
a new technology for thermal inactivation based on an
RF–driven, atmospheric-pressure plasma reactor. 

We produced an atmospheric-pressure plasma of at
least 1000°C with a laboratory-prototype RF system
comprising a power oscillator, its associated high-voltage
power supply (HVPS), RF-power control circuitry, RF
diagnostics, protective circuitry, and a coaxial applicator for
plasma generation. The RF-power oscillator launched 2450
MHz waves into transverse electric (TE)–dominant-mode
waveguide and a three-port circulator. We used fixed tuning to
match the RF source into the applicator through a WR 284
waveguide. The three-port circulator protects the RF power
source while sparkgap initiates the plasma. As RF heats a seed
gas (such as argon, nitrogen, or nitrous oxide), the plasma
temperature increases and the fixed match takes over control
of reflected power. Estimates of temperature by infrared (IR)
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radiometry and frangible coupons within the coupling region
of the plasma were 1200°C to 1700°C. We completed a design
for heating, ventilation, and air conditioning (HVAC) ducts
and ordered RF components.

Beginning with the 1.5-inch coaxial applicator, we
used computational-flow dynamics (CFD) studies to
determine that this simple reactor had insufficient dwell time
for the target flow-rate of 100 cfh and 109 spores cc. CFD
studies suggested that a swirl design would combine the target
flow and load with dwell times needed for supernumary kill.
A number of 1.5-inch-diameter models swirl-chamber designs
were built in Delrin and tested on a flow bench. After several
iterations, we met specifications in a design for WR 284.
Concurrently, we manufactured the best design in 6-inch
Delrin for use in HVAC ducts at several hundred cubic feet
per minute. The final design will become a mandrel for a
ceramic mold that will be tested in the future.

We established a culture system for Bacillus
thuriengensis and Serratia marcescens. We completed
dispersion tests for the 1.5-inch applicator in axial flow. We
injected spores as hydrosols from multiple nebulizers
pressurized with argon gas. We recovered spores first by filter
paper and later by a six-stage Anderson impactor. Initial
dispersion-loss measurements were just under 0.6 logarithm.
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26532

Data Fusion and Visualization of MASINT
Results for Underground Facility
Characterization
M. D. Ladd, M. L. Yee, J. M. Brabson, R. W. Simons, M. W. Koch,
D. C. Craft, A. A. Yee, D. C. Carlson, M. E. Bukaty

There has been a long-standing requirement for
technologies and architectures to link and integrate dispersed-
information assets into a coherent system, particularly systems
that address national security threats. Two broad categories of
dissimilar types of data can be used to characterize
underground facilities (UGFs). One category consists of map-
based or image-based data, such as multispectral or
hyperspectral images, or synthetic-aperture radar (SAR)
images. The second category consists of time-sequence data,
such as seismic, acoustic, or electromagnetic (EM) data,
which record measured energy over time at a given location.
Because of the dissimilar nature of these two categories of
data (image versus time-sequence), sensor-level fusion is not
feasible in this case and presents unique challenges. Fusion of
processed data is required. In this work, Sandia will
analytically combine information at the feature level, where
raw data from each sensor are preprocessed to generate
selected useful features. While feature-level fusion is not new,
Sandia believes that this work represents the first time that
such fusion is applied to these dissimilar types of data for
UGF characterization. The work will help determine what
new information for UGF characterization can be obtained.
The project will deliver a suite of prototype algorithms that
perform the feature extraction, fuse the data, and then present
the results with imagery in a meaningful, visual way to the
human analyst. Results will be derived from data obtained
from experiments performed at the Nevada Test Site (NTS).
The development of such algorithms and display tools will
provide meaningful and important capabilities that do not
currently exist for characterizing a UGF.

We collected more than 1000 Ka-band SAR images.
We developed programs to read information from the newly
redesigned header and made histograms of the sensor-
collection parameters. We also obtained script-tables that
describe events of the desired target versus time. Using these
script tables, we identified approximately 200 SAR images
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that intersect the scripts. We also extracted a collection of
more than 20 acoustic and seismic datasets that Sandia
collected from the same test scenarios as the SAR data. We
also obtained multispectral imagery collected by the Remote
Sensing Lab (RSL). 

We have begun developing an algorithm to extract
generic features from possible SAR targets. These features
will support the target-related queries. We also prepared
software tools to generate feature/identification information
from acoustic and seismic data that also will support the target
queries. We also began discussions with RSL personnel for
possible collaboration on approaches for extracting features
from the spectral data. We identified two different types of
feature sets for acoustic/seismic data. One of the feature sets
consists of the relative weighting of harmonic line sets
extracted from the acoustic energy emitted by a vehicle. The
other signature uses spectral-eigenvalue-decomposition
analysis to identify equipment running in steady state.

We started developing processing modules needed to
extract features and the initial statistical analysis and began
developing the fusion module that is based on the sequential
probability-ratio test technique. We have also begun work on
the visualization tools, including discussions with potential
customer groups.
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26533

Rapid Ultrasensitive Chemical-Fingerprint
Detection of Chemical and Biochemical
Warfare Agents
C. I. H. Ashby, R. Kottenstette, W. G. Yelton, J. R. Wendt, T. J.
Shepodd

Accurate identification of chemicals and biochemicals
that can be used as chemical/biological weapons (CW/BW) is
essential at nanomolar levels with short analysis times (less
than 5 minutes). Vibrational spectra can serve as chemical
fingerprints for positive identification of CW/BW molecules.
The required speed and sensitivity might be achieved with
surface-enhanced Raman spectroscopy (SERS) using
nanotextured metal surfaces. Although ordinary SERS
produces sensitivity enhancements on the order of 106 versus
normal Raman spectroscopy, a properly nanotextured metal
surface can increase sensitivity up to 1014-fold. Under
partially optimized conditions, a single hemoglobin molecule
yielded a spectrum with signal-to-noise (S/N) greater than 20
in 200 sec, and low-noise spectra were demonstrated for
nanomolar concentrations with less than 1 sec data collection.
However, systematic and reproducible methods for preparing
metallic surfaces that maximize sensitivity have not 
been developed.

Sandia proposes developing chemical-fingerprint
identification of CW/BW molecules using SERS as the detector
for conventional chromatographs and integrating SERS–based
detection in the chip-scale microseparation columns
developed under µChemLab™. We propose developing
methods to form high-efficiency metallic nanostructures that
can be integrated with either gas- or liquid-phase chem-lab-
on-a-chip separation columns to provide a highly sensitive,
highly selective microanalytical system to detect current and
future chemical/biological agents. The innovative aspects of
this project include the design and fabrication of metallic
nanostructures that (1) reliably provide the sensitivity for
rapid nanomolar detection and identification and that (2) can
be incorporated into lab-on-a-chip architectures or used as
add-on detectors for other chromatographs. In addition to
speed and sensitivity, chemical fingerprinting by SERS will
enable rapid identification of new, nonstandard CW/BW
agents that might be introduced to avoid detection by
established sensor systems.
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We employed several different methods to achieve a
high density of surface-enhanced Raman “hot spots.” These
include direct evaporation of metal onto rough surfaces,
electrochemical deposition of nanoporous structures, and
formation of nanometer-scale metallic columns using electron-
beam lithography and lift-off. Preliminary measurements on
liquid samples show SERS enhancements for the evaporated
gold (Au) structures and for an initial nanoporous Au structure
that are characteristic of those reported for Au in the literature
(up to 106) and are not as high as desired for optimum
sensitivity.

A new fabrication approach is being developed to
produce structures that closely mimic those predicted by
recent theoretical work to produce the highest purely
electromagnetic (EM) enhancements (> 1011). This approach
is based on using an oxidized-aluminum (Al) nanochannel
template to control electrochemical deposition of a dense
array of capped metallic nanowires with nanometer spacing.

We conducted studies to establish the processing
protocols to control nanopore diameter and nanopore spacing.
Pore diameters between 2 nm and 100 nm can be controllably
produced.

We studied the roles of the grain size and alignment in
the Al before oxidation, as well as the effect of preoxidation
annealing. We found pore spacing to be generally unaffected
by the crystal morphology of the starting Al, which will
facilitate the ultimate incorporation of oxidized-Al templates
into chip-scale microchannels.

Under development are metallization protocols to form
several different metallic nanostructures in these templates
that approximate the theoretically predicted optimum shape to
produce the desired EM enhancements.

We designed and will fabricate a fixture to integrate
metallized test structures with the output of a gas
chromatograph to accommodate the preferred metallization as
determined by these studies.

We developed acrylate-based polymer monoliths as
reverse-phase chromatography media for efficient and
reproducible protein separations under both low pH and high
pH conditions. These materials employ both the
electrophoretic migration of analytes and the differential
portioning of analytes in stationary and mobile phases to
achieve excellent separations.
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We demonstrated the electrochromatographic
separation of neutral and charged amino acids and of bioactive
peptides in capillaries using microchip columns with three
bioactive peptides separated on-chip in an 8 cm microcolumn.
These studies have efficiently separated test compounds
closely related to eventual target molecules. We established
chromatographic protocols and demonstrated the longevity
and reproducibility of our techniques. The separations are
independent of concentration so future SERS results could be
confirmed, even where analyte concentrations are below our
current chromatographic detection limits. Our work in
peptides complements our previous work in small molecules
yielding a breadth of chromatographic media/conditions for
target analytes.
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26534

Advanced Unattended Ground Sensor
Technology
D. E. Gallegos, D. L. Faucett, J. W. Giron, M. R. Heying, M. E.
Bukaty

During recent years, unattended ground sensors
(UGSs) have proved very useful for detecting, identifying, and
characterizing difficult targets. However, current UGS
technology places severe restrictions on real-world
deployment. Specifically, the excessive bulk and inability of
UGS to covertly intercommunicate in clusters and to off-load
data make this technology difficult to deploy in denied
territories. In addition, redeveloping a distinct, custom UGS
for each set of varying mission requirements is often
prohibitive in time and cost.

To address the bulk, weight, and development
challenges, Sandia proposes a novel architecture, referred to
as scalable digital signal processing (SDSP), based on the
incorporation of a coherent interconnection fabric (ICF). This
architecture could lead to small, modular, reconfigurable
sensors that could be rapidly inserted into a wide range of
deployment mechanisms, such as a microglider, projectile, or
robot, or by hand. Our goal is to achieve a significant
decrease in power consumption, thereby dramatically
reducing the battery payload—the physical “fat” in UGS. Our
plug-together architectural approach would enable the use of
sophisticated power management, dynamically variable clock-
rate devices, and UGS–optimized signal processing to
automatically optimize the watts-per-MIPS (million
instructions per second) arrangement for a given task.
Similarly, we plan to address the data-communications
challenges.

This project would design, develop, and demonstrate a
prototype miniature ground sensor based on the novel SDSP
and other architectures. This architecture will be modular in
nature and will enable rapid response to new data-
collection needs.

(1) Generalized power-modeling tool for next-
generation unattended ground sensors (NG-UGS) system. The
modular elements of the preliminary power-model tool have
been expressed on Excel worksheets. The investigation used
the as-built tactical UGS (TUGS) sensor and a developmental
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project, Rooster, as examples for system composition and
mission complexities. We are reworking the TUGS power
elements, are collecting the power estimates for the
components of the NG-UGS lab demo system, and entering
them for comparison and use during the lab-bench exercises.

The power numbers for the state-of-the-art components
in the NG-UGS unit are either unavailable or not reliable.
Especially critical is the power draw of the TI ’C55 processor
module under different operational conditions. We terminated
an attempt to partially populate a previously developed ’C55
circuit board from another project to conduct power
measurements when a fatal design flaw was revealed in the
design of the board. As a result, we accelerated design and
development of the NG-UGS demo modules.

The power-modeling tool evaluation revealed that the
original power-reduction goal of a factor of 100 is
unreasonable; it shows that the approach originally proposed
(concentrating primarily on adjusting the clocking rate for the
computing elements: digital signal processor [DSP] and
microcontroller) is bounded by a factor of 4. Better than a
factor of 10 is achievable, but only by increasing the dynamic
control and efficiency of operation over all elements of the
sensor system (controller, DSP, analog, communications,
global positioning, and others).

(2) ICF study. We completed the evaluation phase of
the ICF study. We studied five canonical topologies (and their
various physical realizations) using the seven-layered open-
system interconnection reference model. The nonarbitrated-
carrier detect addressable shared multipoint topology was
deemed to best meet the requirements for NG-UGS. Two
commercially available variants, the I2C bus and the
controller area network (CAN) bus, were selected for
implementation and demonstration.

(3) Hardware components for NG-UGS bench-top
testing. The touchstone for the bench-top exercises will be a
copied subset of the most mature TUGS unit configured to
match the set of modules making up the NG-UGS subsystem.
The bench-top NG-UGS will contain the following modules:
system controller (performing minimal TUGS control
function), DSP (executing the TUGS spectrogram), data
acquisition (one channel of signal conditioning and
analog/digital [A/D] conversion), and a transceiver (identical
Hummingbird transceiver used in TUGS). The NG-UGS
modules will be connected using fabric adapters, interface
modules for the ICF. To facilitate the bench-top
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demonstrations, we developed the fabric adapters to be
capable of being configured for either the I2C- and CAN-bus
ICF variety with no attempt at optimized layout or packaging.

We designed and manufactured the circuit boards for
prototype fabric adapters.

The C55 processor circuit boards, for the dual roles of
NG-UGS DSP and system-controller modules, are designed,
manufactured, and in assembly. 

The circuit boards for the NG-UGS data-acquisition
modules have also been designed and manufactured. They are
in assembly with firmware in development.

Copies of the TUGS circuit boards, to be used as the
bench-top touchstone, have been manufactured and
assembled; they are currently in testing. The Hummingbird
transceivers have arrived.

(4) Software components for NG-UGS bench-top
testing. The spectrogram function was carved from the 
existing suite of TUGS algorithms and verified on a non-
Sandia-owned TUGS unit.
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26535

The Endowment of Simulator Agents with
Human-Like Episodic Memory
J. C. Forsythe, N. M. Berry, D. A. Schoenwald, E. V. Thomas, E. P.
Parker

The challenge of making intelligent national security
decisions is increasing for people ranging from the engineer
refurbishing a nuclear weapon for which original designers
are no longer available, to the future combat-system
commander controlling hundreds to thousands of
semiautonomous entities, as well as to the intelligence analyst
poring over terabits of data from disparate sources.

This project advances cognitive-modeling capabilities
to significantly improve intelligent-systems technologies. The
goal is to develop adaptive tailored systems that learn and
communicate, thus matching the needs of the humans-in-the-
loop of complex systems. This work involves simulation of
human episodic memory, which includes reasoning and
conducting mental simulations based on stories. These
capabilities are consistent with human naturalistic decision
making.

Sandia’s application involves technology to endow
machines with human-like episodic memory. Such a machine
would store meaningful representations of experiences,
recognize similarities between ongoing and past events, and
reason and communicate based on experience.

A second application involves synthetic humans for
simulation and training. To realistically model variability in
individual behavior, synthetic entities must be endowed with
diverse life histories. With this capability exists potential to
simulate cultural factors and create entities endowed with life
experiences of specific individuals.

• Conceptual design. The project began with a baseline
cognitive model that emphasized human naturalistic decision-
making processes. We developed a conceptual design that
expanded the baseline to include episodic memory processes.
As an episode unfolds, events trigger activation of concepts in
the semantic network. Over a series of time steps, the pattern
of activation in the network changes as some concepts are
activated and others deactivated. Memory for an episode
consists of instructions for replaying the sequential patterns of
activation. However, the memory does not need to provide a
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perfect replica. Instead, by representing patterns of activation
as schema, considerable data compression occurs. Finally, by
referencing memories to time and place and then
incorporating pointers to instances of important concepts,
hooks can serve as retrieval cues in recalling specific
episodes.

• Initial semantics and grammar. Our initial approach
emphasized identifying a universal collection of themes or
story primitives. Definition of these primitives began by
considering taxonomies developed through analysis of
folklore and ethograms of social behavior. This work has
produced an initial collection of primitives for schema (i.e.,
semantics) and templates for the sequential patterns of
semantic activation associated with their recognition 
(i.e., grammar).

A second approach considered the same issue for
machine applications. In this approach, schema are somewhat
application-specific. For instance, a building equipped with an
array of sensors and a centralized processing system might
share a common set of schema with another similarly
equipped building, but most likely, little overlap would occur
with the schema that a mobile robot uses. These schema
provide the semantics. An episode involves the sequential
activation of schema, and recurrent sequences of schema
correspond to familiar themes or storylines. 

• Method for mapping application domain to semantics
and grammar. Given an application domain, the first step
involves identification of schema. In our approach, the
intelligent system, with its sensors and control systems, is
simulated using UMBRA. For demonstration, we chose a
scenario wherein an intelligent system must find a source of
smoke. We equipped the system with the cognitive model
described in the previous section. Over a series of training-
simulation runs, data were collected to activate concepts
within the system’s semantic network. Statistical analysis
provides the means to identify recurrent patterns of activation
(i.e., schema). When schema have been defined, follow-up
analyses enable the identification of recurrent sequences of
schema (i.e., themes). 

• Initial integration with learning algorithms. We
developed concepts to fully incorporate learning mechanisms
and to put mechanisms in place to allow initially for
associative learning of semantic relationships. Further
development will be required to learn stimulus-response-
type relationships. 
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• Demonstration of limited capability, semantics, and
grammar. The demonstration includes (1) cognitive model
integrated into the control system of an UMBRA-based
intelligent system, (2) cognitive model operated as system
searches a building to locate a source of smoke, and (3) data
obtained after completing an UMBRA run provides basis for
recognition of schema and sequences of schema.
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26536

Automated Combat Course of Action (COA)
Development
M. E. Senglaub

Conventional military planning parallels decision-
making efforts in the strategic-weapons communities and is
gaining in complexity. The military decision-making process is
used to develop operational orders for combat courses of
action (COAs). These COAs are similar to strategic-weapons
system requirements in that COAs define the functionality of a
combat system. The growth of information technologies,
sensors, and computational capabilities—while promising
much—is adding to the work associated with decision making,
either in design requirements or in combat COAs.

The project objective is to use evolutionary
computational technologies—including genetic programs,
genetic algorithms, fuzzy logic, and Bayesian networks—to
construct a framework that will explore the operational and/or
design space to optimize system performance within identified
constraints. Optimization requires analytical metrics to assess
the quality of a solution. These metrics are the fitness
functions mentioned in the literature. To capture the
complexities of next-generation operations, the command-and-
control component must be present in the fitness algorithms.
This component is lacking in accessible strategic planning
tools, but exists in a U.S. Navy simulation that this project will
use. The construct of an automated COA process must include
a dynamic adversary. Traditional approaches play a static
adversary against blue forces; evolutionary game theory
shows that this approach will result in suboptimal COA
construction. With this construct, Sandia must undertake a
multilevel approach that captures behavior at tactical and
strategic levels and includes learning algorithms to maintain
the dynamic aspects of combat simulation.

The project identified a unique approach to perform
combat COA analyses and development. The multilevel
hierarchy provides optimal use of evolutionary computational
technologies and existing combat-analysis tools. Joint Forces
Command (JFCOM) expressed a desire to include dynamic
adversarial models in combat simulations and command
decision-making processes. Work performed in a human
cognition effort was folded into the COA effort to add
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sophistication to the construct.The functional model would
employ a statistical representation of systems at the tactical
level. Thus, the model could use evolutionary computational
technologies in the optimization process. At the strategic level, 
Sandia is planning to use the Naval Simulation System for
fitness evaluations. This would provide a reasonably familiar
interface for commanders.

Preliminary analyses using evolutionary game
theoretics demonstrated a need for dynamic adversarial
models. When the adversary (red force) learns, the offensive
(blue)-force tactics differ from tactics developed in the
absence of red learning.

We based the functional cognition model on a Peircean
model of scientific inquiry or reasoning model with extension
defined by Lefebvre and Apter. This permits an eventual
inclusion of social, cultural, and physiological effects on the
process of human cognition and decision making.
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26537

An Advanced Learning Model for Agent
Behavior
R. J. Pryor, D. C. Barton

Sandia development of agent-based applications is
experiencing significant growth. Examples of applications
include warfighting, terrorism, robotics, infrastructure
security, and economics. The success of these applications will
depend mostly on how realistic our models of agent behavior
are. Behavior is the logic that governs all decisions of the
agent. In warfighting, for example, an agent may be faced
with a decision to attack or retreat from an engaging enemy.
His decision process would draw on military tactics as well as
human behavior. Currently, Sandia has no methodology to
realistically model this agent. The most effective models of
behavior have been either neural networks or genetic
programs. Neural networks are highly effective classifiers but
have limited computational capability. Genetic programs have
the opposite properties.

We propose a new learning model with the benefits of
both neural and genetic networks. The new model uses a
layered approach to allow learning sessions that incorporate
previous knowledge. A layer is planar space containing
interconnected neurons and genetic programs. As an agent
reaches the limit of the current layered configuration, a new
layer would be added to increase the agent’s decision
capabilities. A massively parallel (MP), evolutionary
programming model will be developed to evolve the
configuration. If this work is successful, agent models could,
for the first time, handle problems that depend heavily on
human decision making. This would increase the demand for
Sandia’s uniquely powerful agent-based simulations.

(1) We found that layering neural networks worked,
but the networks were not as powerful as we had expected. In
a mixed model—one with genetic programs and neural
networks—the genetic programs won the competition for
space on the gene. We concluded that genetic programs were
more powerful and more capable.

(2) We discovered a way to layer genetic programs.
This model will allow us to retain learning from previous
sessions. The model, which uses only genetic programs, is
also easier to implement.
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(3) We completed and tested several model versions.
This is ongoing work, and we are finding more robust model
configurations. We are testing the models using an unmanned-
aerial-vehicle (UAV) problem.

(4) We completed a powerful UAV simulator and
placed it on the Web for general viewing. This is a Windows
application that reads in genetic programs and displays the
flight of one or more UAVs.

(5) We discovered a way to encode a genetic program
in a simple ASCII (American Standard Code for Information
Interchange) file. This allows us to easily move programs
from one platform to another. We are looking at using this
ASCII representation in our evolutionary-mutation operations.
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26538

Threat-Assessment Study for Short-Pulse
Laser Technologies in Directed-Energy and
Countersensor Applications
S. M. Cameron, P. J. Federico, S. B. Dron, L. A. Boye

Recent developments in subpicosecond high-energy
laser research create new potential vulnerabilities for optical
detectors, threat-warning sensors, and self-protection
technologies. In particular, the unique interplay of focusing
condition, nonlinear dispersion, coherent spectral bandwidth,
and ionization achievable with such lasers can produce a self-
regularizing waveguide channel. This channel propagates
high-power ultrashort pulses with enhanced spectral
brightness and highly directional emittance characteristics.
Unprecedented power density, unique temporal-spatial
coherence signatures, and broad spectral self-phase
modulation are all associated with refractively guided
propagation of self-focused ultrashort optical pulses in
atmosphere and optical media. Therefore, new unconventional
intensity-driven susceptibility mechanisms may be possible in
sensors and components at range. 

Such emerging capability has significant implications
for laser directed-energy (DE) threats against future remote-
sensing systems. Commercially available short-pulse laser
technology combined with the global proliferation of
advanced optical technologies could, for adversaries, create
opportunities for operational and military exploitation during
the next 5 to 10 years.

This project will specifically address issues of laser
threat-warning and interdictive modes in optical detectors for
incident ultrashort laser-pulse interactions. As part of this
effort, Sandia will assess the evolving threat-development
cycle of foreign femtosecond-laser capability for military
application. We will conduct laboratory experiments on sensor
phenomenology and will evaluate the technological
implications for the intelligence community. The proposed
interdisciplinary teaming integrates complementary expertise.

The project approach consisted of two interactive
parallel efforts: (1) baseline experiments and (2) threat
analysis. The experimental portion addressed fundamental
physics issues of propagation control, threat warning, and
effects susceptibility. The assessment component evaluated
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technology maturity and the development cycle for
operational deployment of short-pulse lasers. 

Sandia accomplished the following tasks:
(1) Initiated contacts and conducted technology

briefings with the cognizant national threat-assessment
committees.

(2) Completed analysis of the unclassified and
classified database searches using the initial keyword suites
and found significant international research in this area. 

(3) Designed and constructed a representative test
fixture for laser-interaction phenomenology experiments.

(4) Assessed vulnerabilities and hardening strategies
for generic system architectures.

(5) Identified potential modifications to threat-warning
receivers for short-pulse laser applications.

(6) Established technology critical paths, key facilities
proliferation paths, and environmental indicators.

(7) Conducted automated analysis of the unclassified
database abstracts using Sandia’s VxInsight™ (a powerful, 
flexible tool for exploring data collections).

(8) Conducted manual analysis of the classified
database hits.

(9) Investigated the use of VxInsight™ to analyze the
classified database hits.

(10) Correlated database information statistically to
identify patterns: key facilities, people, and technologies.

(11) Continued parametric experiments to evaluate
effectiveness of hardening and threat-detection options.

(12) Began mission analysis for specific DE
engagement scenarios.
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26539

Algorithms for Improved Performance in
Cryptographic Protocols
C. L. Beaver, R. C. Schroeppel, V. A. Hamilton, N. D. Blair-Stahn,
L. M. Miller

Cryptographic protocols allow critical data to be
protected across insecure communication lines. Asymmetric
(public-key) algorithms are the cryptographic tools that these
protocols use to authenticate and provide data
nonrepudiation. The mathematical operations in these
asymmetric algorithms require excessive computation and
bandwidth. Hence, authentication protocols are too slow and
consume too much bandwidth for many technologies (e.g.,
wireless communications, ad hoc networks, sensor
technologies). These applications and new military
applications such as minimally manned warfare need fast,
reliable cryptographic protocols to ensure communication
integrity.

Using elliptic curves in public-key computations has
allowed computations and bandwidth to be somewhat
reduced. This project seeks to advance research on using
elliptic curves to find even more efficient algorithms and to
make public-key cryptography available to a wider range of
computing environments. Sandia further proposes to study
hyperelliptic curves to learn if the curves can be used as a
cryptographic venue that increases efficiency for computation
and bandwidth requirements.

• Completed baseline literature search and begin draft
of final report. We gained an understanding of work
accomplished in the field and the nature of outstanding issues.
The information gathered is too extensive to include in this
report, but the following accomplishments and findings are
notable: a new (although unsuccessful) attack on the elliptic-
curve discrete logarithm problem called xedni calculus; new
point-counting algorithms; and a lack of significant new
research on hyperelliptic curves.

• Completed initial elliptic/hyperelliptic curve
implementations. These implementations are crucial to
evaluate our ideas and lend insight. Our implementations thus
far include the following: 

– LISP code developed for working with elliptic
curves over GF(2) (Galovs fields).
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– Code to scan through continued-fraction
representations of hyperelliptic-curve groups. The continued-
fraction representation is full of patterns that may mature into
insights into the group structure.

– C codes to perform elliptic-curve operations. The
codes will be available in our cryptographic library for 
customer use.

• Began performance analysis. Performance analysis
on the above algorithms indicated that we are heading in the
right direction. The C code implements algorithms such as a
halving algorithm that is three times faster than the usual
elliptic-curve addition algorithm. 

• Investigated Frey-Gaudry-Smart attack. Frey,
Gaudry, and Smart give a method for computing discrete
logarithms on elliptic curves by mapping the problem to a
corresponding problem on higher genus curves. For curves of
sufficiently high genus, the discrete log problem is easier, and
so, if this is possible, it presents an attack on the elliptic-curve
discrete logarithm. In particular, this attack may work
particularly well for elliptic curves defined over field towers.
Field towers can be constructed for fields with composite
order and may provide a computational advantage for elliptic-
curve arithmetic. Our research has been using field towers to
speed up computations, so we were particularly interested to
see if this attack threatened our approach. However, our
investigations indicate that this attack is not very practical
except possibly for curves defined over very small ground
fields.

The most important product may come from new
research ideas that we discover during this project. We are
also developing other directions of interest: 

• One of the most computationally intensive operations
in elliptic curve-based cryptographic algorithms is the
algorithm for adding two points. We are exploring various
algorithms that generalize the addition of two points on an
elliptic curve. In particular, we are exploring formulas for
adding three points at a time and for combinations like 2A+B
and larger multiples such as 3A and 4A. Also, we examined
replacing the usual cubic-curve equation defining an elliptic
curve with a quartic curve and replacing the line joining two
points (in the chord-and-tangent addition/doubling algorithm)
with a parabola.

• It has been suggested that divisors on a hyperelliptic
curve may be a useful group on which to base a discrete log
cryptosystem. To date, algorithms to do computations on
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hyperelliptic curves do not appear more efficient than on
elliptic curves. We are trying to apply improvements already
made in the ground-field arithmetic for elliptic curves to
hyperelliptic curves. We are also considering alternative ways
of adding hyperelliptic-curve points. 

• We are looking at particular sequences and problems
related to the logarithm problem to speed up computations.
We contracted with an expert to help investigate some of
these issues. 

• We are also investigating recent point-counting
algorithms. 
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26540

Low-Cost Digital Radar for Fuzing, Tags,
SAR Imaging, and Targeting
D. F. Dubbert, R. E. Heintzleman, K. O. Wessendorf, P. A. Dudley

For the past decade, wireless communication systems
have reaped the benefits of digital-circuit technologies.
Benefits include reduced cost, size, and weight, and increased
flexibility of communications devices. Sandia believes digital
technology has advanced sufficiently that—coupled with
Sandia’s innovative radar design, waveform synthesis, and
digital-sampling technologies—we are ready to embark on a
digital revolution.

Sandia-developed radars (for remote sensing,
targeting, and fuzing) demand the highest levels of
performance for signal generation and signal processing in
terms of operation frequency, dynamic range, bandwidth, and
robustness. Recent advances in high-speed digital technology
have anticipated the unique marriage of the latest high-speed
digital technology and digital-signal generation and
processing techniques with Sandia’s expertise in radar-system
design, development, and exploitation. As a result, digital-
radar technology is established as the next-generation
solution to remote-sensing and communications systems,
which must be low cost, miniaturized, lightweight, and highly
flexible. 

Sandia made significant progress in two areas, which
make up the two halves of the digital-radar solution: (1)
advanced waveform synthesis and (2) the digital receiver.

• Advanced waveform synthesis. We developed a novel
technique called quadrature error-corrected digital-waveform
synthesis (QECDWS). We believe QECDWS will be the next-
generation solution to radar-exciter technology at Sandia. We
developed both the patentable QECDWS idea and the
supporting analysis, simulation, and calibration techniques for
a wide-band radar exciter that employs an image-rejection
QECDWS. 

• Digital receiver. We changed our focus from an
originally proposed receiver/exciter module test vehicle to a
digital-receiver (DRX) module as an upgrade to our existing
synthetic-aperture radar (SAR) systems. All technologies and
techniques employed in the DRX—including digital
oversampling, digital-quadrature demodulation, and high-
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performance, efficient finite-impulse response (FIR)
filtering—are part of the wider-scope digital-radar concept.
We developed a high-level block-diagram-and-requirements
definition of the DRX module, began major component
specification and lab testing, and performed numeric
simulations of the quadrature demodulator and first-stage FIR
filter. We also began laboratory evaluation and data analysis
pertaining to a commercially available track-and-hold
amplifier for future DRX application.

• Digital radar system. The characteristics of the
digital-radar building blocks spawned concepts for a new
breed of radar system. We documented a high-level
conceptual design for a wideband, high-performance radar
system. This concept is an example of how the digital-radar
technology building blocks and digital-radar techniques might
be used in future Sandia-developed radars for SAR as well as
fuzing and targeting applications. 

Sandia National Laboratories LDRD Annual Report 2001 274

Other Communications
Doerry, A. W., and D. F. Dubbert. 2001. “Quadrature
Digital-Waveform Synthesis and Calibration for
Synthetic-Aperture Radar.” Sandia Technical Report
SAND2001-0680, Sandia National Laboratories,
Albuquerque, NM (March).

We developed a high-level

block-diagram-and-

requirements definition of the

DRX module, began major

component specification and

lab testing, and performed

numeric simulations of the

quadrature demodulator and

first-stage FIR filter. 



26541

Triggered Isomer Research
P. J. Griffin, M. G. Mazarakis, L. C. Sanchez

Isomers are long-lived, excited states of nuclei.
Isomers release their excess energy by electromagnetic decay
in the form of gamma rays. Isomers have been investigated for
years; however, recent triggering experiments of the 31-year
178Hfm2 isomer revealed exciting possibilities for a new high-
energy-storage capability. Particularly interesting is 178Hfm2

because of its high-energy density (1.4 GJ/g or 0.33 ton of
trinitrotoluene [TNT] per gram), long half-life (31 years), and
the recently demonstrated ability to induce its decay with an
x-ray (in the range of 10 to 40 keV). If the energy release can
be controlled and the isomer can be produced at reasonable
cost, 178Hfm2 will have numerous applications in very
lightweight munitions and propulsion. This could revolutionize
missile defense (e.g., homeland defense) by enabling light,
highly maneuverable antimissile warheads that do not have to
hit to kill. Because the isomer energy release is ionizing
radiation, the energy release could enable penetrators with
significant agent-defeat capability. Isomers could empower
engines with significantly longer flight times than today’s
chemical systems.

If isomers are to be a useful energy-storage medium,
the next step is to build a break-even experiment that
demonstrates to engineers that more energy can be obtained
from the isomer energy-storage medium than is required 
to trigger it.

This project will develop a detailed design for an
isomer energy-storage medium break-even experiment. The
project will include a detailed radiation analysis, a heat-
transport analysis, and a structural analysis of the isomer
system. A detailed experimental program will be laid out to
demonstrate the break-even point. To support the validity of
the experiment, both a safety analysis and an environmental-
effects estimate will be performed. We defined a production
process that can produce enough material for the break-
even experiment.

• Evaluate reactor/accelerator production methods. We
conducted triggering experiments to generate design data.
Task 1 was delayed to take advantage of Air Force Office of
Scientific Research (AFOSR) work currently being sponsored
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in Europe and at the University of Central Florida. However,
the triggering experiments continued and were successful.
Triggering was identified to occur between 10 and 20 keV,
with a best-estimate energy of 10.65 keV. Triggering was
demonstrated to increase with increasing voltage on the
bremsstrahlung accelerator at constant current. The design of
the follow-on experiments at Argonne and Brookhaven
national laboratories’ synchrotrons was completed. This task is
being partially extended to use information currently
generated as part of the AFSOR–sponsored work.

• Update CEPXS and FEMP design codes. We updated
the FEMP code to deal with alpha calculations. We
determined CEPXS to be compatible with FEMP; no
additional modifications are required. We will make
enhancements on an as-needed basis for the FEMP code.

• Analyze current triggering experiments. We analyzed
all available project data to identify the x-ray–triggering
energy range of interest. Recent experimental results from the
University of Texas–Dallas and Lawrence Livermore National
Laboratory gave conflicting data at low x-ray energies (near
10 keV). We made detailed photon-shielding calculations;
computational results indicated that low-photon fluxes will
exist at these energies, thus leading to inaccurate results. Any
future data from in-progress experiments, along with to-be-
published data from AFOSR investigators, will be examined
in detail as soon as data are available.

• Analyze isotopic-production results from high-flux
isotope reactor (HFIR) production experiments. The HFIR
production experiments are complete. The analysis of these
data identified difficulties in the production of 178Hfm2 along
with its separation and purification.
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26542

A Scientific Basis for Robotic Ground-
Vehicle Design
P. R. Klarer, M. R. Vaughn, K. M. Jensen

Mobile robots have recently seized center stage for
remote information gathering in the military and intelligence
worlds. The difficult operational environments and mission
requirements are driving systems engineers to push the
performance of current unmanned ground vehicles beyond the
performance for which the vehicles were designed. Currently
vehicle design is only loosely tied to the mission and mostly
based on prior designs and experience. Therefore, Sandia is
developing a design methodology for mobile robots. 

The methodology begins with mission analysis, then
optimizes performance requirements, and includes a
modeling-and-simulation environment to optimize designs and
estimate probabilities of mission success. This project will
result in a new and unique capability to define and design
mobile robotic-vehicle systems based on customers’ mission
requirements, providing Sandia with a differentiating
capability in robotic-vehicle design.

Theoretical and analytical work includes a basic
understanding of the dynamics of vehicle interactions with
discrete obstacles and the identification of several potential
approaches for quantifying the interactions of generic vehicles
with obstacles and terrain. We developed an approach for
model verification through field experimentation; experiments
have begun and will continue.
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26543

Adaptive and Mobile Ground Sensors
A. B. Maish, R. L. Williams

Sandia proposes a novel and practical use of robotic
vehicles to characterize the contents and characteristics of
high-valued targets. In particular, robotic vehicles that carry
seismic/acoustic sensors can be used to significant advantage.
We propose an adaptive-mobile-array (AMA) technique
whereby sensor-based robots autonomously redeploy based on
in situ measurements of seismic/acoustic emissions from
underground targets. Additionally, the robots can provide
significant insertion mobility during deployment to place the
array in an optimal high-signal, low-observable position
relative to the target.

The novel technical approach involves several huddled
sensors used to estimate the characteristic frequencies and
wavelengths of the target emanations. We will use an array-
optimization algorithm to estimate in situ frequencies and
create a coherent array to estimate the target bearing. The
outputs of this array algorithm will autonomously instruct the
robotic sensors to redeploy (approximately 1 to 10 m). Slight
readjustments of the array would then be made until the array
hones in on the source. In effect, only a handful of mobile
sensors provide very precise bearing estimates.

This project is designing, developing, and
implementing the technical innovations required to bring
AMAs to reality. In particular, the effort is addressing (1)
algorithms for coherent/mobile beam formation, (2)
modification of an existing robotic-vehicle design to
incorporate a modular/deployable payload capability, (3)
deployment of seismic sensors well coupled to the ground, and
(4) optimization of sensor-to-robot communications. The
project will culminate in a field demonstration using robotic
vehicles. The field demonstration will involve a realistic
scenario such as the community experiments at the 
Nevada Test Site.

Sandia has accomplishments in project planning,
system-configuration evaluation, adaptive sensor-array signal-
processing modeling and verification, and hardware design for
sensor-array deployment. We developed a detailed project plan
and a high-level control architecture plan to guide detailed
controls development.
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The system-configuration evaluation integrated a
variety of considerations, including mission-operational
constraints, sensor- and signal-processing issues, target and
terrain characteristics, robotic-vehicle performance
parameters, and sensor-deployment and -retrieval
considerations. We completed the initial evaluation of all these
considerations; the result is that the vehicle and seismic-sensor
configuration has been changed to the present, preferred
option. The original configuration had one sensor per vehicle
and used a suite of vehicles to deploy seismic sensors that
were wired to the vehicles. The preferred configuration uses a
single vehicle to deploy and retrieve multiple radio-linked
stand-alone seismic-sensor packages and then stand off, so the
vehicle does not couple wind-induced vibrations into the
ground near the sensors. The acoustic-sensor array is still
mounted on a single vehicle using extendible masts to vary
sensor spacing up to 1 m apart because, with ground
mounting, achieving 4 cm sensor relative-placement accuracy
would be difficult.

Commercial geophones use a spike to couple the
sensor to the ground, but lightweight robotic vehicles cannot
push such spikes into hard ground. We identified and tested
three classes of torsional-insertion force devices and identified
some that achieve good penetration with reasonable forces.
We then completed field tests on the relative signal-coupling
performance of these devices. We determined that sensors
without any coupling devices were acceptable.

Another important part of this project is development
of sensor signal-processing algorithms and algorithms to guide
the sensor-array configuration. This effort started with a
detailed evaluation of array signal processing to quantify the
benefits of adaptability and to identify areas for algorithmic
development. Array gain, mainlobe width of the array pattern
(and its variants), the relative amplitude of sidelobes, and
spatial aliasing have been identified as intermediate measures
of array performance. Field experiments followed the system
study and initial design efforts. One experiment quantified the
impact of wind on key aspects of the acoustic-array design.
Another field test simulated the adaptation of an array of
seismic sensors that the robot would perform in a typical
mission.

The data acquired during this field exercise will assist
in the development of the array signal-processing software.
We began to develop the array signal-processing software by
defining the interface between the array signal-processing
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subsystem and the rest of the robot. We also defined the
necessary software modules, their tasks, calling sequence, and
logical data flow.

We achieved the primary goal of hardware
development. The goal was to demonstrate the capability to
deploy, recover, and redeploy seismic sensors while achieving
high-quality coupling to the ground. We mounted the
prototype seismic-sensor-deployment hardware on a high-
mobility dual-body robotic vehicle and demonstrated it using
teleoperational controls. We designed the prototype for
tolerance to positional errors. Additionally, we demonstrated a
variable-sized acoustic array using six extendible masts. 
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26544

Algorithm Development for Prognostic
Health Monitoring and Maintenance
L. P. Swiler, J. B. Kelley, J. E. Campbell, T. P. Swiler

This work will evaluate, develop, and integrate
algorithms for prognostic health monitoring and maintenance
(PHMM). The project will result in a decision-support system
to help evaluate maintenance strategies for risk, time, and
cost. We will dynamically update the optimal
recommendations for changing conditions and sensor
monitoring. The range of applications and customers for a
PHMM tool is very broad. The PHMM algorithms will be
tested and validated for a real system of interest for which
Sandia can obtain extensive statistical failure data, most likely
the F-16 or the future combat system.

Our research is divided into two major areas: 
(1) For a PHMM system to be robust, the system must

integrate information from a variety of sources and thus
consider all evidence that affects a prognosis for system
health. To integrate this information, we are developing an
evidence engine. The evidence engine uses a Bayesian belief
network (BBN) for fuzing information at the sensor-feature
and failure-mode levels. Additional prognostic algorithms will
detect trends, abstract and identify sensor features, estimate
remaining useful life, and more.

(2) We are developing algorithms to analyze the
consequences of various maintenance actions. These
algorithms will be included in the consequence engine to
provide a recommended course of action based on the current
system state, pending problems, and planned equipment use.
The consequence engine will include a scenario generator
that automatically creates a suite of potential maintenance
actions. Consequence-engine algorithms will calculate the
impact of each proposed action on system failure and present
a set of high-ranking potential actions. 

We began developing algorithms for both the evidence
engine and the consequence engine and conducted a
comprehensive literature search for prognostic algorithms. We
are working with the Applied Research Laboratory at
Pennsylvania State University to understand the types of
algorithms involved in condition-based maintenance. Several
of us took a course on BBN. 
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• Evidence engine. We developed an architecture for
the evidence engine and are defining objects (data and
algorithms) that will populate it. We have a report outlining
prognostic algorithms, a preliminary design document, and
alpha-version software to perform evidence integration. The
current version of the evidence-engine software takes a list of
failure modes and information relating to those failure modes
(such as time-to-failure distributions, current age, sensors, and
others) and projects remaining useful life based either on
sensor-feature extraction and trend extrapolation, or on a BBN
that is updated according to maintenance and
inspection evidence. 

• Consequence engine. We designed the data and
object models for the consequence engine, and development
of the algorithms is under way. We have also started to
identify and develop algorithms that will evaluate the impact
of maintenance actions. We implemented software that will
take as input a maintenance-and-use schedule, spares
information, and time-to-failure data on components. This
software then generates maintenance and failure events and
evaluates performance measures such as total downtime,
equipment availability, and cost. This software is the prototype
for the consequence engine. It has successfully passed initial
alpha testing.
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26545

New Mechanism for Upset of Electronics
G. M. Guillermo, L. D. Bacon, R. J. Walko, R. C. Pate, L. L.
Molina, P. E. Patterson

This project is investigating the conditions under
which selected electronic circuits and systems can be driven
out of stable operation through exploitation of nonlinear
dynamical system behavior; the project is also exploring the
role such behavior can play in causing functional upsets or
electronic-system disablement through exposure to the proper
high-power microwave (HPM) radiation environment.
Virtually all electronic circuits and systems possess nonlinear
features and phenomenology that make them subject to
erratic, complex behavior under certain operating conditions.
This behavior, which is referred to as deterministic chaos,
appears to arise in all forms of nonlinear dynamical systems.
This behavior is found in the life sciences, economics,
mechanical and fluid systems, chemical reactions, electrical
systems, optics, and quantum mechanics, to name a few.
Within the context of electronic circuits and the flow of data
and/or control signals designed to function in a specified
manner, the appearance of chaotic behavior is a serious
departure from the desired stable regime of operation. Onset
of chaos can thus lead to the functional upset or disablement
of the system. Under the proper conditions, transition of a
nonlinear system from stable operation to unstable chaotic
behavior can occur rapidly through relatively modest changes
in one or more operational parameters. This raises the
possibility that electronic systems of interest may be subject to
new forms of functional upset through this mechanism by
exposure to electromagnetic (EM) stimuli having the
appropriate signal characteristics at power- and energy-
density thresholds well below those traditionally required for
upset or damage from conventional HPM exposure.

The project combines analytical modeling with
experimental investigations involving both direct-drive and
EM coupling to several representative electronic,
electromechanical, and/or electrooptical systems of interest to
the departments of energy and defense.

Project goals include identification, characterization,
and demonstration of chaos-related vulnerabilities, defensive
countermeasures, and exploitation approaches and
techniques.
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Sandia searched and reviewed literature pertaining to
applied chaos theory and chaos-related behavior, as well as to
effects and control in practical analog and digital (A/D)
circuits. Initial modeling and experimental work focused on
simple driven-diode-resonator circuits operating at low
frequencies (below 2 MHz).

Working with this simple class of circuits provided a
starting point to understand chaotic-behavior characterization
within electronic circuits. The initial experimental work
included developing the required laboratory test-bed and data-
acquisition system; this initial work allowed us to explore
various data-capture, -visualization, and -analysis techniques.
We directed considerable effort toward understanding the
cause-effect relationship of chaotic behavior in this simple
circuit as a function of the nonlinear characteristics of the
diode. Relative to other circuit parameters, voltage-dependent
diode-junction capacitance and reverse-recovery
characteristics dictate chaotic behavior. SPICE-circuit
modeling showed general qualitative agreement with
experiments, but differs in quantitative detail for reasons still
under investigation. We are pursuing improved diode models
that incorporate more semiconductor physics, along with plans
to modify diode-carrier recombination times with neutron
irradiation and to evaluate the effect on circuit behavior. We
identified A/D circuits that are more representative of real-
system elements for further investigation. We selected the
phase-locked loop (PLL) specifically as the next area of focus.
This selection stems from the widespread use of PLLs in
communications and control systems, as well as our recent
coincidental observation of possible chaotic PLL upset in
radio transmitters during unrelated project testing. Improved
direct-injection and EM-coupling test-bed development, data-
capture, and data-visualization capabilities are under way for
testing, diagnostics, and data-analysis capabilities into the
gigahertz range.
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26546

Flexible Robotic Maintenance Facility
W. D. Drotning, P. A. Watterberg, W. J. Prentice, C. S. Loucks

The Robotics and Intelligent Machines Roadmap for
the Department of Energy identified classes of processes that
could be automated. The Roadmap identified technology bases
that underlie noncontact, contact, and multiprocesses.
Relevant to the Roadmap, a proposed Sandia project strives to
develop advanced design tools for flexible robotic workcells
and to apply these tools to conceptualize an automation-
intensive maintenance facility for a class of complex systems.
We envision a facility designed for automated operations and
to accommodate an entire class of complex systems, including
weapon systems. Facility costs could be amortized over
multiple systems and processes. The facility will have
multiprocess automation equipment to reduce maintenance
manning requirements. The initial target environment is
military-aircraft maintenance, although the resulting tools will
be applicable to the design of robotic workcells for other
complex systems. A system study of military-aircraft-depot
maintenance will identify high-payoff automation
opportunities.

Elements of this vision have been realized for the
aircraft-painting/-coating process and for nuclear weapon-
component spray cleaning. In developing advanced
painting/coating/cleaning systems, we discovered a need for
more advanced design tools, which this project will develop.
Tools will be targeted at environments requiring many
changes in task or workpiece. The tools will allow rapid
analysis of a workcell configuration—including commercial
and custom hardware—for operations on any of a class of
systems. The needed tools will integrate modeling and
simulation, automated path planning, automated path
generation, and minimization methods to support workcell-
architecture analysis. These tools will allow assessment of
designs with variable workpiece position. The required tools
will use automated path planning to minimize the number of
robot positions the operator must specify. We will select a key
process technology for analysis using the tools.

We made a first selection and identification of key
technologies and processes for maintenance tasks. We studied
the compilation of current aircraft-maintenance-site
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information to identify existing and potential technology-
development areas. We reviewed projects by others related to
maintenance, repair, and overhaul modernization (automation)
efforts. The depot-site visits helped reveal a need for
technologies that facilitate automation of multiple processes
on large aircraft structures. The reachability analysis tool and
tools for automated path generation and registration are
needed and will benefit broad process areas such as cleaning,
coating, decoating, sealing, fastener removal/insertion, and
inspection. Also, we began interacting with a major robot
supplier for the aircraft industry; the interaction aimed at
identifying technology-development needs from the supplier
side. As a result of this interaction, we identified the
reachability analysis tool as a core element for a key
technology for large robotic-maintenance systems.

We improved software tools for design analysis and
extended them to encompass greater breadth for eventual
application as a generalized design tool. We extended the
robot-system reachability analysis to more robot designs. We
enhanced design tools for automated path planning and
generation to incorporate those complex robot systems with
redundant joint configurations. By employing advanced
inverse-kinematic solution methods and optimization
techniques, the prior design tools for automated path
generation have been enhanced to provide greater flexibility
and generality, as well as improved performance for complex
robotic systems.

We selected a candidate process-technology need for
demonstration using the analysis tools. The process of seam
filling/caulking appears to be an important technology where
automation has been hindered by lack of advanced technology.
The process is representative also of a wide variety of in-
contact processes that require model-based position analysis,
and sensor-based workpiece characterization, robot-motion
control, and process monitoring/feedback. We have begun to
plan technology development to demonstrate this 
maintenance process.
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26547

Distributed Autonomous Navigation
G. R. Eisler, D. D. Padilla, J. J. Carlson, C. L. Lewis

This project will develop a scientific framework for
distributed navigation using swarms of vehicles. This
framework will allow navigation with or without the
availability of the global positioning system (GPS). Sandia’s
approach will extend Sandia’s unique capabilities in terrain-
aided navigation. In most terrain-aided navigation systems,
altitude measurements from a single vehicle are correlated
against a digital elevation map (DEM) to determine position.
These solutions require many measurements over a substantial 
length of terrain, which is impractical for most land and water
vehicles. To compensate, we will investigate the application of
additional features such as terrain gradients and bearings to
landmarks, along with the use of swarms of communicating
vehicles. These features, combined with the relative three-
dimensional (3-D) positions of each vehicle, will provide a
geometric template that will be correlated against map data. 

Another unique focus of this research will apply
optimization techniques to determine optimal swarm
formations for navigating through specific types of terrain and
will study whether the formations should be adaptive.
Variations in parameters such as terrain characteristics and
map availability will determine factors such as feature
selection and measurement, and the number of vehicles and
their formation needed for an optimal solution. 

Accomplishments include development of preliminary
map-correlation algorithms and simulation environment,
surveying a test-bed area to calibrate sensors and verify
simulation models, comparing numerical dynamic
programming and weighted-graph algorithms for
computational efficiency in terrain-traversal-type problems,
and demonstrating improved position estimation using terrain
data from multiple vehicles with intermittent GPS coverage.

An initial simulation environment employs terrain
elevation and slope to correlate, with the least possible vehicle
motion, a collective of vehicles. The simulation allows trade-
offs between positions on the terrain, numbers of vehicles,
vehicle dispersal pattern, and relative-sensing errors. The
general approach consists of inserting the vehicle contingent
into an area where the system has map knowledge only and
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the ability to measure relative locations and altitude with
respect to a lead vehicle. (We have assumed differenced,
uncorrected GPS values.) Using this information for the
vehicles locked in place as a template, we search the map by
moving the template to cover all possible positions, then find
the difference between measured relative altitude and the
altitude computed using map-elevation data. Those template
positions showing sum-of-error differences among the
vehicles below a given threshold are accepted as possible
vehicle-collective locations. Then a slope correlation is
conducted to encompass all possible vehicle locations. We
choose to move vehicles with the lowest or most negative
correlated slope sums compared with kindred-vehicle
locations, according to map data only. The simulation shows
that vehicle placements, error thresholds on possible positions,
and terrain content (i.e., elevation change) are critical in
correlating position.

The research premise is that a cooperating system of
vehicles may minimize some ambiguity of estimated vehicle
positions. To help verify this idea, we decided to employ a
well-characterized test-bed for algorithm verification and
sensor calibration. Using the superior real-time kinetic (RTK)
accuracy, we commissioned a GPS survey with a local firm to
map the motocross course. We took approximately 25,000
points to generate a 1-foot interpolated map.

Choosing different relative-positioning sensors is key
to implementing the proposed algorithms. Baroaltimeters and
direction antennas are candidate technologies to determine
elevation and bearing; however, for relative vehicle-to-vehicle
distance, current component-search efforts reveal a lack in the 
accuracy and comprehensiveness versus that which GPS
affords. As a result, we propose investigating the integration
of distributed Kalman estimation with degraded-navigation
solutions from pseudoinertial measurement to localize
position.

The major project segments are position estimation/
localization and mission planning/execution. When position is
assessed, the contingent must move to expedite a given
mission. Our university collaboration has generated path-
planning algorithms for the mission segment. Currently, we
are comparing dynamic programming based on a nonuniform-
grid approach and weighted-graph algorithms on the basis of
computation speed and comprehensiveness for modeling the
important aspects of multivehicle traversals.
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26548

Obstacle Detection for Autonomous
Navigation
D. D. Padilla, F. J. Oppel, III, M. W. Scott, M. R. Muguira, J. J.
Carlson

This project will develop a mathematical framework
for obstacle detection. Sandia expects the framework to help
solve many complex obstacle-detection problems critical to
successful autonomous navigation. One project goal is to
characterize sensing requirements for physical characteristics
of obstacles, vehicles, and terrain. For example, a specific
vehicle traveling at a specific velocity over a specific terrain
requires a sensor with a certain range of detection, resolution,
field of view (FOV), and sufficient sensitivity to specific
obstacle characteristics. In some cases, combinations of
sensors may be required to distinguish between different
hazardous obstacles and benign terrain. In our framework, the
problem will be posed as a multidimensional, multiple-
hypothesis, pattern-recognition problem. Features will be
extracted from selected sensors that allow hazardous
obstacles to be distinguished from benign terrain and other
types of obstacles. A weighted-nearest-neighbor decision
model will fuse feature measurements to minimize
classification errors. In addition, classical estimation theory
will provide the framework for estimating obstacle
characteristics such as position and size.

Another project goal is to characterize different terrain
classes for positive (e.g., rocks, trees, fences) and negative
(e.g., holes, ditches, drop-offs) obstacles. The density of
various hazards per square kilometer will be statistically
quantified for different terrain categories (e.g., high desert,
ponderosa forest, and prairie). This quantification will reflect
the scale or size and mobility of different vehicle types. The
trade-offs between obstacle detection, position location, path
planning, and vehicle-mobility capabilities will also be
characterized.

Our work focused on developing a theoretical and
robust framework for obstacle detection. Principles of
classical decision and estimation theory provided a
mathematical basis. Part of this framework includes an
architecture for both sensor- and control-algorithm
development. The architecture defines standard data structures
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including a local, vehicle-based, occupancy grid and a global,
world-based, occupancy grid. Using the architectural
framework, we implemented an ultrasonic obstacle-detection
system that uses commercially available sensors and are
porting it to the AutoNav platform (HAGAR). 

A major portion of our work involved the
characterization of obstacles, terrain, and sensing
requirements. The density of various obstacles was
statistically quantified for different terrain categories. This
quantification is intended to reflect the scale, or size, and
mobility of different types of vehicles. Another major effort
involved the investigation and evaluation of different sensor
technologies for obstacle detection. The performance of
conventional ultrasonic sensor was greatly enhanced with
algorithms developed to process the raw echo return signal.
Structured light technology proved to provide an efficient,
eye-safe, obstacle-sensing capability in subdued lighting. We
investigated techniques for extending the application of
structured light to bright, sunlit environments. 

We evaluated two scanning laser radar (LADAR)
systems and one scannerless LADAR. One scanning system,
the Acuity Range Sensor, shows significant potential. We also
evaluated the potential for using offboard sensors (i.e., not on
the robot) using a state-of-the-art LADAR terrain-mapping
system. We also investigated the application and capabilities
of stereo vision. One system (Digiclops) provides real-time 
3-D images and has potential advantages compared to the
active, laser-based systems. We also investigated the potential
for an acoustic, phased-array imaging system. We successfully
simulated the acoustic-imaging sensor and began developing a
prototype array to validate our simulation results.
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28775

Laboratory-Scale Coherent Multikilovolt
X-Ray Sources for Advanced Imaging
Applications
T. S. Luk, T. R. Nelson

High-peak spectral-brightness coherent x-ray sources
would allow implementation of powerful new spectroscopic-
imaging modalities and nonlinear interactions in the
multikilovolt spectral region for condensed matter and
plasmas. Lasing in this regime would be useful for x-ray
harmonic generation, protein crystallography, x-ray
diffraction (XRD) of materials, radiographic testing, and next-
generation backlighters and igniters for fusion experiments.
Recent experimental measurements at the University of
Illinois–Chicago point to coherent x-ray production using the
combination of relativistic self-focused propagation and high-
field multiphoton excitation of gaseous hollow atoms using a
femtosecond-Terawatt-ultraviolet (UV) laser. Enhanced
emission features in the excited atomic-charge states (xenon
[Xe]) generated in the interaction exhibit evidence of line-
narrowing and gain (gL~40/cm) with a spectral brightness

exceeding 1031/s(mrad)(mm)2 per (.1%BW). This project seeks
to confirm evidence of x-ray lasing and to match the electron-
density profile, guided-mode characteristics, and plasma
dispersion to optimal target design for x-ray production and
emittance. Theoretical analysis will model the relation
between self-focused spatial confinement and atomic-field
ionization producing x-ray flux.

We performed calibrated spectroscopic-x-ray
diagnostics to characterize the x-ray properties of the self-
focused channel in Xe formed by a Terawatt-UV-femtosecond
laser. Preliminary evidence leads to the conclusion that
hollow-atom ionization in a self-trapped plasma channel is a
model system that closely represents ideal conditions sought
for multikilovolt amplification. The confluence of these
phenomena, namely (1) nonlinear propagation in plasma
resulting from relativistic charge-displacement self-
channeling, and (2) direct selective inner-shell multiphoton
excitation, can create unprecedented conditions for power
compression. Estimates of the gain and brightness were
derived from spatially resolved spectral data. Observations are
consistent with the theoretical properties of a dielectric
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waveguide in which guided x-ray modes in the channel are
self-organized by matching of the group velocities for the
exciting UV and x-ray pulses. The ability of the plasma
channel to guide amplified x-rays in a preferred spatial mode
will automatically confer spatial coherence to the generated 
x-ray emission. We characterized the guided x-ray modes by
independent variation of the electron density and dispersion
and showed them to support chirp-pulse compression in the
waveguide. Future experiments will probe on- and off-axis
temporal profiles of the x-ray gain on a single-shot basis.
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34487

Atmospheric Plasma Applications
T. J. Renk

High-density, high-energy atmospheric plasmas offer
unique opportunities for application to national needs,
including energy conversion using high-pressure
magnetohydrodynamics (MHD)-generating devices for
compact, high-power-density generators; surface processing
and decontamination for advanced manufacturing; surface
decontamination for environmental and emerging threat
applications; high-efficiency lighting; and plasma-control
surfaces for aerospace vehicles. High-density plasmas offer
unique characteristics for revolutionary capability
enhancements, including microsecond response, production of 
effects at an extended distance away from the source, and
electrically activated, immediately deactivated, and high
localized energy densities. These applications are directly
related to Department of Energy (DOE) missions for
advanced manufacturing, mitigating material-aging effects for
stockpile stewardship, surface processing and
decontamination for hazardous and radioactive contaminants,
and response to emerging national threats. Detailed
understanding of the ionization process and plasma
characteristics is essential to optimization for specific
applications. The work in this project is a theoretical and
experimental benchmarking of the production, control, and
optimization of high-pressure plasmas. Sandia will base the
modeling and analysis on IPROP, APC, EMPHASIS, and
QUICKSILVER codes, which are presently available. We will
focus experimental effort on a small set of benchmarks to
verify the accuracy of the IPROP and APC codes in the low-
voltage electron-beam regime and to validate plasma density
predictions. A 200 kV electron beam experiment at Sandia will
be relevant for benchmarking the key plasma parameters. We
will extrapolate to energy-conversion and surface-processing
applications of interest. This work enhances Sandia’s
capabilities by developing new modeling capability with high-
energy-density plasmas. These improvements will be
applicable to future pulsed-power development, advanced
simulator design and development, and new high-power-
density generating capability. 
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Creating and sustaining plasma in the atmosphere can
be accomplished with a number of sources, such as corona
discharge, low-voltage arcs, or electron beams. In general, the
energy expended for each electron created from the source is
about 35 eV per plasma electron. The plasma lifetime is
determined by competing chemistry effects, the most
prominent effects being electron attachment and
recombination. Attachment is the process by which an electron
becomes attached to a neutral molecule to create a relatively
long-lived negative ion. Two- and three-body processes
dominate. Recombination is the process by which electrons
are recombined with positive constituent ions to once again
form neutral molecules. Again, two- and three-body processes
govern recombination. 

Reaction rates for the principal processes can be found
in the literature. Calculation of plasma formation is then a
matter of modeling beam passage through the gas, combined
with the appropriate formation and decay rates for electrons 
in the gas. 

Sandia used two simulation codes to analyze this
problem: the LSP and APC codes, which were developed and
benchmarked originally in the Charged Particle Beam
Program. Both of these codes have air-chemistry-reaction
calculations as an integral part of the analysis and produce
temporal and spatial distributions. Simulation results show a
good degree of self-consistency between the codes and good
agreement with a limited amount of time-averaged and
spatially averaged data from literature. 

Results indicate that beam energy on the order of 100
keV is adequate to produce plasma volumes of the proper
extent for material-processing applications, with an extended
range in air on the order of 20 cm in length and width of more
than 10 cm.
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34488

Feasibility Study on Fire-Suppression
Properties of the Sandia Decon Foam
C. V. Williams

Sandia developed a nontoxic, noncorrosive aqueous
foam with enhanced physical stability for the rapid mitigation
and decontamination of chemical and biological warfare
(CW/BW) agents. Please see Website
(http://www.nwmp.sandia.gov/SNLdecon/).

A range of methods including systems that yield
desirable properties for fire-suppression foams can deliver the
Sandia foam. Although the foam’s effectiveness against
CW/BW agents is well established, the additional capability of
being a fire suppressant would provide a dual-use capability.
If the Sandia foam can suppress and control fires, the foam
could significantly enhance the level of protection for critical
nuclear weapon facilities, and suppression systems could now
provide the additional protection of decontamination and
CW/BW-agent removal.

Class A and Class B fires were set according to ASTM
(American Society for Testing Materials) Standards. The Class
A tests are conducted on wood-cribs constructed of 2-by-4
kiln-dried spruce or fir lumber. The Class B tests are
conducted in pans containing commercial-grade heptane. 

Class A fires were conducted according to ASTM
Standards D4442-92. The Class A tests were conducted on
wood-cribs constructed of 2-by-4 kiln-dried spruce or fir
lumber. The cribs were constructed of interlocking layers, as
shown in the chart on the next page.

The wood cribs are ignited using a 2-minute burn of
commercial-grade heptane. The cribs were allowed to burn for
at least 8 minutes prior to attempts to extinguish the fire.

Two versions of the foam based on the Sandia
formulation were tested: DF-100 (the original formulation)
and the commercial equivalent of DF-100 with a surfactant
used in firefighting foams. 

We conducted two Class B fire tests. Neither
formulation was effective against the Class B fire.

Extinguishing of Class B fires is important because
terrorists use petroleum products as accelerants. (Consider the
September 11 attack.) We identified a nontoxic surfactant. 
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Future work includes addition of this surfactant to DF-100 and
testing for CW/BW and fire-suppression capability.

Five Class A fire tests were conducted:
• 2 ea Crib 20-A
• 1 ea Crib 30-A (192 wood members)
• 2 ea Crib 40-A (224 wood members)
Both formulations are effective in extinguishing the

Class A fires.
We demonstrated fire-suppression capability of the

Sandia Decon foam, DF-100, for Class A fires.
We demonstrated fire-suppression capability of the

modified commercial product based on the Sandia
decontamination foam.

We identified a surfactant that shows promise in being
effective against Class B fires and is compatible with the
Sandia decontamination formula.
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20-A 160 38x89x1581 10 layers of 
15 on edge, one 
top layer of 15

30-A 192 38x89x1895 10 layers of 18 
on edge, one top
layer of 10 flat

40-A 224    38x89x2213 10 layers of 21
on edge, one top 
layer of 14 flat
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#/Wood 
members
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34489

Feasibility Study for Improved Less-Lethal
Weapons
R. P. Toth

In the Department of Energy (DOE) mission to ensure
safety and security of nuclear weapons, DOE security forces
operate in urban environments with large numbers of
civilians. Consequently, DOE security forces (in common with
military missions in peacekeeping and civil riot control) need
weapons that reversibly incapacitate with minimal lasting
effects. The cache “nonlethal weapons” is a misnomer, insofar
as mortality and morbidity statistics from experience in the
Middle East and Northern Ireland clearly contradict that
premise. 

Conventional less-lethal weapons for peacekeeping
missions are of two types: kinetic weapons such as rubber
bullets for blunt trauma, and nonkinetic weapons such as
sticky foam and tear-gas to immobilize or incapacitate. Blunt
trauma routinely kills and maims. Sticky foam limits friendly-
force movement and leaves a major clean-up problem. Tear-
gas is deadly in closed spaces and causes long-term ocular as
well as pulmonary injury.

The weapons needed for DOE security forces, military
peacekeeping, civil riot control, and so forth should cause
temporary and reversible disability. Ideally, the effects should
be controlled via a reliable, dose-response relationship that
could be varied over range and degree of incapacitation as
the weapon is deployed. 

This new class of weapons could act by chemical or
physical means. The Geneva Convention enters the discussion
insofar as chemical and blinding weapons are prohibited. The
weapon of choice for urban use would appear to be acoustic
because of low cost, adaptable operational concepts, a wide
safety margin, and controllable exposure conditions for range
and effect.

Acoustic weapons for this purpose would not simply be
a loud noise, but would be designed to interfere with postural
reflexes via vestibular effects. The mechanism of action could
be biphasic pressure changes at the inner ear to mimic rapid
head movements, to induce nystagmus and ataxia, and to
upset postural controls.
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This project reviews candidate technologies for less-
than-lethal weapons and selects one that offers the best
possibility for temporary and reversible incapacitation. The
technologies reviewed were those described in the DoD Joint
Nonlethal Weapons Program (JNLW). The technology
categories received were acoustic, biotechnical, chemical,
electromagnetic (EM), mechanical, and optical. 

Others have identified eye damage as the most
frequently mentioned major concern as a weapon-effects
failure. This began with blunt trauma (mechanical) and
certainly will feature prominently in chemical, optical, and
EM NLW. Eliminating these traumas leaves biotechnical and
acoustic as the remaining technologies. Biotechnical methods
include behavior-altering drugs, malodorants, and biological
products such as acids, enzymes, and toxins. Sandia rejected
these because of unpredictable dose-response curves and dose
distributions that may vary by 100:1 with present methods
of dispersion.

The selected technology was acoustic. Established
NLW effects for this technology are diversionary devices
(flash-bang), blast-wave (overpressure) effects, and high-
intensity sound and infrasound. We found all of these to be
unsatisfactory. The first and third do not incapacitate, but
merely distract. Furthermore, accommodation to that
distraction is not only possible but rapid. The second may
incapacitate, but blast overpressure requires explosives or
propellants and carries a significant risk of conversion to
lethal effects by window breakage. The last mechanism,
infrasound, may incapacitate; but these effects are largely
anecdotal unless inconveniently long-exposure durations are
employed. We concluded, therefore, that a new acoustic
mechanism is needed.

Acoustic methods do offer the advantage that lethality
is virtually impossible. A new mechanism of action affecting
the inner ear offers the best promise for reversible and
temporary incapacitation. Vestibular effects may be that
mechanism. Bipedal posture and locomotion may be modeled
as an inverted pendulum. The zone of stability is narrow, a
cone of about 15°. Thus, it is sensitive to disruption.

Posture is maintained by a complex integrative
network of sensors (chiefly in the inner ear) and effectors
(spinal and leg muscles) mediated by the extra-pyramidal
motor system and cerebellum. Sandia will exploit vestibular
disinformation to destabilize postural reflexes. In this way, 
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reversible loss of posture, nausea, nystagmus, and
disorientation are possible through acoustic pathways.

The equipment needed for this destabilization must
produce rapidly alternating pressure waves at the junction of
the cochlear and vestibular systems—namely, the fenestra
ovalis. The acoustic signal needed is a pulse packet. The
generator choices are explosive and electrical. We selected
electrical means for generation of the acoustic impulse since
electrical generation offers the possibility of useful repetition
rate and freedom from difficulties of handling explosives or
propellants. We designed an acoustic impulse generator with a 
large-bore (6-inch ID [inner diameter]) stainless-steel pipe
terminated at one end with a breech plate and an impedance-
transforming conical taper at the other end. The impulse was
generated by a high-voltage (40 kV) discharge between
titanium electrodes. The 40 kV was produced by a two-stage
Marx bank charged to 20 kV. The generator comprises a
capacitor-charging power supply, a pair of carborundum-
charging resistors, a pair of gas switches, a pair of balancing
resistors, and a trigger network. 

Initial measurements with microphones yielded a peak
sound pressure level (SPL) of 174 dB at 3 m. Subsequent
measurements with a blast probe indicated peak SPL of 198
dB. Marx diagnostic circuits suggest an erection time of
approximately 50 to 100 ns and a discharge time of
approximately 200 ns. Discharge peak current is
approximately 4 kA.

Sandia National Laboratories LDRD Annual Report 2001 299

The acoustic signal needed is a

pulse packet. The generator

choices are explosive and

electrical. We selected

electrical means for generation

of the acoustic impulse since

electrical generation offers the

possibility of useful repetition

rate and freedom from

difficulties of handling

explosives or propellants. 



34490

Feasibility Study for 5x Enhanced Energetic
Materials
L. M. G. Minier

A large energy-release gap (~109 calories/g) exists
between conventional and nuclear energetic materials (EMs).
Types of advanced EMs are perceived to span this gap.
Evolutionary advanced EMs are modified conventional
explosives that provide 1.2 to 1.5 more power than the current
best performer, HMX (1,3,5,7-tetranitro-1,3,5,7-
tetraazacyclooctane). Novel advanced EMs, such as
nanostructured materials and all- or high-nitrogen (N) solids,
are estimated (quantum-mechanical models) to provide 2 to
10 times more power than HMX. Exotic materials such as
Fermi liquids (103 more power than HMX) and nuclear
isomers (106 more power than HMX) are examples of
advanced EMs that may exist in the distant future.

Sandia is focusing on the evolutionary and novel
advanced EMs, as these are likely the advanced EMs of the
near future (5 to 10 years). This small, yet significant,
increase in power and performance can provide incredible
advantages. For example, a weapon and delivery system can
be miniaturized and still provide the same or an enhanced
lethality. Improved performance would allow for directional-
detonation waves and sustained reactions at the high
temperatures and pressure that may be experienced by high-
speed penetrators. 

To address the development and threat posed by
advanced EMs, an active partnership between the Department
of Defense (DoD), the Department of Energy (DOE),
academia, and relevant industrial partners needs to be formed
and nurtured to help provide an awareness and a foundation
for others in the U.S. to build needed programs to address
issues related to advanced EMs.

Our efforts are tied to the EM community and will help
to build partnerships outside of Sandia and seed awareness
and investments into understanding the science and
development of advanced EMs. Most important, the efforts
from this project will be used to assess, guide, and develop the
ability to synthesize and formulate advanced EMs at Sandia.

Sandia National Laboratories LDRD Annual Report 2001 300

Sandia is focusing on the

evolutionary and novel

advanced EMs, as these are

likely the advanced EMs of the

near future (5 to 10 years).

This small, yet significant,

increase in power and

performance can provide

incredible advantages. 



The following summarizes our findings and
recommendations:

• High-nitrogen (N) EM and nanoscale technologies
that form nanoscale aluminum (Al) (ingredient to some
advanced propellants) are currently being worked on in the
United States. The high-N compounds and nanoscale
technology are likely the best investment of advanced EM
when addressing advanced and miniaturized components.
Achieving an advanced EM that performs five times greater
than HMX in the near future will be difficult; two times
greater power is a more reasonable goal. We set up potential
collaborations with both the Los Alamos (LANL) and
Lawrence Livermore (LLNL) national laboratories’ synthetic
groups to provide guidance in developing syntheses. 

• We have the computational tools and the people
available to probe the interactions occurring on a mesocale;
mesoscale interactions must be investigated to develop a
complete understanding of the new materials and to
understand how the materials can be applied to systems,
especially when miniaturized.

• We conducted several interviews with DOE, DoD,
and other agencies (government and private), and conducted
literature searches regarding advanced EM research.
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34694

Ultrahigh-Temperature Ceramic Material
Research
R. E. Loehman, S. J. Glass, A. E. Hodapp, Jr., J. J. Mecholsky, Jr.

To sustain the Department of Energy’s (DOE’s)
capabilities and technology base for nuclear weapon design
and production, materials with improved properties are
needed for thermal protection of next-generation reentry
vehicles. Sharp leading edges and nosetips on these vehicles
will have to withstand exposure to high temperatures 
(> 2200°C) and severe thermal cycling in both neutral and
oxidizing environments. These extreme conditions will require
materials that possess superior oxidation resistance, low
creep, and excellent thermal-shock properties.

Ultrahigh-temperature ceramics (UHTCs) are
promising candidates for such applications. ZrB2 and HfB2

and composites of those ceramics with SiC are two particular
families of UHTCs that are currently under development for
sharp leading edges. These ceramics are appealing because
their melting temperatures are 3245°C for ZrB2 and 3380°C
for HfB2, and because they may form protective, oxidation-
resistant coatings in use. 

HS and ZS composites are potential materials for high-
temperature, thermal-shock applications such as for
components on reentry vehicles. To establish material
constants necessary for evaluation of in situ fracture, Sandia
examined bars fractured in four-point flexure using
fractographic principles. We determined the fracture toughness
from measurements of the critical-crack sizes and the strength
values and established the crack-branching constants to use in
forensic fractography for future in-flight tests. The fracture
toughnesses range from about 13 MPam1/2 at room
temperature to about 6 MPam1/2 at 1400°C for ZrB2-SiC
composites and from about 13 MPam1/2 at room temperature
to about 4 MPam1/2 at 1400°C for HfB2-SiC composites. Thus,
the toughnesses of either the HS or ZS composites have the
potential for use in thermal-shock applications. Processing and
manufacturing defects limited the strength of the test bars.
However, examination of the microstructure on the fracture
surfaces shows that the processing of these composites can be
improved. There is potential for high-shock conditions if the
processing and handling are controlled.
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We made the following conclusions and
recommendations:

(1) The toughnesses of ZrB2-SiC and HfB2-SiC
composites are sufficient for use in a thermal-shock
environment.

(2) Processing and manufacturing defects limited the
strength of the bars.

(3) Processing of the materials can be improved.
(4) Fractographic principles can be used in future

failure analysis of in situ tests of components from these
materials.

(5) Wider test bars should be fabricated in any future
flexure tests to be able to measure the mirror boundaries and
obtain the necessary constants for forensic analysis.

(6) Careful attention should be given to the alignment
and rotational flexibility of any four-point flexure test setup to
avoid errors in loading.

(7) Thermal-shock tests such as quenching in water or
oil or continuous-wave (CW) laser irradiation should be
planned to evaluate the thermal-shock capabilities.

For example, quench tests into oil or water are a
possibility. Water is not as good as oil because of the difficulty
in knowing the heat-transfer coefficient for quenching into
water. If a CW laser with a capability of at least 1 kW/cm2,
and a spot size of at least 1 cm2 is available, then irradiation
of a thin (i.e., less than 1 cm) plate of the material can be a
quick test of the thermal-shock resistance of the materials.
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34696

Modeling Building Air Flow for Autonomous
Robotic Agents
D. A. Schoenwald, C. E. Hickox, Jr., R. O. Griffith, J. E. Brockmann

Many targets exist that harbor weapons of mass
destruction (WMD), command-and-control centers of
adversaries, and enemy-training and materiel-storage
locations. These targets are difficult to penetrate using
conventional weapons and forces. Such facilities may be
underground, deeply buried, hardened, or otherwise difficult
to access by conventional forces. 

This project examined the concept of a collective of
autonomous unmanned agents that can penetrate such a
facility and deny access to it or render the facility inoperative
through the dispersal and subsequent ignition of sources for
fuel/air explosives. Sandia’s goal in this project was to do a
feasibility study on deploying such a collective.

The project delivered a computer simulation of robotic
vehicles in a building that traverse the hallways, spread out
uniformly through the building, release a fuel aerosol, and
detonate the fuel to create a fuel/air explosive. 

We based the simulation on an UMBRA simulation of
vehicles setting up a communication network in the building
by spreading out while still maintaining radio-frequency (RF)
contact. We used many of the same principles in the fuel/air
explosive simulation. We analyzed the flow matrix of the
forward air-flow distribution of the building with a memo
detailing the approach used. We used a zonal model to avoid
the prohibitive computational expense of finite-element (FE)
models. A concentration model can then use this flow matrix
to compute the concentration of a contaminant anywhere in
the building. 

Further work will study the optimal strategies that the
autonomous vehicles would employ to disperse the fuel inside
a building and when to detonate it.
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34697

Investigation of Advanced Digital-Video
Compression for the Control of Robotic
Platforms
J. J. Harrington

This study explored the possibility of compressing
digital-video data to permit teleoperation of robotic vehicles
using low-data-rate communication channels. Most robotic
vehicles used at Sandia rely on separate radios to convey
analog video, command, status, and one-way differential
global positioning system (GPS) correction data. This implies
that three radios and their respective antennae must be
located and powered on the robot. Although combining
differential GPS signals into the command link is
straightforward, analog video must first be digitized, which
raises the bandwidth dramatically.

Current data-compression algorithms exist to lower
digital-video bandwidth compared with analog video, but
whether sufficient compression can be attained to use cell-
phone or other narrow-bandwidth radios for the purpose of
robotic control is not clear. To help answer this question, we
evaluated wavelet compression and the Strathclyde-
compression transform (SCT). Lossy compression techniques
result in spatial and temporal degradation of video imagery,
which has a negative impact on the ability to teleoperate
robotic vehicles. Therefore, this study used metrics gathered
from performance data to assess and compare different
compression algorithms.

We addressed three robotic-application areas in this
study. The first pertained to the teleoperation of a mobile land
vehicle where we used two test approaches. One approach
involved an electric-powered, remote-controlled car. This
technique was later replaced with a video race-car game. A
second application focused on the control of a robotic
manipulator. Finally, we considered a reconnaissance-
type scenario.

One test conclusion was that video-compression
algorithms have progressed to the point of providing viable
alternatives to analog-video transmission. Communication
links that convey data from 9600 bps to 28.8 kbps permitted
teleoperation of mobile platforms from 30 percent to 75
percent of the same performance level achieved with full-
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bandwidth video. We controlled manipulators at 90 percent of
the performance level using 9600 bps compared to regular
video. Single images were compressed to 8000 bits and
yielded sufficient detail to accomplish many reconnaissance-
type missions.

The compression algorithm used to gather most of this
information was based on the SCT, which was freely supplied
to Sandia on a temporary license for evaluation by Essential
Viewing Systems Limited. SCT is a vector-based algorithm
and uses a codebook of primitive images that it compared to a
portion of the image to compress. Upon finding a good match,
only a reference of the codebook word was transmitted, which 
resulted in compression of the original information. Initially,
we matched and transmitted 32-by-32-pixel blocks; that
resulted in a poor representation of the actual image because
of differences between the codebook and block. However, as
time permitted, these initial blocks were subdivided by four,
and each was individually matched in the codebook. This
brought out more of the original image detail. This process
continued until blocks were divided into very small areas that
resulted in a detailed image. The algorithm spent most of its
resources in areas that had the most difference between the
last transmitted codebook words and the actual image. This
implied that resources were spent where motion occurred and
that compression also took place from one frame to another.

SCT was implemented only in software and required
full use of a 200 MHz Pentium computer or equivalent. (This
fact will restrict its use in power-constrained systems.) The
algorithm was not tolerant to bit errors, so some form of
channel coding was required. During this study, we tried one
form of wavelet compression, but it required at least 800 kbps
to transfer the compressed image; this was far beyond the
capabilities of many useful data links. However, Motorola
demonstrated a wavelet technique that, from initial
observations, exceeded the compression capabilities of SCT.
This version was tolerant to bit errors and contained fewer
artifacts than SCT. Regardless of which technique proves best,
advanced video-compression techniques will definitely
enhance Sandia’s robotic initiatives and extend our
applications into many new areas. 
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34698

Microfuze
L. S. Weichman, S. B. Rohde, M. J. Retter, S. M. Harris, W. C.
Curtis, III

The primary mission of the weapon fuze is to provide
system-safety enablement and subsequent control of weapon
detonation events. Within this architecture, the fuze integrates
inputs from various environmental sensors and, if the preset
conditions for weapon function are realized, supplies the
required detonator stimulus. Present electronic fuzes found in
Department of Energy (DOE) and Department of Defense
(DoD) applications are based on bridge-wire or foil detonator
technologies that require a high-voltage, high-current stimulus
and consequently occupy volumes from several to tens of
cubic inches. Furthermore, traditional fuzing safety within
these architectures is predicated on the “uniqueness” offered
by the electrical stimuli required to initiate the main charge
detonators. 

Evolving mission scenarios for future DOE and DoD
weapon platforms will soon outpace the capabilities of today’s
fuzing technologies. Targeting buried assets and meeting
tomorrow’s battlefield engagements will require advanced
fuzing architectures characterized by “intelligent” function
under multiple, high-G impacts. Achieving increased fuze
functionality in a size constraint implicit with high-G
survivability implies development of novel system
architectures, incorporating new concepts in munitions safety
and the realization of miniaturized component suites based on
emerging processes and technologies. Establishing a sound
technical foundation and effective integration of Sandia’s
expertise in safety enablement, microdetonics, silicon (Si)
surface micromachines (SMMs), microsensors, and
semiconductor electronics will prove essential in achieving the
required revolutionary advancement in the fuzing community.

We will direct the ultimate realization and embodiment
of the proposed science and technology foundation toward
accomplishing the required safety and fuzing functions on a
single substrate, or “chip.” If successful, the “fuze-on-a-chip”
would give future system designers the tools necessary to
address next-generation fuzing functions in an environment
currently not obtainable by today’s technology.

The initial focus and resultant technical direction are
based on obtaining a firm grasp of future DoD/DOE fuzing
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community needs and identifying technological “gaps” or
“enablers” evident along that path to fruition. To that end, we
(1) completed a preliminary survey of application,
requirements, and “state-of-the-art” developments, (2)
developed safe and arm (S&A) architectures, concentrating
team focus, highlighting critical component needs, enabling
technologies, and identifying process compatibility issues, (3)
completed a prototype S&A “slider” design and submitted the
component for fabrication, (4) fabricated and began initial
characterization of microinitiators, igniters, and energetic
materials, and (5) developed focused activity for future work.

Our early surveys reflect the desire for cost-effective
fuzing applications that can initiate multiple detonation events
and reliably function under high-G environments without
compromising munitions safety. Based on these initial
contacts, we sharpened our focus on the development and
hardware realization of S&A architectures based on the use of
primary explosives and a corresponding low-voltage (less than
50 V) stimulus. From our preliminary S&A architectures, we
identified “generic” functions and components that form the
essence of our fuze architectures and have further prioritized
their role in the realization of the microfuze concept. 

We initiated the development and integration of safety-
critical mechanisms required for interruption/control of the
explosive train with microinitiators/igniters and energetic
materials (EMs). Our initial activities examined the suite of
available microelectromechanical systems (MEMS)
fabrication technologies (surface-micromachining, LIGA
[acronym for the German term Lithographie,
Galvanoformung, und Abformung, for lithography,
electroforming, and molding], and bulk Si etching) for
processing issues associated with monolithic integration of the
initiator and/or direct deposition of high explosives and metal
flyers on the S&A “shuttle.” This study revealed a number of
formidable sequencing and processing compatibility issues
with the desired level of component integration and available
EM sets. As an example, for safety and mitigation of facility
contamination, it is highly desirable, if not essential, to apply
the high-explosive materials as the final processing step.
However, applications of the EMs on SMM components that
were previously released introduced significant requirements
for masking critical MEMS features or otherwise controlling
contamination of the mechanism. If the EMs are deposited
prior to mechanism release, we found that subsequent MEMS
processes and acid etches were incompatible with the targeted
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EMs. Consequently, the best short-term candidate for
integrating explosives is hand assembly, and the long-term
prospect is identifying and utilizing high explosives, reactive
agents, or thermites compatible with the vapor deposition and
MEMS fabrication processes (i.e., mask or release). As a
short-term goal, we determined the optimum explosive train
dimensions, identified a compatible packaging strategy, and
completed the design of a bulk Si S&A device capable of
receiving and shuttling a small “cup” containing a lead charge
of CL-20.

We fabricated and received a number of microbridge
configurations and EMs. We received microbridges
comprising aluminum (Al), nickel (Ni), platinum (Pt),
palladium (Pd), and Si (semiconductor bridges [SCBs]) and
are currently characterizing them for flyer dynamics and
electrical performance. EMs received include CL-20 pellets
configured in 0.040-inch and 0.125-inch diameters for
subsequent evaluations as lead and booster materials. In
addition, we procured reactive bridge (titanium/boron [Ti/B])
microdetonators and are investigating automotive “air-bag”
technologies to address process compatibility issues and mass 
manufacturing (i.e., cost) concerns.
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35008

Intelligent Projectile Development
D. W. Kuntz, A. E. Hodapp, Jr., S. M. Kohler

To enhance the Department of Energy’s (DOE’s)
capabilities and technology base for countering the
proliferation of weapons of mass destruction (WMD), a new
system approach is being considered that would employ
electromagnetic (EM) launchers (coil-guns) to accelerate
intelligent projectiles. These projectiles would be designed to
operate at velocities of 2–6 km/sec and to maneuver
independently through the atmosphere to attack high-valued
targets (hard and deeply buried targets, and ballistic or cruise
missile threats). This system approach requires advancement
of a variety of technologies to ensure successful design and
development of the intelligent projectiles. This effort is
intended to scope these technology needs in two specific
areas: electronic component hardening and miniaturization
and lightweight thermal protection system (TPS) design.
Sandia will collaborate with the U.S. Navy and Defense
Advanced Research Projects Agency (DARPA) to better
understand the nature of these challenges and to improve our
ability to field such a system designed to counter these
national security threats. 

The objective of the intelligent projectile project was
twofold: (1) an evaluation of current and future TP materials
that can effectively meet requirements for a sea-level launch
of a long-range projectile at velocities ranging from 2.0 to 6.0
km/sec, and (2) an evaluation of survivability and
miniaturization potential for navigation, guidance, and control
(NG&C) components that are exposed to gun and resulting
flight environments. The concern is the ability to constrain the
volume of NG&C and TP subsystems to provide payload
volume sufficient for meeting lethality and/or cargo-carrying
requirements. A 3- to 5-year forecast was desired to establish
goals for development of a projectile.

We conducted a study to determine packaging
requirements for NG&C and TP subsystems. We ignored
acceleration and electromagnetic interference (EMI) hardening
of electronic components because we determined early on that
solutions were available. We used a slender 155 mm diameter,
60 kg projectile and a 98 mm, 15 kg scaled derivative for the
study. We obtained several important results, listed below,
from the analysis.
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(1) NG&C systems for 155 mm and larger projectiles
can likely be developed from modified off-the-shelf
components.

(2) A significant reduction in NG&C system volume is
required to package the long-range 98 mm projectile.

(3) Ultrahigh-temperature ceramic (UHTC) materials
have application as shape-stable nose tips for velocities up to
3.0 km/sec (maximum velocity for 98 mm projectile); W is
good to 2.5 km/sec. 

(4) Internally insulated (RTV silicone) bare steel walls
can be used as the projectile outer surface for launch
velocities up to 3.0 km/sec.

(5) Improvement in the performance of internal
insulation is desired to increase payload volume.

(6) Current ablative nose tip (carbon-carbon) and
heatshield (carbon phenolic) materials can provide TP for
projectiles launched at 3.0 to 6.0 km/sec.

Results of our survey indicate that UHTC materials
and solutions for NG&C miniaturization could be available
within the next 3 to 5 years. Solutions for acreage TP and
high-velocity nose tips seem to be restricted to use of
previously developed/currently available materials.
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39016

Technology Assessment and Systems
Analysis for Hard and Deeply Buried Target
Defeat
W. T. Gutierrez, J. D. Rogers, D. E. Salguero, M. W. Kniskern, K. T.
Stalker, W. H. Ling

Potential adversaries are increasingly using hard and
deeply buried facilities to prevent critical military capabilities
from being held at risk by the United States’ current weapons
and delivery means. There are thousands of hard and deeply
buried military facilities within states that are given
consideration in U.S. military planning. A small but
significant fraction of these facilities are associated with
weapons of mass destruction (WMD) or with their delivery
means as well as other functions. It is widely believed that
effective defeat of hard and deeply buried targets (HDBTs)
may be achieved by including advanced and emerging
technologies in new weapon systems.

This project supported an element of the national effort
that focuses technical expertise on the critical and growing
problem posed by HDBTs. An excerpt from Senate Report 105-
189, which accompanies the National Defense Authorization
Act for Fiscal Year 1999, highlights the importance of this
issue and the benefits of Sandia’s technical involvement: “The
committee commends the Under Secretary of Defense for
Acquisition and Technology and the Assistant Secretary of
Energy for Defense Programs for beginning to develop ways
to use the Nation’s investment in science and technology at the
Department of Energy National Laboratories for national
defense goals in the post-Cold War era. The committee notes
that in response to the recommendations contained in the
National Defense Authorization Act for Fiscal Year 1998, the
Departments of Defense and Energy have agreed to
collaborate in areas that are key to addressing the challenge
of defeating the hard and deeply buried targets that shelter the
war-making capabilities, including weapons of mass
destruction, of rogue states.”

We completed a thorough review and documentation
of relevant DOE technologies that may be useful in various
ways to defeat HDBTs.

We also completed a careful examination of the hard
targets using a systems approach that characterizes common
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approaches and seeks to identify common vulnerabilities that
could be exploited.

We pursued tasks associated with an assessment of a
group of special-interest targets. We met with the appropriate
country working group, the Army Greybeard Study group and
the Defense Advanced Research Projects Agency (DARPA)
Greybeard study group. After finding a few nuggets of
information that were helpful, they also found some
unexpected problems. There currently is little focus on “fixed
sites” in the country of interest (current interest is in watching
maneuver units), and thus the studies were not as exhaustive
as might have been expected.
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Energy and Critical Infrastructures

Computer networks at Sandia
and elsewhere are currently protected
by network intrusion-detection
(NID) systems. These systems
monitor networks for activities that
indicate a possible attack or misuse
of the information system. However,
current NID systems work only
down to the Internet Protocol level.
Data and control flows below that
level are not protected. The
“Intrusion Detection for Asynch-
ronous Transfer Mode (ATM)
Networks” project is developing an

ATM intrusion-detection system that
monitors the signaling flows
associated with a variety of ATM
protocols to determine if insider or
outsider attacks are being conducted
against the ATM network. A patent
disclosure has been submitted.

The Energy and Critical Infra-
structures investment area seeks to
enhance the surety (safety, security,
and reliability) of our nation’s
energy and other critical infrastruc-
tures and to provide security against
malevolent attacks. Surety is defined
as confidence that a system will
perform in acceptable ways in both
intended and unintended circum-
stances. The Energy and Critical
Infrastructures area invests in
research with the potential to impact
national security applications
through (1) creation of unique
nuclear energy concepts and
products, (2) improved surety of
information systems and the power
grid, (3) advanced technology in
areas such as energy efficiency and
clean energy, and (4) improved
manufacturing processes that will
enhance product quality and
minimize environmental impact.
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26550

Solid-State Ballistic Chemical Sensors
A. H. McDaniel, R. C. Hughes, R. J. Bastasz, S. A. Casalnuovo

Sandia will develop a new type of solid-state detector,
sensitive only to hydrogen (H) and H-containing moieties and
derived from a palladium (Pd)-based metal-insulator-
semiconductor (MIS) device. We will create a chemically
selective sensor impervious to poisoning, oxidative
interference, and H-induced metal-phase transitions—all of
which severely limit similar technology. This goal will be
accomplished by direct injection of protons into the detector.
We plan to incorporate small-scale ionizer structures into Pd-
MIS devices that have been coated with an inert material,
such as gold (Au), which acts as an energetic-particle filter.
The ionizer produces atomic and molecular ions, which are
then accelerated into the solid filter. Selectivity results from
different transmission factors for various ions through the
filter and is a function of parent molecular weight, pass
energy, and ionization cross section. We call this technique
ballistic chemical sensing because ion-kinetic energy is an
essential parameter in the detection process.

We designed, fabricated, and characterized first- and
second-generation capacitors for (1) nascent capacitance-
voltage (C-V) response, (2) sensitivity to molecular H and
carbon monoxide (CO), and (3) sensitivity to ionized H.
Design flaws in first-generation structures processed using
electron-beam evaporation through shadow masks necessitated
the migration to the complementary metallic-oxide
semiconductor (CMOS). Devices exhibited ideal C-V
characteristics, with process yields at about 20 percent.

Activities related to experimental design and device
characterization occurred. Prior to initiating experiments, a
data-acquisition platform had to be developed to enable
dynamic, real-time acquisition of electrical response under
ion-beam irradiation, neutral-gas exposure, and thermal
cycling. We investigated three methods to monitor the
response of the Pd-metal-oxide semiconductor (MOS)
capacitors: (1) tracking the change in capacitance by sweeping
the entire C-V curve, (2) tracking the bias voltage associated
with a fixed capacitance in the flat-band region, and (3)
integrating the area under the C-V curve. Method 2 proved
more sensitive and less susceptible to thermal interference 
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than Method 3; and Method 2 required less post processing
with a faster frequency response than Method 1.

In addition to developing data-acquisition capabilities,
we revised the experimental test stand so individual dies could
be mounted onto a high-vacuum manipulator apparatus
without additional packaging. This eliminated a concern
associated with in situ heating during characterization. A
second vacuum chamber was designed and fabricated for
more extensive investigation of sensor response to
hydrocarbons using a commercial ion source and for
experiments to evaluate the efficiency of field-emitter arrays
as a source of energetic particles.

We exposed both bare and Au-coated sensors to
various gas mixtures containing H2, CO, and oxygen (O2) at
50 Torr and 373 K to gauge the ultimate sensitivity of the
devices, the reactivity of sensor surfaces (bare and coated), as
well as to test for any H leakage into the Au-coated sensor—
that is, leakage through voids in the overlayer or by other
means. The extent of the C-V shift indicates that the
capacitors are very sensitive to molecular H and that O2

exposure decreases the time required to flush atomic H from
the device. In addition, coexposures of H2 and CO indicate
that CO blocks the admission of H atoms into the structure.
The coated Pd-MOS devices may need to be redesigned to
mitigate background from molecular H2.

The root mean square (rms) voltage traces (Method 3)
have a Au-coated sensor during irradiation by an energetic-ion
beam at various temperatures. We used a Colutron proton
accelerator to produce monoenergetic, mass-analyzed, neutral-
free H3+ ions. Data verify the hypothesis that ballistically
implanted protons can be detected with Pd-MOS capacitors,
and that the relaxation of the device is governed by a
thermally activated process.

Finally, Monte Carlo calculations have begun using the
TRIM simulation code to predict transmission factors for
energetic protons through prospective filter materials. Silicon
nitride, titanium nitride, indium-tin oxide, and carbon are
under consideration, with the ultimate goal of creating a layer
material such that the implanted proton range varies strongly
with kinetic energy.
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10356

Varying QoS for Fixed and Mobile Networks
J. T. Michalski, J. D. Dillinger, T. D. Tarman, R. P. Tsang, J. P.
Brenkosh, J. M. Eldridge

With the recent unprecedented growth of the global
network, it has become imperative to provide an appropriate
minimum level of communication performance for
applications. This will become possible when all of the
intermediate switches and routers support bandwidth
guarantees in their queuing disciplines. 

The approach to quality of service (QoS) for networks
is dependent on three primary areas: (1) the application
stream, (2) the marking and network level control of this
stream, and (3) the identification and reservation of
appropriate network resources for the stream.

Sandia’s lab system is essentially a bandwidth broker
system that provides signaling for distributive resource
management applications that require Internet Protocol (IP)
network QoS. The bandwidth broker system is an essential
component for allowing distributed applications to share
network resources while receiving a predictable level of
network QoS. This bandwidth broker is composed of two
primary parts: the policy decision point (PDP) and the policy
enforcement point (PEP).

The PDP is responsible for downloading policy
information so that each data flow on the network can be
assigned a level of QoS. This is accomplished on the network
devices through queuing scripts. The PEP is the component
that resides on the network devices that provide the
distribution of bandwidth for the application flows (i.e.,
routers and switches). The PEP communicates to the PDP
through a signaling protocol called common open policy
service (COPS). COPS is a simple query-and-response
protocol used in a client/server mode to exchange policy
information. 

The queuing scripts that are resident on the network
devices are responsible for identifying, marking, filtering, and
policing the data that transverse the network. These scripts
are designed to provide the appropriate profile for data
transport across the network. The scripts are downloaded by
the policy enforcement points to provide the implementation of
an end-to-end QoS network.
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We completed and implemented queuing filters that
allow the QoS attributes to be mapped into network data
flows.

We completed scripting code, using the differential
service model (Diffserv) to define, mark, and police
classification and scheduling for the LINUX router. This code
defines two functions: first, it defines a route classifier used to
identify and mark a flow with a unique identifier; and second,
it maps marked data flows into a defined queuing discipline.
The marked flow is then treated throughout the network
according to the policy manager’s definitions.

We completed an interface protocol to communicate
QoS control information among network resource devices.
We completed the communications interface protocol based
on the COPS provisioning model, which comprises a PDP and
a PEP. The PDP, which is located on a server, communicates
with the PEP, which is located on the network routers. The
PDP downloads to the PEP policy information consisting of
the applications that will get preferential treatment. This
policy is enforced by the PEP, which downloads the
appropriate queuing scripts that implement the instructed
policy.

To determine whether our lab approach could maintain
its prioritizing flows of “QoS attributes” on a much larger
network, we completed a software modeling project that
allows the QoS components of our project to be mapped
across an expansive network. 

We created two scenarios within the model. The first
scenario looks at priority queuing at the node level. It displays
two router nodes implementing priority queues, then shows
the resulting bandwidth utilization of pre- and post-queuing.
The second scenario tracks an application flow across an
expansive network and compares and contrasts the flow’s
attributes both with and without the use of priority queuing.
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10360

High-Surety SCADA for the Critical Energy
Infrastructures
R. E. Carlson, M. C. Kidd, A. E. Bentley, C. L. Beaver, R. C.
Patrick, J. E. Stamp, D. P. Duggan, R. G. Cox, J. M. Depoy, R. A.
Sarfaty, J. J. Torres

The domestic critical energy infrastructures are a
complex and interdependent network that is vital to the
national security and social well-being of our nation. The
control mechanisms for these infrastructures are often referred
to as SCADA (Supervisory Control and Data Acquisition)
systems. The President’s Commission on Critical
Infrastructure Protection has identified that the widespread
and increasing use of SCADA for control of energy systems
provides an increasing ability for an adversary to cause
serious damage to the energy infrastructures. To meet the new
infrastructure threats and requirements, not only must
contemporary SCADA systems be able to report the
infrastructure state with confidence, but they also need to
measure the entire infrastructure, be robust in their
communication, and be timely and optimal in their control. In
addition, the SCADA must provide these services under
adverse conditions. These are attributes that a SCADA system
needs to enhance the surety (security, safety, and reliability) of
the underlying infrastructure. In the first two years, the
difficult aspect of this SCADA research was separating the
role of standards from proprietary systems and discerning
stable architectures from those that are likely to change
significantly. With this understanding, we developed an
intuition for how surety will influence the composite system
that is SCADA. The fundamental problems in the third year
are mapping SCADA into the High-Surety SCADA
Specification (HSSS) and validating this architecture on the
Sandia SCADA Test-bed (SST). The HSSS will ensure that
Sandia becomes the “provider of choice” in this domain for
technologically enhancing the surety of our national energy
infrastructures. Validation of the HSSS on the Sandia SST will
provide a differentiating aspect of this research that promises
to be valued by both government and industry after the third
year. 
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(1) We completed the development of the SST
configuration. 

(2) We developed an HSSS for the requirements
developed in the TC 57 forum, implemented several security
features of the HSSS on the SST, and demonstrated these
features. 

(3) We performed a Red Team analysis of the HSSS.
The SST and key management test-beds are complete, and we
are in the process of merging them. Red Team analysis will
occur on a regular basis as the HSSS evolves.
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10361

Agent-Based Mediation and Cooperative
Information Systems
L. R. Phillips, H. E. Link, S. V. Spires, S. Y. Goldsmith

Agent-mediated information management is the most
promising solution to the problem of integrating and
accessing large legacy data stores and for utilizing networked
information sources such as the Internet. Sandia has
developed coalitions of agents that assist human users and
other agents with cooperative information processing and
execution of complex tasks. Sandia’s Standard Agent
Architecture II (SAA2) is a general-purpose development
environment for constructing multiagent systems that assist a
diverse set of users with knowledge-intensive tasks in a
network environment. 

Sandia has taken on the issues of cybersecurity as a
research direction. Carnegie-Mellon University’s (CMU’s)
RETSINA framework was used in proof-of-principle efforts
involving intelligent software agents cooperating
asynchronously to perform goal-directed registration tasks.
The collaboration between CMU and Sandia has significantly
enhanced Sandia’s technology base and reputation in agent-
based information systems. We developed agent-based
mediation functions that enable interoperation and
cooperative problem solving within agent complexes. By
operating in the context of a “foreign” agent technology, we
have been able to address and automate many complex tasks
needed for intercommunication among different agent
communities. 

Sandia’s agents currently examine the Internet packet
stream for features known to be interesting as an outgrowth of
the work by which different kinds of data streams are
recognized. Our technical challenges involved the
development of standards for knowledge- and data-sharing;
ontological leveling of different knowledge bases; and
representation, control, and enforcement of operational policy
for complex systems. 

This project significantly advanced the state of the art
in cooperative information retrieval and operation, enabling
the development and prototype deployment of an advanced
information system for enterprise security monitoring. Future 
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efforts may involve concurrent engineering, battlefield
management, infrastructure modeling, and enterprise
integration.

We accomplished our original goals and also can now
provide several more advanced capabilities that are an
outgrowth of the process. Our efforts are focused on
cybersecurity rather than on commerce, which was our
original focus. Many of the more complex cooperative
processes for which we developed ontologies and that we can
carry out involve such issues as sharing information securely,
establishing distributed trust, modifying existing coalitions,
and updating key shares—all issues that received minimal
consideration at the time we developed our original
research proposal. 

Our most important accomplishment is an agent-based
mechanism by which complicated cooperative behaviors
known as conversations can be specified for SAF (Standard
Agent Framework) agents, and the agents carry them out as
appropriate. (The entire sensory universe of these agents is the
information network to which they connect.) Under some
circumstances, important elements of the conversation, such
as the identity of the message sender, agreement among the
participants as to the message contents, discovering the
involvement of bad actors, and removal and addition of
coalition members, can not only be known by the participating
agents but also can be mathematically guaranteed and carried
out successfully, even in the presence of adversaries.

In our previous work, we developed a relatively
mature architecture, met our goals, and were ahead of
schedule in some regards. In the process, however, we had
become aware of several unforeseen issues. These issues were
(1) the agents’ need to deal with all inputs and act
appropriately for every message, regardless of type, (2) the
agents’ need to accommodate new kinds of inputs
dynamically, and (3) the agents’ need for a declarative form of
goal-achievement procedure rather than the static process
descriptions currently in use. We were able to achieve all of
these capabilities.

We implemented a “disambiguator” front end that is
capable of rapidly classifying incoming messages and
discarding those not instantly recognized. This significant self-
protection mechanism is trainable, i.e., it learns to recognize
new kinds of signals if it is provided with several labeled
positive examples of the new signal type. 
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Another important accomplishment is the development
of a standardized, robust mechanism for establishing
communication with humans. This mechanism is supplanted
by recently implemented cryptographic protocols that
guarantee successful procedural outcomes, even when some of
the players are adversaries.

We recognized that we had accomplished adequate
interspecies communication to support the security work. We
began to refocus our efforts on a means to enable groups of
agents to carry out complicated group communications acts
for which the final information state could be guaranteed. This
capability was needed for environments where adversaries
might be present. We also recognized that the adversaries who
penetrated our agent groups could prevent the success of
friendly operations unless we implemented processes
specifically designed to succeed even when penetrated. Most
of our work, therefore, focused on realization of the necessary
ontological and operational structures to enable us to specify
these secure operations and have the agents carry them out.

Our agents are currently capable of complex
interactive behavior with other agents and humans. Many of
the existing behaviors are focused on conduct of operations
that have provable outcomes with security consequences. 
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10362

Dynamically Self-Configurable Network
Protocol
B. P. van Leeuwen, J. Espinoza, D. L. Harris, M. D. Torgerson

Nodal mobility leads to frequent network topological
changes, which requires routes to be reestablished. The
communication medium is a radio channel shared by many
contending users. These ad hoc networks are of importance in
the context of reliable information systems, tactical battlefield
communications, antipersonnel landmine replacement
communications, mobile robotic communications, and other
distributed communication networks.

This project addresses the problem of adaptive
message routing in a decentralized packet communication
network with nodal mobility. With the rapid advances taking
place in this area, the Sandia approach is to incorporate the
necessary attributes of current research in protocols into a
hybrid approach for ad hoc routing. This hybrid approach
offers the greatest amount of flexibility by applying varying
degrees of a link-state approach in combination with an on-
demand approach to ad hoc routing.

The objective of our research is to investigate current
routing and media-access algorithms and to develop a
security approach to protect the control information that
supports the networks’ ability to self-configure communication
topology dynamically. A major product will be a description of
methods to secure the routing control plane and a description
of the overhead impacts on the network. The security
approaches will be applicable to networks having an initial
random node distribution or containing mobile nodes. 

Our research will take advantage of existing network
protocols and components of protocols used in networking
technologies, with a focus on minimizing the amount of
control necessary since these nodes may be mobile and have
limited life spans (e.g., be battery-operated). The research will
describe methods of securing networks that have the described
attributes. Efforts will include simulating a model network
using the routing protocol with security approaches on the
OPNET (operating network). We will characterize, evaluate,
and optimize network performance (e.g., throughput and
packet delay) for the described approaches. 
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Finally, our research will present a demonstration
simulation and possibly demonstrate the developed protocol
on an actual communication network.

Our recent accomplishments include incorporating into
our simulation environment a hybrid approach for ad hoc
routing. In addition, we developed a model to account for the
system overhead impacts that cryptographic algorithms will
have on network communications. We studied cryptographic
algorithms and their implementations and mapped them to
typical hardware implementations for a node in an ad hoc
network. The mapping provided processing latency values and
data packet length increase values that were incorporated into
our simulations.

In addition, our work developed a method to examine
the impacts of incorporating information assurance approaches
at the link layer of the network protocol stack. Our activities
extended a high-fidelity model of a Carrier-Sense Multiple-
Access/Collision Avoidance (CSMA/CA) medium access
approach to enhance our simulation capability. This provided
the ability to examine the impacts of information assurance at
the link layer under various scenarios and network
configurations. 

We developed simulations with these models to
represent operational scenarios requiring information
assurance. These simulations were run to determine the
optimal protocol parameters and network performance under
these optimal parameters. The simulations were critical to our
efforts to identify the impacts of information assurance
approaches under various application-layer traffic
characteristics and movement parameters. The results have
given us an ability to accurately determine the information
assurance approach that best fits the application traffic, the
network characteristics, node movement characteristics, and
routing parameters.

Our research also identified several specific threats
directed at the routing data of an ad hoc network. We
addressed security issues that arise from wrapping
authentication mechanisms around ad hoc routing data. We
showed that this bolt-on approach to security may make
certain attacks more difficult, but still leaves the network
routing data vulnerable. We also showed that under a certain
adversarial model, most existing routing protocols cannot be
secured with the aid of digital signatures. Digital signatures
are well known to come with a significant computational and
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bandwidth overhead cost. So, it is crucial for system designers
to understand what value, if any, is added to the system by the
addition of digital signatures to secure routing information,
and to understand the actual computational and bandwidth
overhead costs.

We are completing two SAND reports to document the
outcomes of our investigations, descriptions of the model and
simulation development, and simulation results.
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Hybrid Processing of Measurable and
Subjective Information in Surety Analysis
J. A. Arlin

Conventional systems-surety analysis is basically
applicable only to data that are measurable or derived from a
physical model. However, most analyses, including high-
consequence system-surety analysis, must also utilize
subjectivity. Considerable effort has been expended on
analytically incorporating engineering judgment. For
example, Dempster-Shafer theory establishes a framework in
which frequentist probability and Bayesian incorporation of
new data are subsets. Although both Bayesian and Dempster-
Shafer methodologies allow judgment, neither derives results
that can indicate the relative amounts of subjective judgment
and measurable data in the results. 

Most high-consequence systems have difficult-to-
analyze features when assessed by conventional approaches.
For example, in the Sandia nuclear weapons program, the
probability that a weapon responds safely when exposed to an
abnormal environment must be ensured to meet a specific
requirement. There are also nonprobabilistic Department of
Energy and Department of Defense requirements (e.g., for
determining the adequacy of positive measures). The type of
processing required for these and similar situations transcends
conventional probabilistic and human factors methodology. 

The methodology developed in this project provides a
hybrid-mathematics–based process that allows tracking of the
degree of subjective information in the output, thereby
providing more informative as well as more appropriate
results. The results can be applied to these types of situations
and, in general, to the surety assessment of high-consequence
systems. The results can also improve the information
currently provided to decision makers. Objective inputs are
derived in a conventional manner; the subjective inputs are
derived from the combined engineering judgment of experts in
the most appropriate fields. Both types of inputs are processed
mathematically in a hybrid structure. In addition to providing
output constituents (including portrayal of uncertainty)
corresponding to each input type, their individual
contributions to the resultant uncertainty are determined and
provided as part of the output information.
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Our current efforts are aimed at final tool development
and combining the tools developed in previous years into a
hybrid end-product software package, Coordinated
Objective/Subjective Mathematically Enhanced Tools
(COSMET). We have achieved the following:

(1) The multiobjective decision tool is nearly
complete. This tool will provide a possibilistic weighting of
factors contributing to a decision (e.g., judgment of the
robustness of a system-surety program). The intent is also to
contribute to systematically understanding the various
decisions that can be reached by the people who all have
access to the same information.

(2) We completed the COSMET software package.
(3) We completed one of the most formidable tasks in

the project, the hybrid combination methodology. This
methodology involves all tools developed during this project,
as well as possibilistic and probabilistic hybrid analysis. 

(4) We developed a final workshop and received a
conference commitment from the Society for Risk Analysis.
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Production Surety and Disruption
Vulnerability Analysis
D. A. Jones, C. A. Phillips, W. E. Hart, G. F. List, L. K. Nozick, M.
A. Turnquist

The goal of this project is to develop new capabilities
for improving planning under uncertainty, focusing on
production and transportation surety in the nuclear weapons
complex (NWC). Sandia’s focus is on optimization models for
resource-constrained planning, with emphasis on production
and transportation operations. Explicit recognition of
uncertainties in the solutions to these models leads to creation
of plans that are less vulnerable to disruption and more robust
under a variety of unknown future conditions. Furthermore,
the expected degree of compliance with specified performance
standards can be quantified. 

During the project, we explored different mathematical
formulations of resource-constrained planning under
uncertainty, and we created prototype models for neutron
generator (NG) production planning and Office of
Transportation Safeguards resource planning. A major
accomplishment was the development of mathematical
formulations that allow explicit evaluation of trade-offs
between the expected performance of a resource-constrained
system and the degree of confidence that the solution will
satisfy specified minimum criteria (solution robustness). The
technology resulting from this effort will have impact across
several strategic business units (SBUs), including Energy and
Critical Infrastructures and Nonproliferation and Materials
Control. Because effective modeling of the NG facility and
Transportation Safeguards Division (TSD) operations has a
direct impact on the nuclear weapons stockpile, we believe
this research also provides direct benefit to the Nuclear
Weapons SBU by providing more robust production and
transportation plans.

The objective of planning under uncertainty is to
identify solutions that perform well under a variety of
unknown future circumstances. We concentrated on three
types of uncertainty that are important in the NWC:
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• External (e.g., uncertain demands that the system
must meet),

• Resource availability (e.g., unexpected breakdowns
in equipment), and

• Resource productivity (e.g., uncertain yield from a
manufacturing process step).

These uncertainties create doubt about whether a
specified set of resources will be able to produce a required
set of outputs. If the output requirements are not met, some
cost is attached to the failure. This cost is not necessarily in
monetary terms. In any given system, there is some penalty
for not meeting the demands placed on the system. One way
to reduce the likelihood that the requirements will not be met
is to acquire spare resource capacity. This clearly has a cost
(usually monetary) and optimization attempts to find a
solution that minimizes total cost (i.e., balancing the costs of
not meeting demands against the costs of carrying excess
capacity). A measure of risk can be defined from the
probability distribution of the unmet system requirements.

We created an approach to robust optimization that
provides explicit insight into the trade-off between the
expected cost of operating the system and the degree of risk
incurred. This trade-off is essential in assessing system
vulnerability and to making informed decisions that balance
risk against cost.

The benefits of our research in planning under
uncertainty include increased efficiency, reduced vulnerability
to disruption, and increased ability to meet schedules with
high confidence. 

Our efforts led to a series of insights about structuring
the process of planning under uncertainty and methods for
expressing uncertainties in optimization models. These
methods, in turn, led to the development and implementation
of useful and more robust models. The robust optimization
formulation allows for explicit evaluation of trade-offs
between expected performance under uncertain conditions,
and the degree of confidence in meeting specified minimum
performance levels. This trade-off is essential in assessing
system vulnerability. Advances in robust optimization are
critical to advancing the state of the art in planning under
uncertainty and are particularly critical to many application
domains including the NWC. Although we focused our
research on NWC production and transportation modeling, 
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this approach can be extended to other areas where the
explicit consideration of planning under uncertainty will
provide more robust decisions.
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Source Code Assurance Tool
J. Espinoza, P. L. Campbell

This project was designed to advance the state of the
art in software surety science. The goal of the project is to
develop a software application, the Source Code Assurance
Tool, that would assist an analyst or team of analysts in the
assessment of a system that is either software or nonsoftware.

Because any system of reasonable size contains a
range of technologies, the assessment of such a system
typically requires a team of analysts, each of whom bring to
the table a unique body of expertise. For efficiency’s sake, the
responsibility for various assessment activities is often
partitioned. One member is given responsibility for the
mechanical aspects of the system, another for physical
security issues, a third to address the software, a fourth to
analyze the networking, and yet others to consider electrical
engineering problems and handle system issues. While this
arrangement is efficient from a project management
viewpoint, it introduces problems into the assessment of the
system. Each analyst may understand his own portion of the
system very well, but may not understand how behaviors
associated with his portion of the system play together with
the rest of the system to deliver undesirable outcomes. For
this reason, there is a need for a tool that will help analysts
answer the following questions of other analysts:

• What happens if my portion of the system delivers
this kind of event to your portion of the system?

• How could your part of the system deliver this kind
of event to my part?

Currently, assessments do not have tools to help
answer the intrapartition questions. This set of needed tools
requires an even larger context within which it can operate so
that the analysts can collectively study the entire system.
Moving to this point is one goal of Sandia’s Source Code
Assurance Tool project.

We developed a prototype of the Source Code
Assurance Tool using commercial-off-the-shelf software: a
slicing engine, CodeSurfer from GrammaTech, and the graph
editor and layout toolkits from Tom Sawyer Software.
Bringing both tools together into a new tool allows the user to
construct and slice across what we call a system, since their
communication is not through labeled sections of memory.
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The user constructs a graph of the system using the graph
editor and then slices it using CodeSurfer. We also submitted
two technical advances: a Visual Programming Tool (VPT)
and Range Value Propagation (RVP)–Approximate
Computing.

VPT solves two problems. First, it increases the
human-machine bandwidth. Second, it enables a programmer
to show program structure. One problem with current
programming languages is that they are text-based. Text is
one-dimensional (1-D) and, therefore, linear and sequential.
These characteristics limit the bandwidth of the channel.
Pictures, on the other hand, are 2-D. For the human, pictures
can provide more information more quickly than text alone.
Our tool, VPT, enables programmers to express functionality
via graphs, which are inherently 2-D. This capability moves
programming from text to pictures, enabling a larger channel
between the programmer and the machine. At the same time,
VPT enables the programmer to show program structure at a
larger scale than is convenient with existing tools. The
programmer can recursively nest collections of graph nodes to
indicate this higher-level structure. The meaning of these
higher-level nodes is program-dependent, so there are no type
names for the nodes at these levels.

RVP addresses the problem of range analysis on a
system. Program slicing identifies the statements and
functions that define or use the value of a particular variable
or variables (for simplicity, we assume that a slice tracks a
single variable); however, it tells the analyst nothing about the
values that the variable can assume. Without actually
executing the system, the analyst cannot determine the
relationship between input values and output values. RVP
addresses this problem. RVP requires a statement in a new
language, defined as part of RVP, for each component (defined
almost immediately). This statement maps the inputs of that
component to its outputs. (For ease of explanation, we assume
that a component is a function, in which case RVP will require
a statement for each output statement and return statement in
the function.) The new language provides a way of computing
on ranges of values. The analyst provides a range of values for
each input statement in the slice. The analyst can then ask that
RVP compute the intermediate and final ranges. This provides
approximate computation. The analyst can use RVP to better
understand the relationship between input and output. To
preserve tractability, we consider ranges consisting of only 
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integer values. Future work may consider ranges of real
values, vectors, matrices, and strings. 

This advance is based on the observation that program
slices are components connected by arcs that carry tokens that,
in the case of data flow, have values. What is the benefit if
those values are used in the slice? RVP is an answer to that
question. An important assumption of range analysis is that
the output is a continuous function of the input. Range
analysis allows an analyst to determine the range of values for
a given component in a slice based on the range of values for
a previous component in the slice. That is, the analyst can say,
“If x can take on this range of values, then y can take on that
range of values.” The approach allows for dynamic analysis,
so that the analyst can answer the question, “What range of
values can y take on if x takes on this new range of values?”
Note that RVP may not be as precise as execution. Its value is
that it provides insight into input/output behavior.
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A Novel Microcombustor for Sensor and
Thermal-Energy Management Applications in
Microsystems
T. J. Gardner, S. B. Margolis, R. P. Manginell, R. Kottenstette, D. L.
Mowery

The development of a small, stable on-chip
flame/combustor (i.e., a microcombustor [µCombustor])
would permit the adaptation and translation of several very
useful macroscopic devices into the microsystem domain: on-
chip flame ionization detectors (microFIDs [µFIDS]),
microreactors, micropropulsion, energy conversion, and,
importantly, heating and thermal management. The argument
for the use of on-chip combustive heating is compelling. The
energy density of butane (including storage cylinder mass) is
50 times that of the best high-output batteries (LiMnO2

nonrechargeable). Thus, a tiny fuel tank could replace several
bulky batteries in hand-held microanalytical systems like the
µChemLab™ and would supply a µCombustor for efficient
heating of essential components. 

Sandia is developing a µCombustor as a basis for
thermal-energy management in microsystems as well as in the
development of new µFID devices for use for intelligent
process control of energy-intensive processes (e.g., reactors,
distillation columns, dryers in the petrochemical industry).
Stable flames are difficult to achieve on a small scale, due to
enhanced heat loss arising from large surface-to-volume
ratios. Catalytic materials provide a natural surface-based
method for flame ignition and stabilization of the reaction
zone. Further stabilization can be achieved by the use of a
thermally isolating membrane as a support for
microfabricated fuel injectors. One key enabling technology
for the µCombustor will be the development of active and
stable (deactivation-resistant) catalyst materials (likely
supported precious metal catalysts) for the combustion of
different feedstocks, ranging from hydrocarbons (e.g., butane
or propane) to hydrogen. Deposition of these catalysts in a
high-surface-area form on relevant platforms (i.e., resistively
heated filaments) to facilitate rapid combustion may also be
required for device fabrication.
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We achieved our milestone associated with designing,
fabricating, and testing a prototype µFID device, although
considerable improvements are still necessary to demonstrate
µFID performance and feasibility. Despite problems
reproducing a self-sustaining microcombustion process in the
new polyether ether ketone (PEEK) fixture, this fixture has
been useful in identifying micro-hotplate failure modes at
elevated temperature. These unanticipated problems have also
delayed the development of an alternate µCombustor device
designed to operate with hydrocarbon fuels. Because of our
problems reproducing the microcombustion process, we
returned to our initial experimental µCombustor fixture and
initiated an experimental matrix to understand the
fundamental phenomena involved in µCombustor performance
and the effects of a wide range of process variables. Early
results from these experiments again demonstrated a self-
sustaining microcombustion process, with the added
improvement of successful reignition of the µCombustor
device following termination of the combustion process. This
result has important ramifications for µFID sensing
applications in microsystems (e.g., µChemLab™) since these
detectors need to be cycled on and off almost indefinitely 
in service.

Catalyst evaluation efforts in a conventional
microreactor show the sensitivity of thin-film platinum
catalyst materials to deactivation under oxyhydrogen
combustion conditions. Promising catalyst activity and
stability were shown for a supported catalyst layer deposited
onto silicon nitride (SiN), indicating that significant potential
improvements in device performance could result if
appropriate processing techniques can be identified to deposit
such films. Modeling results provided a theoretical basis for
the extension of flame extinction limits due to the presence of
a catalytic surface.

This project was selected for presentation at the
program review of the Department of Energy Headquarters.
Because of our success in demonstrating a self-sustaining
µCombustor, as well as the wide-ranging potential
applications of on-chip combustion, we recently filed a Sandia
Technical Advance.
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A Micro-GC–Based Controller for Energy-
Intensive Processes
F. Gelbard, D. A. Loy, G. C. Frye-Mason, D. R. Wheeler, R. P.
Manginell, D. A. Schneider, R. Kottenstette, S. K. Showalter, G. R.
Dulleck, Jr.

Intelligent sensors are not widely used to control
drying and distillation processes in U.S. chemical and
petroleum sectors. A reluctance to implement new, energy-
saving technologies can be attributed to a lack of proven
sensors that can adapt to a variety of complex processes and
detect a wide variety of compounds within a single process.
Currently, pilot-scale processes are empirically scaled to full-
scale processes with safety factors added to meet quality
control standards. Quantitative analytical testing is time
consuming and not currently possible in real time. Drying and
distillation in the U.S. chemical and petroleum sectors
consume about 12 Quads of energy annually. Intelligent, real-
time control-based, robust, configurable sensors with a wide
dynamic range are needed to implement a science-based
solution that can improve the process efficiency and decrease
energy consumption. Research and development are required
to meet this goal.

The focus of this effort is to develop a viable industry
solution for science-based, real-time control of chemical and
petroleum processes to increase process efficiency and to
decrease energy consumption. Research and development will
be required for sensor development, online calibration, data
fusion, and system-integration architectures. Current research
efforts on the µChemLab™ sensors will provide the
fundamental platform for the microsensor-based system. Key
sensor research elements will focus on identifying new
absorbing materials and methods for coating the micro-gas
chromatograph (mGC) column, online delivery of reference
samples, investigating and implementing new front ends (such
as valve matrices), identifying and implementing carrier-gas
options and detectors, and developing a quantitative rather
than qualitative output. 

Sandia will integrate these elements into a workable
prototype that can be used for intelligent real-time process
control. We will use existing industry ties to ensure viability of
the directions taken during the execution of this project. 
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• mGC columns. We developed and tested a
micropacked GC column using research-grade materials
obtained in small batches. The diameters of these materials are
smaller than commercially available support materials. This
column, packed with very small solid packing material, has
demonstrated excellent separation of ethane, ethylene,
methane, and acetylene. Since this unique support material is
not commercially available, we devoted some amount of effort
toward production of our own adsorptive phase in the sizes
necessary to fit our current micropacked GC columns.

• Thermal conductivity detectors. Work proceeded on
the use of our early preconcentrator filaments (thermally
isolated on a silicon nitride [SiN] membrane) as potential
thermal conductivity detectors. We performed these tests at
the breadboard level with macro control and acquisition
systems. The tests indicated proof-of-concept, but the system
size used for testing is too large to be compatible with our
chromatography package. We will work to create a detector of
compatible size. 

• Preconcentrator sol-gel chemistry. We characterized
silica and silica-silsesquioxane sols used to prepare
preconcentrator films. At issue was the stability of the sols
over time: Did the polymeric species continue to grow even at
0°C and impact the preparation of preconcentrators? We used
silicon-29 nuclear magnetic resonance (NMR) to characterize
the standard sols and were able to show definite changes over
time at temperatures above minus 30°C. For consistent,
reproducible results, it is important for the sols to be kept at or
below minus 30°C. We also prepared several sols with a
phenylsilsesquioxane co-monomer to see if we could fabricate
porous films with a more organophilic character.
Characterization of porosity of such films by ellipsometry is
not possible, so other avenues were explored, including testing
as preconcentrators. We also synthesized a phenylene-bridged
silsesquioxane monomer that we showed would retain
porosity in bulk form regardless of polymerization conditions
or processing. Preconcentrators coated with the sol-gel–
processed, phenylene-bridged polysilsesquioxane showed no
sign of improved performance. However, it was not possible
to ascertain if the thin films were porous.

• Thin-film characterization. Due to the difficulties
associated with characterizing the porosity in thin films used
for preconcentrators, we overhauled and tested a commercial
surface acoustic-wave (SAW) thin-film porosimeter with a
variety of thin films. We tested the device with a variety of
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thin films based on well-defined silica colloids (Stober
spheres) from which we can calculate the surface area based
on film thickness and colloid particle diameter. However, we
discovered that the instrument suffered from poor precision.
Preliminary runs with a Sandia-built thin-film surface acoustic
porosimeter based on a Quantachrome porosimeter show a
high degree of reproducibility between runs and for
independently prepared samples. 

• Solid-state, gas chromatographic standards. This
task focused on developing a class of polymers, olefin-sulfur
dioxide copolymers, as solid-state precursors to hydrocarbons
that can serve as standards for GCs. The advantage of the
solid polymer was its potentially very long shelf life compared
with liquid standards. Furthermore, by varying the molecular
weight of the olefin co-monomer, we can provide standards
for a wide range of boiling points and/or column retention
times. We prepared and characterized 1-octene-sulfur dioxide
copolymer and a 1-butene-sulfur dioxide copolymer as two
representative samples of polymers with low ceiling
temperatures and low decomposition activation barriers that
permit their depolymerization to afford hydrocarbon
monomers in quantitative yields. We determined the materials
decomposition onsets using thermal gravimetric analysis and
characterized the polymers with hydrogen-1 NMR
spectroscopy. We prepared a technical advance for the
invention of using these materials as solid-state, thermally
generated standards. 

• Acetylene preconcentrators. We performed
preconcentrator work to test proof-of-principle for a
chemically active adsorption and transformation process. We
developed and tested acetylene and ethylene preconcentrator
systems; however, these experiments were not successful. The
following adsorbents were rejected either by testing or by
review of the literature: Nobel metals, polyvinylpyrrolidone,
potassium hydride, and catechol boranes.
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A MEMS Microelectric Generator
R. D. Habbit, Jr., A. A. Jojola, T. R. Christenson, R. G. Jungst, W.
H. Greenwood, M. Gonzales, A. D. Oliver, J. G. Young, D. A. Hoke

Sandia will develop a microelectromechanical systems
(MEMS)–based device that parasitically harvests energy from
a moving host (e.g., a vehicle, soldier, or ship) by converting
mechanical motion into electricity. Electrical energy
generated from the device will extend the operational field life
of a rechargeable battery array designed to power miniature
electronic sensors and/or transmitters. We are developing an
integrated electrical generation and storage system consisting
of a LIGA (acronym for the German term Lithographie,
Galvanoformung, und Abformung, for lithography,
electroforming, and molding)–based electromagnetic (EM)
generator, a power-conversion circuit, and a rechargeable
battery array. Peak output from the MEMS EM generator is
expected to be 30 mÅ at 3.3 V. The design goal for the size of
an integrated generator is less than 2 cm by 2 cm by 2 cm.

This project consists of three distinct technical
development areas: (1) the energy storage, (2) the generator,
and (3) energy conversion and distribution. Batteries are the
primary method of energy storage chosen for this project. The
initial focus for power generation is macroscale
electromagnetic power (EMP) generation. The energy
conversion and distribution is a future development effort.

The energy-storage development activities focused on
commercial off-the-shelf (COTS) batteries first. In previous
phases of the project, the batteries were tested for continuous
discharge. Next, we tested a subset of the button-cell batteries
for pulse performance. The pulse drain and charge
performance testing consisted of repetitively discharging and
then slowly recharging the battery. This testing will more
accurately reflect the expected actual use. Data obtained
indicated the batteries will perform better than originally
expected.

Earlier, we critically reviewed the EM generator
design, which led to several mechanical design changes and a
new drawing set. The result was a refocus of technical efforts.
Concurrently, we conducted a review of available COTS
ferrite cores and obtained samples for the prototype device.
We performed a tolerance study on the ferrite cores that
revealed the need for slight changes on some of the generator

Sandia National Laboratories LDRD Annual Report 2001 341

Sandia will develop a

microelectromechanical

systems (MEMS)–based device

that parasitically harvests

energy from a moving host

(e.g., a vehicle, soldier, or

ship) by converting

mechanical motion into

electricity. Electrical energy

generated from the device will

extend the operational field

life of a rechargeable battery

array designed to power

miniature electronic sensors

and/or transmitters.



piece part drawings. The piece parts were fabricated in the
shop, and we assembled a macroscale working prototype. 

We subjected the assembled prototype device to a
generic sine sweep (1 octave per minute, limited to 0.05-inch
0-peak amplitude from 10 to 31 Hz, and limited to 5g 0-peak
amplitude from 31 to 2000 Hz) on the vibration table. We
conducted this test to evaluate and identify the device’s
natural frequencies and voltage output. The 5g 0-peak
amplitude sine sweep test also served as a ruggedness test. We
conducted the sine sweep test first. Following the assessment
of the sine sweep data, we subjected the devices to the generic
truck transport (truck bed) vibration environment. 

Initial testing revealed several deficiencies in the initial
design. While the initial design may have had an optimal
magnetic design, the ferrite cores attracted the magnet toward
the winding sleeve. This resulted in large frictional drag,
minimizing the overall output of this design. In fact, the
generator had zero output during the random truck
environment. Once the magnetic core was removed, the
overall output significantly improved; however, the output
was substantially lower than desired. 

We refocused on making progress toward a
demonstrator and understanding the factors affecting
performance and efficiency. Not only was the initial
microgenerator design tested, five other configurations also
were tested. Each configuration yielded some improvement
over the previous design. In addition to testing the Sandia
design, we tested a COTS geophone. The geophone
consistently yielded higher voltages than our custom designs;
however, when we connected the two designs to a load, we
found that the custom designs handled the load better. The
research and testing led to a new design, for which we have
filed a Technical Advance. This new design has the potential
to significantly improve performance.

We developed a power-conditioning circuit to rectify
the EM output signal so that it could be used to power an
electronic device. The circuit consisted of a full bridge
rectifier and a light-emitting diode (LED) as a load. Only the
later custom designs produced sufficient power to light the
LED. None of them, however, was able to produce enough
power to continuously light the LED. 
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Nanostructured Silicon Surfaces for Cost-
Effective Photovoltaic Efficiency
Improvements
D. S. Ruby, S. A. Kemme, S. H. Zaidi, R. J. Buss

Sandia is evaluating a new regime of plasma surface
texturing by using silicon (Si) solar cells as an experimental
vehicle. The goal of this work is to develop plasma models to
explain, predict, and guide the plasma texturization process.
These models will be useful in future applications whenever
surface texture evolution needs to be better understood and
utilized.

We are also developing optical modeling to optimize
the surface texture required for maximum performance. These
optical models developed are expected to be extremely useful
in many of the nanoscale optoelectronic applications currently
under development. Additionally, the development of textured
surfaces on low-cost multicrystalline silicon (mc-Si) solar
cells could significantly advance the photovoltaic (PV)
industry and potentially enable new thin-film crystalline-
silicon (c-Si) approaches that may produce high-power,
lightweight, mobile power supplies. 

This interdisciplinary project utilizes Sandia’s
expertise in PVs, plasma processing, sensor-based controls,
and process modeling to develop environmentally benign
processes that can reduce costs and improve product
performance. We used large-area (130 cm2) commercial mc-Si
solar cells as the test vehicle so that performance
improvements will be immediately transferable to mass
production. Successful completion of this project will also
provide validated process models that can be used in a variety
of applications for surface texturing, such as to promote
adhesion for neutron generator (NG) assembly, and to
optimize new optoelectronic devices. 

The PV market is growing at the rate of about 25
percent annually, stimulated by reactions to electricity
shortages currently being felt in the western United States.
Mc-Si PV modules currently comprise about 60 percent of
worldwide PV module production. Sandia’s technology could
significantly impact current U.S. market growth in that
Sandia’s technological advances are relevant to significantly
boosting the performance of all mc-Si PV modules sold. 
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We developed a maskless plasma-texturing technique
using noncorrosive etch gases for mc-Si cells using reactive
ion etching (RIE), which results in much higher cell
performance than is seen in standard untextured cells. We
achieved elimination of plasma damage while reducing front
reflectance to extremely low levels. The internal quantum
efficiencies that we obtained are higher than those on planar
and wet-textured cells, and boost cell currents and efficiencies
as much as 11 percent on mc-Si and 2.5 percent on 130 cm2

mc-Si cells.
Our university colleague fabricated small 4 cm2 mc-Si

cells on RIE–textured wafers to test the relative merits of
various texturing and damage-removal processes. We obtained
up to a 7 percent increase in output power, which approaches
the expected maximum of about 10 percent on mc-Si.

The RIE-texture process produces extremely low
reflectance surfaces. The solar-weighted reflectance of the
cells after texturing are about 3.5 percent, including
reflectance from the gridlines. However, the RIE process
causes some shallow surface damage that results in the
recombination of carriers generated by short-wavelength light
absorbed near the surface. We obtain a low blue response. The
damage removal etch, which consists of a 10 sec dip in a
nitric hydrogen fluoride (HF) acid mixture, removes the entire
damaged region, indicated by the complete recovery of the
blue response to that of untextured cells. Because so little
texture is removed, the solar-weighted reflectance increases to
only 5.9 percent and 7.0 percent for titanium (Ti)-assisted and
conditioned textures, respectively. Cell performance increases
in comparison to planar cells, which have a typical 13 percent
reflectance.

The major process-modeling goal was to develop an
ability to simulate and ultimately predict our plasma surface-
texturing process. Sandia already has code (AURORA)
developed for modeling the chemistry of these plasmas, and
this code has been used successfully. We also have code
(ICARUS) for direct simulation of two-dimensional (2-D)
plasma etch. We began developing a new code (SURFMOD)
that will ultimately take the mechanism developed with
AURORA and interface with ICARUS to simulate surface
topography evolution. The code interfaces are yet to be fully
developed, but the main architecture is in place and allows
simulations of the plasma-texturing process. The code allows
gas-phase species to interact with a surface, either depositing
or etching. It allows the particle surface dynamics to be
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specified for each species. Thus, ions etch depending on their
angle with the surface normal, while neutral radicals etch
isotropically, and each species has its own kinetics.

We believe that the texturing effect is the consequence
of micromasking by metal atoms or clusters sputtered onto the
surface. The code allows a time-dependent deposition of metal
clusters on the surface, which leads to significant roughening.
We measured the time behavior of the blackening effect and
successfully modeled the early development of fine, 40 nm
features that compare very well with a scanning electron
microscope (SEM) photo of the developing topography. 

We utilized numerical models to predict the
hemispherical reflectance of various 1-D Si gratings. The
simulated spectra and the measured spectra appear to be in
general agreement with regard to both spectral feature location
in the waveband and reflectivity values. By averaging the
results of the numerical models to take into account the slight
variation in depth and pitch of the grating features over the
area of the reflectance measurement, we obtained very good
agreement for both polarizations of incident light.
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Network Intrusion Detection Using Adaptive
Critic Neural Networks
T. J. Draelos, M. J. Collins, D. P. Duggan, E. V. Thomas

Intrusion detection (ID) is a need and a problem that
is not going to go away soon. The challenge of detecting novel
exploits and attacks deserves special attention. Adaptive critic
designs (ACDs) do not appear to have been used for ID prior
to this Sandia project. This research explores four experiments
of adaptive host-based ID techniques in an attempt to develop
systems that can detect novel exploits. The technique
considered to have the most potential is ACDs because of
their utilization of reinforcement learning, which allows
learning exploits that are difficult to pinpoint in sensor data.
Preliminary results of ID using an ACD, an Elman recurrent
neural network, and a statistical anomaly-detection technique
demonstrate an ability to learn to distinguish between clean
and exploit data. Sandia used the Solaris Basic Security
Module (BSM) as a data source and performed considerable
preprocessing on the raw data. We recommend a detection
approach called generalized signature-based ID as a middle
ground between signature-based ID, which has an inability to
detect novel exploits, and anomaly detection, which detects
too many events, including events that are not exploits. The
primary results of the ID experiments demonstrate the use of
custom data for generalized signature-based ID, and the
ability of neural network-based systems to learn in this
application environment.
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Our preliminary results confirm the ability of neural
networks and statistical anomaly detectors to learn the
differences between clean and exploit data and suggest that
this reinforcement learning approach to ID deserves more
attention. Although our research barely scraped the surface of
the potential of ACDs, it yielded promising initial results.

Our accomplishments included successful
demonstrations of the following:

(1) Generalized signature-based ID as a valid
approach.

(2) The use of recurrent neural networks to
discriminate between clean and exploit data.

(3) The development and use of ACDs to discriminate
between clean and exploit data.

(4) The development and use of statistical anomaly
detection algorithms (the exponentially weighted moving
average algorithm) to identify exploits in Defense Advanced
Research Projects Agency (DARPA) 1999 ID test data.

This research yielded three lessons: (1) first and
foremost, much work will be required to achieve effective
detection of novel exploits, (2) although the concept of IDS
control is promising, practically speaking, a better course of
action appears to be to incorporate the most effective
mechanisms into the IDS, and consequently, IDS control is
probably not truly useful, and (3) with current ID sensors,
considerable effort must be devoted to data preprocessing
before presentation to a neural network. Even more
importantly, the availability of new sensors designed from the
ground up for automated ID would dramatically improve the
possibility of detecting intrusions.
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Key Management Techniques for
Authenticating Highly Secure SCADA
Systems in the Electric Power Industry
D. R. Gallup, R. E. Carlson, C. L. Beaver, M. D. Torgerson, W. D.
Neumann

The electric power industry uses supervisory control
and data-acquisition (SCADA) systems to monitor and control
power production and distribution. SCADA systems are a
critical part of the electric power infrastructure. They
typically have a master station/substation hierarchy. The
master station communicates with a large number of
substations, and some communications may occur between
substations. The communications traffic consists of frequent
messages (0.2 to 5 messages per second per substation) of a
few to a few dozen bytes in length. Industry standards require
that security not delay message processing by more than 2
msec–4 msec. In this project, Sandia investigated the various
security aspects and requirements of the SCADA system
communication networks.

Based on this investigation, we developed a method of
managing cryptographic keys and cryptographic algorithms
that are appropriate for securing communications on SCADA
systems.

We developed a cryptographic method for providing
complete message security. Our approach uses the new
advanced encryption standard (AES), also known as Rijndael,
for encrypting messages, and the 256-bit version of the secure
hash algorithm (SHA) for deriving digital signatures.
Encryption is used to hide the contents of messages. The
digital signatures are used to verify that the sender of a
message is who he claims to be. We also developed an
approach to allow substations to communicate securely with
one another. This secure communication is achieved by
exchanging AES keys using public-key cryptography that is
based on elliptic-curve mathematics. Finally, we developed a
method of managing all of the cryptographic keys and
cryptographic algorithms. This method allows an electric
utility to apply our approach without needing to become an
expert in cryptography.

We successfully implemented our SCADA security
approach on a simulated SCADA system. We implemented
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our secure communication system on a simulated SCADA
network. Our implementation meets all of the efficiency and
compatibility requirements of typical SCADA networks.
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Control Strategies for Homogeneous Charge-
Compression Ignition (HCCI) Engines
J. H. Chen, C. A. Kennedy, J. C. Hewson, A. R. Kerstein, J. E. Dec,
T. Echekki, S. D. Mason

Homogeneous charge-compression ignition (HCCI)
engines are an attractive alternative to diesel engines, offering
the potential for high diesel-like efficiencies while
concurrently producing extremely low emissions vehicle
(super-ULEV) standards without expensive after-treatment. An
HCCI engine operates on the principle of compressing a
dilute premixed charge until it autoignites and burns
volumetrically. This is a relatively new realm of combustion in
which the mixture is often sufficiently dilute so as to prevent
flame propagation; hence, combustion occurs volumetrically.
For appropriate mixture and fuel type, engines have been
successfully operated in an HCCI mode. However, achieving
appropriate combustion across the load-speed map of the
engine, and slowing the combustion to achieve a smooth heat-
release time-history to prevent engine damage and noise,
remain formidable challenges. Recent zero-dimensional (0-D)
computational studies show that it is difficult to achieve a
smooth heat-release history with a fully homogeneous mixture.
A key technical challenge is how to actively control the intake
protocol and in-cylinder fluid motion to obtain the needed
heat-release time profile across the operating conditions of
the engine. 

Sandia is implementing novel computational and
modeling tools for the purpose of developing active control
strategies for in-cylinder fuel/air/residual mixture composition
and temperature in HCCI engines. We will use the
computational tools in parametric studies to actively control
the in-cylinder fuel/air/exhaust-gas residual mixture
composition and temperature space/time history to obtain a
smooth heat-release time profile across the load-speed map of
the engine. If we are able to develop successful control
strategies, the numerical tools will be invaluable for providing
guidance to engine designers, significantly jump-starting
HCCI design efforts.

We developed simplified chemical-kinetic models that
retain only the rate-limiting time scales for the various stages
of ignition. Models have been developed for hydrogen (H),
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which represents high-temperature ignition chemistry
characteristic of gasoline fuels, and heptane, which represents
lower-temperature diesel-like fuels. These models suggest that
it will be possible to elucidate expressions for ignition times
as a function of mixture composition and operating
conditions. More significant for the issue of control-model
development, these expressions will provide the leading order
scaling of the ignition times with changes in engine operating
parameters. We covered a range of engine speeds and loads as
well as a range of mixing rates for the fuel and air in one-
dimensional turbulence (ODT) parameter studies using both n-
heptane and H fuels. 

We evaluated simulated engine performance on the
basis of pressure-time histories, evolution of mixture
probability-density functions (PDFs), and individual-cycle
space-time-temperature maps. This information enabled the
diagnostics of conditions in which ignition did not occur or
was not sustained. Parameter studies indicated critical
parameter ranges where mixing influences ignition; these
ranges include those where ignition timing and heat-release
rates appear to be optimal. In particular, small-scale
fluctuations, typically neglected for HCCI modeling, are
shown to be key to ignition for certain ranges of parameters.
For these conditions, completely homogeneous mixtures do
not ignite, but mixtures retaining small-scale inhomogeneities
resulting from finite mixing times do ignite reliably. In many
of the cases where small-scale fluctuations are present, some
degree of premixed flame propagation is observed to occur
around ignition kernels. 

Another phenomenon that is not included in traditional
HCCI models, premixed propagation, is seen in the current
ODT and direct numerical simulations (DNS). Preliminary
statistics from ODT of the joint PDF of mixture composition
and enthalpy indicate that, for engine conditions, the PDFs
evolve to a non-Gaussian shape. Both the mixture fraction and
enthalpy distributions have significant skewness, suggesting
that hard-to-ignite regions persist even after long mixing
times. These statistics impact the ignition behavior and the
unburned hydrocarbon emissions.

The autoignition of turbulent spatially heterogeneous
H/air mixtures has been studied using DNS with detailed
chemistry for pressures ranging from 1 to 10 atmospheres.
These simulations reproduce an array of autoignition events
that are dependent on the mixing/dissipation rates. Similar to
the ODT results, DNS simulations show the presence of
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ignition kernels/propagation fronts. The fronts established are
initially lean premixed flames, with rare occurrences of triple
flames, depending on the probability of propagating through
stoichiometric conditions. The simulations further show the
existence of both ignited and partially extinguished kernels
resulting from relatively high dissipation rates. The relevant
chemistry that dominates during the induction phase of
autoignition, and the competing effect of dissipation of heat
and radicals, is highly dependent on the initial thermochemical
state and the local mixing conditions. In the present
simulations we encountered all three homogeneous explosion
limits, depending on the local mixing conditions. To simulate
compression ignition in DNS, we added an artificial mass
source term in the governing equations. We validated the
method for compression ignition of a homogeneous premixed
dilute H/air charge at 20:1 compression ratios. We
implemented the stiff time integrator, ARK, in the DNS code
and validated it for 0-D stiff ignition delay times. 
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Intrusion Detection for Asynchronous
Transfer Mode (ATM) Networks
T. D. Tarman, K. C. Bauer, E. L. Witzke, W. F. Young, B. R. Kellogg

Currently, network intrusion-detection systems (NIDS)
are in place in networks at Sandia and our customers. NIDS
allow site security personnel to monitor network devices and
hosts for activities that indicate a possible attack, misuse, or
operational anomaly in the information system. Since NIDS
protect against attacks from inside and outside users, they
provide a complementary service to devices that protect
internal networks against outside attacks (e.g., encryptors and
firewalls). However, current NIDS only work down to the
Internet Protocol (IP) level. Data and control flows below IP
are not covered by the current technology. This represents a
risk to Asynchronous Transfer Mode (ATM) network
backbones, which are found inside many enterprises
(including Sandia), public carriers, and the Internet. This
makes ATM networks vulnerable to a variety of denial-of-
service attacks, routing infrastructure attacks, and other
attacks.

This project is developing an ATM intrusion-detection
system that monitors the signaling flows associated with a
variety of ATM protocols (e.g., virtual circuit setup, call
routing, local area network [LAN] emulation) to determine if
insider or outsider attacks are being conducted against the
ATM network. We will research and document issues such as
analysis of ATM protocol attacks, sensor performance on
high-bandwidth links and switch fabrics, and scalability
issues. We will develop prototype ATM intrusion-detection
systems that incorporate methods to address these specific
concerns.

Sandia is uniquely qualified to make significant
contributions to this area due to our recognized leadership in
ATM security and high-speed encryption, and our in-depth
experience with ATM protocols and IP NID. Results from this
work will lead to key technologies that can be incorporated
into the ATM intrusion-detection devices for Sandia and DOE
technologies. This work will also enhance Sandia’s leadership
in ATM security.
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We completed development of a software-based ATM
intrusion-detection system and demonstrated it in small
laboratory environments at Sandia and at the Stevens Institute
of Technology (SIT, formerly with Arizona State University),
and in a large unclassified test network for the DoD. In all of
these demonstrations, the system successfully detected a mock
ATM peer group leader takeover attack, as described in a
MILCOM 1999 paper. This successful detection involved all
of the subcomponents in our ATM intrusion-detection
architecture, including the active-direct sensors (for the
Private Network-to-Network Interface [PNNI] protocol), the
passive-direct sensors (for the User-to-Network Interface
[UNI] protocol), the indirect sensors (for the Simple Network
Management Protocol [SNMP]), the assessment engine, the
rule editor, and response components (both active and
passive). During the attack, the assessment engine
successfully responded by sending a notification to the
administrator and by isolating the offending intruder by
shutting down an appropriate port on the switch to which it
attached. In addition, the DoD installation showed the
scalability of the basic, software-based architecture by
successfully “sifting through the noise” of a large number of
new switch events to successfully detect the mock attack.

As part of our collaboration with SIT, we examined
scalability and response timeliness issues associated with our
intrusion-detection approach and with distributed intrusion-
detection systems in general. We delivered a working ATM
intrusion-detection system to SIT, set it up in the SIT lab, and
demonstrated the system. SIT progress reports indicate the
need to partition a distributed intrusion-detection system into
two components: a strategic component that extracts
parameters (sensor notifications), and a tactical component
that is configured by the strategic part with network
reconfiguration rules and responds according to these rules.

Another aspect of this work was the continued
development of the UNI sensor, which is a passive-direct
sensor (i.e., a sensor that directly monitors ATM protocol
flows, but does so silently, without actively participating as a
network device). We designed this sensor to facilitate
separation of the sensor configuration user interface from the
actual sensor device, which allows distributed management of
multiple UNI sensors. The UNI sensors themselves were
designed to be implemented on a LINUX platform, with some 
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functionality in hardware and the rest in software. We
developed a language for communicating filter specifications
between the user interface and the sensor, as well as a
protocol for securely transferring filter specifications (based
on secure shell, with public-key cryptography). Although all
sensor components were implemented in software, we made
progress in the design and implementation of the hardware
components on an Altera system on a programmable chip
(SOPC) platform.

Given the current network market conditions, vendor
interest has now shifted away from ATM and toward IP-based
flow-switching techniques such as multiprotocol label
switching (MPLS). Therefore, this project also spent some
time analyzing the MPLS protocols to determine how the
ATM intrusion-detection architecture can be applied to MPLS
networks.
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Silicon/Carbon Nanocomposites for
Rechargeable Battery Applications
D. Ingersoll, K. J. Gross, M. A. Rodriguez

The utility of nanomaterials has been determined to be
the next arena of advanced materials development, in which
entering this nanosize domain may drastically alter material
behavior, at least compared to their larger-sized brethren. The
limitations of energy storage devices (e.g., batteries) such as
runtime, power, and voltages, are imposed by the intrinsic
characteristics of the materials used, including the anode and
cathode materials. Consequently, by improving the
performance of these materials either alone or together, the
overall performance of the battery can be improved, thereby
enabling new missions or expanding old ones. 

Toward this end, Sandia initiated development of new
composite nanomaterials for use as the anode material in
reversible energy storage systems that have theoretical
capacities an order-of-magnitude greater than the current
state-of-the-art materials. These new materials can be
combined with existing cathode and electrolyte materials to
create energy storage devices with vastly improved volumetric
and gravimetric energy densities (i.e., smaller and lighter
batteries). Our primary focus is on developing silicon (Si) and
Si/carbon (C) nanocomposites in which the C overlays and
coats the Si. Our reason for selecting Si is based on its
inability to form high-lithium (Li)-content alloys, and the
possibility of using this alloy as a high-energy, reversible
storage medium. The C overlayer should protect the Si from
irreversible oxidation/passivation and also provide a
secondary means of chemical energy storage, as it, too, forms
reversible compounds with Li. Nanomaterials are needed to
provide reasonable rate characteristics for practical devices,
as well as to improve the reversibility of the alloy/de-alloy
process during oxidation and reduction.

We developed two methods for generating C coatings.
The first method employs a fluidized bed reactor where
catalytic decomposition of a hydrocarbon precursor takes
place directly on the material. We evaluated a number of
precursor hydrocarbons, including methylene, pyrrole, and
pyridine, alone as well as in mixtures. We also performed a
cursory evaluation of the physical characteristics of the C
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formed. The second method evaluated is based on mechanical
means and is done during formation of the Si nanoparticles. In
this case, Si and C are introduced into the mill just prior to
processing. Preliminary results indicate that a small amount of
silicon carbide (SiC) is formed during this process; however,
it appears that the bulk of C remains unreacted. Also, evidence
exists for silicon oxide (SiO) formation; however, early
indications are that the amount of SiO formed is small. We are
attempting to evaluate the final structure created. 

We also continued to develop methods for preparation
of Si nanomaterials, and two areas are continuing to be
pursued. The first area, chemical synthesis, is proceeding
apace, and 150 mg of material have finally been prepared.
This material is currently being characterized, and the testing
to date indicates that the material that was prepared and
isolated is our target material. The other approach we are still
pursuing is the mechanical-milling approach, primarily due to
the larger sample sizes that can be prepared. We modified our
approach from last year and developed nanomaterials. We
performed electrochemical evaluation of the nanomaterial
produced last year by selective chemical oxidation, and we
found that the surface oxide layer present is completely
passivating (we had hoped for a porous, nonpassivating
structure). Various approaches to remove the passivation layer
(e.g., hydrogen reduction) were not successful.

Sandia National Laboratories LDRD Annual Report 2001 357

We also continued to develop

methods for preparation of Si

nanomaterials, and two areas

are continuing to be pursued.

The first area, chemical

synthesis, is proceeding apace,

and 150 mg of material have

finally been prepared. This

material is currently being

characterized, and the testing

to date indicates that the

material that was prepared

and isolated is our target

material. The other approach

we are still pursuing is the

mechanical-milling approach,

primarily due to the larger

sample sizes that can be

prepared.  



19991

Use of Apatite and Substituted Apatites for In
Situ Barriers for Radionuclide Containment
and Waste Stabilization and Arsenic Removal
from Potable Water
R. C. Moore

This work describes a new in situ technique for
placement of apatite, Ca10(PO4)6(X)2, where X is monovalent
anion such as OH-, Cl- or F-. It is well documented that
apatite is a strong sorbent for radionuclides and heavy metals.
The new placement process is based on injecting a solution of
calcium citrate and sodium phosphate into soil. As the citrate
is biodegraded, calcium (Ca) is gradually released and
immediately reacts with the phosphate to form insoluble
calcium phosphates that transform into apatite. In this work,
we formed apatite in soil by adding a solution containing
sodium citrate, calcium chloride, sodium phosphate,
ammonium nitrate, and sodium fluoride at a pH of 8. We
analyzed the apatite precipitated on the soil particle surfaces
by x-ray diffraction (XRD); it closely matched the pattern of
hydroxyapatite, Ca10(PO4)6(OH)2. Batch sorption studies
using soil in which apatite was formed indicated that
strontium (Sr) and uranium (U) are irreversibly sorbed to the
apatite. Column studies are under way. We adapted the
process for irreversible sorption of technetium (Tc). We will
investigate redox reagents for use with Tc. This work also
investigated the use of bovine apatite to sequester arsenic
(As). Initial experiments indicated that As was quickly
removed by contact with bovine apatite. We identified the
material responsible for As sorption and completed sorption
experiments. A pilot plant study on using the material in new
process is under way. The process is based on using
magnesium oxide (MgO) to sorb As and remove the MgO by
centrifugal methods. 

In this project, Sandia developed a new in situ
technique for placement of apatite, Ca10(PO4)6(X)2, where X is
monovalent anion such as OH-, Cl- or F-. Apatite is a strong
sorbent for radionuclides and heavy metals. The new
placement process is based on injecting a solution of calcium
citrate and sodium phosphate into soil. As the citrate is
biodegraded, Ca is gradually released and immediately reacts 
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with the phosphate to form insoluble calcium phosphates that
transform into apatite. 

We formed apatite in soil by adding a solution
containing sodium citrate, calcium chloride, sodium
phosphate, ammonium nitrate, and sodium fluoride at a pH of
8. We analyzed the apatite precipitated on the soil particle
surfaces by XRD and closely matched the pattern of
hydroxyapatite, Ca10(PO4)6(OH)2. Batch sorption studies using
soil in which apatite was formed indicated that Sr, U, and Tc
are irreversibly sorbed to the apatite. 

Also in this work, we investigated the use of Mg(OH)2

to sequester As. Experiments indicate As is quickly removed
by contact with Mg(OH)2. We developed a pilot plant study
on using the material in a new process, and it is under
construction. We have submitted two patent applications.
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Information-Sharing Security Module
Research and Development
L. A. Snyder, C. L. Beaver, R. C. Schroeppel, W. D. Neumann

The nation’s critical infrastructures (water, electric
power, communications, oil and gas, banking and finance,
transportation, emergency services, and continuity of
government) are increasing their use of the Web for
exchanging sensitive or confidential information and for
financial transactions. 

This project will research and develop a system
architecture for an information-sharing security module that
could be configured to meet a wide range of security needs for
various Web-based information applications requiring
information security ranging from low to high.

The research and development will focus on the
complex problem and the technical challenge of providing
simultaneous authenticity and anonymity services, seemingly
opposite goals. To achieve this goal, there must also be the
capability of including cryptography, key management
(certificate authority, distribution, revocation), secure
broadcast (rapid dissemination of information securely), and
access control (the prevention of an outsider or insider from
using keys in an unauthorized manner) services. These
information-sharing security services are required for high-
consequence industry and government applications.

The next step in our process of developing our
capability to provide this anonymous, authentication
communication protocol with message revocation is to
complete the software implementation and to test this research
concept. This includes the following capabilities:

(1) A multilevel communication structure to allow
message revocation while maintaining anonymity;

(2) An update of the current encryption algorithm to
the new advanced encryption standard, the Rijndael cipher;

(3) A logging and audit system;
(4) A simulated trusted center authority for

demonstration and proof-of-concept purposes;
(5) An interface with our indications and warning

system; and
(6) An onion-router to randomize message traffic. 
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Our prior research led to several system goals:
anonymity of message author, anonymous communication
paths, authentication of group membership, integrity and
privacy of data, protection against system abuse by insiders,
and ease of use by those employing the system. Encryption of
messages using a symmetric key algorithm is used to provide
integrity and privacy of data; if a message is altered after
being encrypted, it won’t decrypt properly, and unauthorized
users cannot read encrypted messages. The encryption
requirement also provides for authentication of group
membership, since only group members can obtain valid keys
to encrypt and decrypt data. Anonymity of message author is
achieved through text processing of the message to eliminate
clues to authorship. Furthermore, no clues to authorship can
be gained through the encryption or transmission process. 

The encryption keys are generated per message, based
on possession of a compact disk (CD) and knowledge of
secret information; however, this process does not
compromise anonymity since all users have identical keying
material. We keep the communication paths anonymous by
use of an onion-routing system. One or more users may be
grouped into “domains,” and while we describe anonymous
communications between domains, we mitigate the threat of
insider abuse with an anonymous message revocation
capability. (We define a domain to be a collection of one or
more users identified as a single entity. We define domain-to-
domain communications to be the communications between
domains, and intradomain communications to be the
communications between users within a domain.)

The system is easy to use. A user inserts the CD, and
the software programs then execute all protocols. The
protocols are transparent to the users. A user of our system
may be an individual or an entire group (e.g., a business). A
group may have multiple users at a site, yet wish to be
identified as a single entity. 

Our protocols provide anonymous, authenticated
communications between domains. If a domain consists of
multiple users (e.g., a company with several employees using
the software), then we recognize that the communications that
must be anonymous to outside domains may not need to be
anonymous to others within the same domain. (Certainly a
business expects control over the communications of its
employees.) Hence, intradomain communications are
authenticated, yet give the option for anonymity, revocable
anonymity, or no anonymity. This multilevel structure allows
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us to revoke messages anonymously at the domain-to-domain
communication level. Our protocols provide anonymous,
authenticated communications between domains. If a domain
consists of multiple users (e.g., a company with several
employees using the software), then we recognize that the
communications that must be anonymous to outside domains
may not need to be anonymous to others within the same
domain.

One application of our design is in support of PDD 63,
under which individual industry owners may communicate
infrastructure and cyber problems or issues to the information-
sharing and analysis center (ISAC). The ISAC may then send
the information on to a central government agency where the
data will be evaluated with data from other sources to see if
there is a larger problem. In such a model, the individual
industry users may be members of a utility, such as an electric
power owner or water company. The ISAC members may be
representatives from a particular set of industry providers
(e.g., water, banking and finance, telecommunications). The
ISACs send their information to some central location that
could be, for example, a government organization such as the
National Information Protection Center, which would gather
and analyze the data. 
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Regional Dynamic Simulation Modeling and
Analysis of Integrated Nuclear Futures
A. B. Baker, S. H. Conrad, D. L. Harris, L. A. Malczynski, W. E.
Beyeler, G. A. Mann

In this project, Sandia is producing an integrated
framework and a dynamic simulation model of key aspects of
nuclear energy, nuclear materials storage and disposition,
global nuclear materials management (GNMM), defense
nuclear materials, and nuclear proliferation risk, and will link
nuclear energy dynamically to global energy, greenhouse-gas
emissions, and other measures of environmental impact.
Specifically, this framework will “reduced-form” model the
back end of the nuclear fuel cycle (waste storage and
disposition), the front end of the nuclear fuel cycle (nuclear
power generation), and the defense materials system (nuclear
materials from weapons). 

To provide for integrated energy and environmental
systems integration, this project also will reduced-form model
global energy demand by sector (e.g., industrial,
transportation, or electricity), by fuel (i.e., oil, natural gas,
coal, nuclear, renewables, and hydrogen [H]), and for global
carbon (C) emissions. The Defense Materials Module will
reduced-form model the nuclear materials flow from weapons
to the back end of the fuel cycle, and we will benchmark it to
credible sources as far as possible. Research will proceed in
parallel for these main modules and for dynamic
characterization of both proliferation risk and environment.
Thus, this project will produce an integrated model of nuclear
energy, energy-based C emissions, and GNMM of defense-
and civilian-generated waste streams, which will permit
strategic assessment of integrated research needs as well as
provide a tool for complex policy analysis. In addition to C
emissions, this model will estimate other environmental
impacts from exploration, drilling and mining, and energy 
conversion.

The proposed model enhancements will facilitate
critical decision making in support of regional and global
assurance of the safety and security of nuclear materials and
environmentally acceptable, reliable, and cost-effective energy
production.
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In earlier work, we developed a real-time, laptop-
portable, dynamic simulation model that integrates key
aspects of the fuel cycle, civilian and defense nuclear
materials generation and disposition, and energy and
greenhouse-gas emissions. That model predicts trends through
the year 2050. Subsequently, we improved that model
significantly in the following five areas:

(1) We segmented the global model to allow for
regional and global examination and evaluation of nuclear
materials, environmental impact, and proliferation risk. 

(2) We added energy options to include additional
forward-looking alternative technologies such as Generation
IV nuclear reactors, and production and use of H as a fuel.
These alternative technologies are likely to be realized before
the year 2050, and therefore need to be modeled to facilitate
the exploration and evaluation of future policy issues and
research investments.

(3) Our measures of proliferation risk are also
improved. The original model was based on ad hoc concepts
of the relative utility of various nuclear materials from the
potential proliferator’s perspective. We refined these concepts
by accounting for the cost to steal or develop a nuclear
weapon by alternative means. The improved proliferation risk
measures were developed within a concurrent project.

(4) We better quantified the environmental impact of
alternative fuel choices. The original model included only C
emissions as a measure of environmental impact. The
improved model includes more than 15 measures, including
impacts on water and land.

(5) We improved the back-end module. This extension
allows policymakers to weigh alternatives, such as a once-
through fuel cycle versus a closed fuel cycle. Similarly,
various disposition options are considered for military and
commercial nuclear materials.
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Very High Temperature Gas-Cooled Reactor
R. J. Lipinski, D. R. Anderson, S. A. Wright, P. S. Pickard, E. J.
Parma, Jr., A. C. Marshall

The goal of this project is to develop concepts for next-
generation power reactors that provide more-efficient, lower-
cost systems with less waste and that are inherently safe and
proliferation resistant. The desired reactor-design
characteristics include the use of very high temperature
fuels—graphite and oxide, high-temperature coolants—helium
(He) and molten-fluoride salts, low-power density and high-
neutronic efficiency, and high-burnup core designs. A project
goal is to identify approximately two to three baseline designs
that should be considered for more detailed assessment.

(1) High-temperature fuels assessment. The fuels
assessment considered both graphite-based coated-particle
fuels and oxide-based systems to achieve higher temperatures.
The emphasis was on the graphite fuels. Oxide materials
(beryllium oxide [BeO], aluminum oxide [Al2O3]) provide
high-temperature performance, but were considered unlikely
to provide adequate fission-product retention at higher
temperatures.

To achieve operating temperatures above 1250°C,
higher-temperature fission-product coatings on the tri-isotopic
(TRISO)-fuel particle, such as zirconium carbide (ZrC), is
being researched (Japan) and is the most likely option. Other
refractory carbides (such as niobium carbide [NbC]) have
higher temperatures but are less understood. Temperatures in
the range of 1400°C to 1500°C may be possible for long
periods but with some selective fission-product retention
issues.

Assessment results are as follows: 
• Current silicon-carbide (SiC) graphite provides a

baseline—assured path to > 1000°C, but requires innovative
element design.

• ZrC provides a higher-temperature coating—
generally better fission-product retention, but requires
additional materials research.

• Multiple coatings may work for a wider range of
fission-product retention, but at some additional cost.

• We identified a modified-coating TRISO fuel as the
baseline fuel.
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(2) Heat-transfer, fuel-element configurations. To
maximize the coolant-outlet temperature for a given maximum
fuel temperature, the fuel-element configuration must be
designed for as low a temperature drop from the fuel to
coolant as possible. We analyzed several alternative
geometries that reduced the temperature drop. Heat-transfer
studies showed that the molten-salt temperature drops between
fuel and coolant for an annular geometry were on the order of
160°C. For He, the total temperature drop was 305°C. Results
suggest that He-cooled systems will require small channels
with large surface areas to achieve desired operational
temperatures. The molten-salt systems will allow a wider
range of fuel geometries.

We also developed models to study the potential for
passive-decay heat removal. Core and vessel designs could be
made passively safe for both molten-salt and gas coolants for
configurations with a core radius of 300 cm and operating at 5
W/cm3. The molten-salt heat-transfer advantages are
significant, including reduced-temperature drop and high-heat
capacity. Annular fuel-element configurations will be used as
the baseline, with a pebble or particle concept being
developed as the advanced-technology case.

(3) Criticality, neutronics. The goal of the neutronic
studies was to determine the allowable ranges of criticality,
burnup, and reactivity coefficients for candidate cores based
on the identified high-temperature fuel options. Studies
included graphite-coated particle and Be-based oxide systems
using both uranium (U) and U thorium (Th) cycles. Using the
Monte Carlo neutronics code MCNP (Monte Carlo N-
particle), we determined the potential for breeding or
conversion of fertile isotopes to fissile isotopes for a range of
fuel and fuel-to-moderator ratio. Both the U-238-to-
plutonium-239 (Pu-239) cycle and the Th-232-to-U-233 cycle
were studied. The results show that achieving extremely long
run times without refueling in a thermal reactor requires low-
power densities (5 W/cm2) and heavy-metal-to-carbon-density
ratios of 0.6 or greater. To achieve the optimum burnup, larger
fuel-particle diameters than currently considered are needed. 

(4) Systems selected for further evaluation. We
identified three approaches to consider for more detailed
analysis. 

–Very high temperature gas-cooled reactor
(VHTGR)—Loop-type, prismatic graphite-moderated/
-reflected, coated-particle fuel, He-cooled. 

Sandia National Laboratories LDRD Annual Report 2001 366

The goal of the neutronic

studies was to determine the

allowable ranges of criticality,

burnup, and reactivity

coefficients for candidate cores

based on the identified high-

temperature fuel options. ... 

The results show that

achieving extremely long run

times without refueling in a

thermal reactor requires low-

power densities (5 W/cm2) and

heavy-metal-to-carbon-density

ratios of 0.6 or greater. To

achieve the optimum burnup,

larger fuel-particle diameters

than currently considered are

needed. 



–Ultrahigh-temperature gas-cooled reactor
(UHTGR)—Loop-type, graphite-moderated/-reflected, pebble
fuel in nominally 1 m columns in annular-graphite moderator,
coated-particle fuel, He-cooled.

–Advanced high-temperature reactor (AHTR)—Pool-
type, molten-salt–cooled, prismatic graphite moderator,
coated-particle fuel.

We will weigh the benefits of these approaches against
cost/feasibility in future efforts. 
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Novel Catalytic Systems for Energy-Efficient
Feedstock Hydrocarbon Separations
T. M. Nenoff, D. E. Trudell, R. L. Jarek, S. M. Thornberg

Sandia will combine expertise in catalyst/zeolite
synthesis, nanoscale-reaction kinetic testing, catalytic testing,
and reactor design to produce a novel catalytic purification
system that is highly energy-efficient and that will greatly
impact both the chemical and petrochemical industries.
Current processes for manufacturing the commodity feedstock
cumene (isopropylbenzene) involves a two-step process of
heating reactants with corrosive acid catalysts (300°C),
cooling for transport (25°C), followed by another energy-
intensive distillation product separation (130°C). Reaction
and separation in a one-pot reactor, noncorrosive zeolite
catalysts, and the elimination of the cooling and transport
steps will combine to produce a more efficient process with a
tremendous payback in energy savings (approximately 2
trillion BTUs/year in the year 2020). 

We are highly qualified to undertake this novel
research, due to our expertise in (1) catalyst synthesis and
testing, and (2) nanoscale kinetic studies. Synthesized
catalysts will be reacted with benzene and propylene reactants
to produce the feedstock cumene. Optimized catalyst choice
will be determined through nanoscale kinetic studies obtained
by Fourier Transform–Ion Cyclotron Resonance/Mass
Spectroscopy (FT–ICR/MS), a uniquely suited analytic tool.
These nanoscale studies will translate to bulk-scale catalytic
reactions in a unique one-pot combined catalytic
reaction/distillation cumene synthesis process (130°C–200°C).

Our lab is equipped for full reactants and product
characterization, including in-house reactors, FT-ICR/MS,
and gas chromatography (GC)/MS product characterization.
With FT-ICR/MS, we will fragment the zeolite catalyst by laser
ablation, then allow it to interact with the hydrocarbon (HC)
molecules. This will give us binding energies, gas-phase
reactivity, and selectivity of the catalyst per HC system. We
will then use the FT-ICR/MS data to determine the catalyst
choices for bulk reactor testing. Combining FT-ICR/MS and
catalytic synthesis/testing allows for an optimization of
catalyst choice per cumene production.
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We are conducting an investigation to identify the
most efficient combination of HC mixtures and catalysts to
develop an energy-efficient method to produce cumene. The
study is part of a larger Sandia study of optimized catalytic
reactions. Those early experiments led to this project.

We are comparing different reactants and their
efficiency for producing cumene. Four zeolites (beta-zeolite
[300:1], beta-zeolite [25:1], hydrogen [H]-zeolite-yttrium [Y]
[4:1], and H-zeolite-Y [30:1]) were studied along with
different amounts of propylene (14.5 percent and 33.3 percent
in nitrogen [N2]), different mixing rates, and different reaction
vessels (T reactor and pot reactor). The complete investigation
included 21 experiments. The experiments carried out in this
study are meant to transform the current process for producing
cumene. 

Our accomplishments and findings include the
following:

(1) A pot-reactor design and use is more efficient for
benzene consumption and cumene production.

(2) Catalyst zeolite beta (75:1 silicon [Si]:aluminum
[Al]) produces highest-yield cumene and most-consumed
benzene.

(3) Optimized reaction conditions are zeolite beta (see
item 2), 150°C, 3/5 reactor stirring speed.

(4) In situ MS studies of reaction indicate reaction
completed at 60 minutes; cumene production and benzene
consumption level off at that time.

(5) Laser ablation studies of zeolitic catalysts are in
progress. MS analysis of zeolite fragments is under way. 
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SAND2001-3050, Sandia National Laboratories,
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A Model of Infrastructure Interdependency
Using Communication Agents
D. C. Barton, E. D. Eidson, K. L. Stamber, D. A. Schoenwald, R. J.
Pryor, R. G. Cox, A. J. C de Baca

U.S. infrastructure has always been vulnerable to
malevolent acts and natural disasters. Today, the most serious
threat comes from the increasing complexity and growing
interconnectedness of the national infrastructure. The
communication infrastructure interconnects all other
infrastructures within the national network and enables the
transfer of goods, services, and information. Communication
constitutes the foundation and is the determining factor in the
economic functioning of a society. Several research
institutions, including Sandia, are developing agent-based
models to simulate infrastructure systems. Current agent-
based infrastructure models are limited by their treatment of
communication as the always-successful passing of a message
between agents. In other words, models do not specifically
represent the communication infrastructure. No model
simulates the differences among communication by telephone,
computer, wireless, or other networks; thus, simulations
cannot determine the systemwide impact of specific failures in
communication. Nor can current models simulate the impact
of other infrastructure failures on the communication
infrastructure. Sandia is developing a more useful agent-based
model of infrastructure interdependency. The Sandia model
represents communication as a separate agent system capable
of creating, transforming, sending, receiving, and storing
information and messages over time and across distance. Our
model treats communication infrastructure as message
passing between agents.

This project is developing an agent-based model of
infrastructure systems, a model that explicitly simulates the
dependence of intra-infrastructural transactions on the
communication infrastructure. Although Sandia is already
considered a leader in infrastructure-interdependency
analysis, specific handling of communication systems in our
agent-based models will clearly differentiate Sandia’s
capabilities in agent-based infrastructure simulations. Project
success will provide a unique capability for developing
financial-threat assessments (i.e., business-case models) to 
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better understand the economic impact of critical-
infrastructure failures and the potential impact that financial
failures might have on national security. 

One of Sandia’s project goals is to redesign our agent-
based simulation architecture so communication between
infrastructure agents is routed through a network of agents
representing the communication infrastructure. 

We completed background research on the
fundamental interactions between communication services and
infrastructure systems. We researched the following:

• Basic techniques used by communication companies
to handle signal traffic

• Vulnerabilities caused by dedicated satellite
configurations

• Dependence of communication systems on power
supply

• Reliance of power-generation plants on
communication

• The dependence of power-market transactions on the
Internet and public-telephone networks. 

We defined the following five general categories of
agents for inclusion in the agent model that represents a
converged-communications market: (1) wholesale supplier, (2)
retail supplier, (3) commercial private-network customer, (4)
small-business customer, and (5) mass-market (residential)
consumer. We also defined the potential adaptive behaviors of
communication suppliers and communication customers that
will first be implemented in the model. We completed a study
from open-source data on the economic impact of
telecommunication outages. We found per-hour-cost estimates
for several businesses (i.e., brokerage firms and Fortune 1000
companies). From U.S. Senate testimony, we compiled
average losses per unplanned telecommunication outage for
the following sectors: securities, manufacturing,
telecommunications, banking, transportation, retail, and
insurance. 

We developed a basic message-passing design that
includes the interaction of telecommunication agents in the
exchange of information between agents. We designed a
communication protocol for message passing between agents
and modified the existing agent library to utilize these
functions. Communication agents are generalized suppliers of
communication service. 
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We generalized the basic-agent structure to a
provider/user design that employs standardized routines. We
redesigned all agents in the model as generalizations of this
basic-agent structure, which represents providers and users.
We wrote standardized-event routines into the agent library to
represent transactions between agents. We implemented the
communication company agent as a communication supplier
and a user of the materials and power necessary to provide
this service. This change will greatly facilitate our ability to
more rapidly generate new agent types. We rewrote existing
agents using the new design.

We completed the specification of a problem set that
simulates reliance of nuclear-power generation on
infrastructure transactions; the problem tests the model and
interprets the impact of infrastructure interdependencies. We
also developed and tested a problem set that examined the
impact of power-generation interruption on the industrial
sector, both within the blackout region and in areas
surrounding the blackout. We prepared the results for
presentations that demonstrate the utility of the agent-
modeling approach to calculating the economic impact of
infrastructure outages.

We redesigned model output so that Extensible
Markup Language (XML) files are also produced by a
simulation run. We wrote an interactive application that parses
the XML file and produces a graphic display. A user can
interact with the output data by choosing agents or particular
variables for graphic display. The application currently runs
on UNIX platforms and is being extended to Windows.
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Other Communications
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Microchemical Sensors for Characterization
and Monitoring of Volatile Contaminants
R. C. Hughes, D. A. Lucero, C. E. Davis, M. J. Kelley, L. K.
McGrath, M. L. Thomas, A. A. McLain, J. A. Zirzow, M. W. Jenkins,
M. T. Itamura

Tens of thousands of sites containing toxic-chemical
spills, leaking underground-storage tanks, and chemical-waste
dumps require accurate characterization and long-term
monitoring to reduce health risks and ensure public safety. In
addition, the Environmental Protection Agency is regulating
more than 2-million underground-storage tanks containing
hazardous (and often volatile) contaminants; these tanks
require some form of monitoring to detect tank and pipe leaks.
However, current methods are costly and time-intensive; also,
limitations in sampling and analytical techniques exist. For
example, the Department of Energy’s Savannah River Site
requires manual collection of nearly 40,000 groundwater
samples per year; this sampling can cost between $100 and
$1,000 per sample for off-site analysis. In addition, as much
as 80 percent of the costs associated with site characterization
and cleanup of a Superfund site can be attributed to
laboratory analyses. Analysis integrity can be compromised
during sample collection, transport, and storage. Finally,
although commercial tools are available for chemical
detection (e.g., gas chromatographs), few have been adapted
for use in geologic environments for long-term monitoring or
remediation applications. Therefore, a need exists for
inexpensive, real-time, continuous, in situ sensing and
characterization methods.

We performed a literature review of existing and
emerging sensor technologies that may be applicable to
subsurface monitoring of volatile organic compounds (VOCs).
The objective was to identify technologies that provide similar
capabilities as the chemiresistor sensor proposed in this
project and to determine the advantages and disadvantages of
each. 

We designed and fabricated a rugged package for the
chemiresistor; the package allows the sensor to be placed in
subsurface environments (wet or dry) and accommodates both
data- and power-transmission requirements of the sensor. We
designed, fabricated, and tested a prototype sensor package
and cable that satisfy these requirements.
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Stainless-steel package for chemiresistor
package.

Deployment of a sensor package at the
Sandia Chemical Waste Landfill.



We performed calibration studies of the chemiresistors
in 100 percent relative-humidity environments. Studies
showed that certain polymers can be used successfully in
these “wet” environments. In addition, because of the low
solubility of many VOCs in water, the chemiresistors can
detect compounds such as m-xylene at concentrations as low
as 1 part per million (by mass) in water.

We evaluated alternative polymers and additives (e.g.,
surfactants) to detect chemicals of interest in the presence of
high humidity. We selected three to four polymers for optimal
array and created inks for deposition onto dyes for
chemiresistor fabrication.

We developed novel methods to characterize
contaminants in situ. The methods use the time-dependent
sensor data. We conducted experiments that demonstrate the
potential to use these in situ sensors to locate the contaminant
source during a leak. Additional characterization and
optimization methods were also developed using both
“passive” and “active” sensing methods. These novel methods
were documented and submitted in a Sandia Technical
Advance.

We designed and constructed one-dimensional
experiments to test the chemiresistor-sensor package and
characterization methods in porous media. We observed
repeatable results and demonstrated the ability to estimate
location of the source term for a contaminant leak using
transient in situ sensor data and mathematical models of
chemical diffusion in porous media.

We initiated a long-term field test at Sandia’s
Chemical Waste Landfill. We suspended an in situ
chemiresistor package 60 feet down a well (D3) to determine
sensor longevity and the impacts of temperature, humidity,
and barometric-pressure variations (which are being measured
at nearby meteorological stations in Tech Areas 3 and 5).

We performed a field test at the HazMat Spill Center at
the Nevada Test Site with staff from Bechtel Nevada
Corporation. We tested the in situ chemiresistor-sensor
package in a sand-filled 55-gallon drum contaminated with
trichloroethylene (TCE). We recorded real-time data during
contaminant emplacement and remediation (air venting) to
demonstrate the real-time capabilities of sensor. Also we
evaluated the impacts of diurnal-temperature variations and
water condensation.
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Investigation of Potential Applications of
Self-Assembled Nanostructured Materials in
Nuclear-Waste Management
Y. Wang, C. J. Brinker, C. R. Bryan, Y. Yang

Successful nuclear-waste (and environmental)
management requires the development of novel functional
materials that can be used for effective waste treatment,
containment, and monitoring. Traditional approaches for
material development are no longer able to meet increasing
waste-management needs. Fortunately, with the emergence of
nanotechnology, we are now able to manipulate material
structures at nanoscales, thus opening up unlimited
possibilities for new functional material development. Sandia
will investigate the potential applications of mesoporous
nanostructured materials (NsMs) in waste management.
Mesoporous NsMs possess nanopore structures and are
synthesized using self-assembled supramolecular templating
processes. Due to very large surface area, controllable pore
size, and overlapped electrical double layer, NsMs can
potentially be good ion getters, separation membranes,
catalysts, and sensing materials with high sorption capacity
and chemical selectivity. Specifically, we will (1) study the
sorption capability of mesoporous NsMs versus non-
nanostructured materials, (2) use surfactant-templating
processes to synthesize mesoporous anionic clays and test
their sorption capacity for arsenate and other anions, (3)
modify the pore surface chemistry of mesoporous silica with
functional molecules for developing high-performance ion
getters and sensing materials for volatile organic compound
(VOC) detection, and (4) if the time allows, investigate the
photocatalytic effect and pore-size control of mesoporous
titanium dioxide (TiO2) films on the oxidation of organic
chelators. This work will demonstrate a wide range of
applications of NsMs in nuclear-waste management and
establish the theoretical foundation and engineering
approaches for such applications. One of the final products of
this project will be a set of functional materials with
demonstrated capabilities that can be potentially used as
high-performance ion getters, catalysts, and sensing
materials. The success of the project will create a synergistic 
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effect across Sandia’s nuclear-waste/environmental
management, advanced material development, and chemical-
sensor development. 

(1) We determined the capability and kinetics of anion
sorption on conventional-anionic clays.

(2) We initiated the synthesis of mesoporous layered
double hydroxides (LDH).

(3) We synthesized simple-composition mesoporous
materials and carried out the preliminary test for ion-sorption
capability and kinetics.

Specifically, we measured the capability and kinetics
of various anions on activated and nonactivated hydrotalcite.
Activated materials were found to have much higher sorption
capacities than the nonactivated ones. We clarified the detailed
sorption mechanism. We synthesized various nanostructured
materials using supramolecular-templating processes and
tested them for their surface-chemical properties and ion-
uptake capabilities. We demonstrated that the surface charge
on mesoporous materials can be 45 times as high as that on
non-mesoporous materials. We demonstrated that the overlap
of electric double layer (EDL) has a significant effect on ion
sorption on mesoporous materials. The effect was fully taken
into account by the existing surface-complexation models.
Our work has proved the concept of using mesoporous
materials as effective ion adsorbents in nuclear-waste
management. We synthesized and characterized about 30
different surfactant-templated LDH. We made considerable
progress in understanding the packing of surfactant molecules
in the interlayer of LDH. We tested some of these materials
for anion sorption, and they showed very promising results.
We filed one patent application related to the synthesis of
LDH. 
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Development of Detection Techniques and
Diagnostics for Airborne Carbon
Nanoparticles
H. A. Michelsen, R. L. Farrow, P. O. Witze

Newer-generation compression-ignition direct-
injection (CIDI) diesel engines were designed for low-
particulate-matter mass emissions and to emit no visible soot.
However, CIDI diesels may generate far greater numbers of
small particles than do older diesel engines. Hybrid cars
incorporating CIDI engines are expected to be commercially
available in the U.S. by 2004. New evidence strongly suggests
that gasoline engines also emit large numbers of small
particles under some operating conditions. These small
(submicron) particulates are classified as a toxic emission in
California. The emissions may pose a greater health risk than
larger soot particles and are expected to have a significant
impact on Earth’s climate. Therefore, small-particulate
emissions are an emerging concern.

Sandia is developing the capability to determine size
and mass distributions of submicron soot particles. This
capability will support future studies on soot formation in
flames as well as in diesel and gasoline engines and studies
on particle evolution when cooled and diluted. Our goal is to
study nanoparticle formation and evolution using noninvasive
optical techniques, particularly laser-induced incandescence
(LII), to measure particle-mass concentrations and to use
laser elastic scattering (LES) to determine particle size.

We built a system to collect LII data and have used
this system to record time-resolved LII signals from ethylene
and propane-diffusion flames over a wide range of laser
fluences. LII involves using laser irradiation to heat soot
particles to temperatures (2500 K to 4500 K) at which the
particles incandesce and then detecting the emitted light. To
heat the particles, we used the second harmonic of a
neodymium (Nd):YAG laser with pulse energies at 532 nm
ranging from 10 to 430 mJ and corresponding to fluences of
0.027 to 1.16 J/cm2. We passed this beam through a laminar-
diffusion flame with an outer annular coflow of air, and we
imaged the broadband-LII signal from the central portion of
the laser beam onto a photodiode with a response time of less
than 0.3 ns. At laser fluences below approximately 0.2 J/cm2,
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signals increase dramatically with increasing fluence. More
light is absorbed at increased fluence, leading to higher
temperatures and LII signals. As the fluence increases above
0.2 J/cm2, the maximum signal increases less significantly
than in the lower-fluence regime, and the peak becomes
sharper and moves to earlier times. The particles become hot
enough to sublime at these fluences, which leads to rapid
cooling during the laser pulse in addition to particle-size
reduction and, consequently, lower absorption.

To analyze these data and study the applicability of
LII, we developed a model to describe the heating of soot
particles during the laser pulse and the subsequent cooling of
the particles by radiative emission, sublimation, and
conduction to the surrounding atmosphere. The model also
accounts for physical phenomena such as (1) changes in the
particle density and specific heat with temperature, (2)
oxidation of the particle, (3) primary-particle annealing, (4)
laser-induced melting, and (5) nonequilibrium pressure and
temperature gradients at the particle surface during
sublimation. This model reproduces the general features that
the data demonstrated. However, the inclusion of melting in
the model predicts temporal profiles that are not seen
experimentally. This result suggests that, under our
experimental conditions, the particles do not melt (in contrast
to studies on bulk graphite).

To narrow the model uncertainties, we are developing
a flame-based source of soot that will allow us to determine
and control parameters, such as initial-particle and ambient-
gas temperatures and the partial pressure of oxygen. We are
using a scanning-mobility particle sizer (SMPS) to
characterize the source. We tried two noncombustion-based
methods for soot generation. The first method was to atomize
a liquid suspension of lampblack in methanol and then dry the
resulting aerosol. Using a medical nebulizer with a capacity of
6 cm3 limited the runtime to about 6 minutes. During this time
the methanol was preferentially atomized, and the lampblack
concentration in the suspension increased, resulting in a
continual increase in the lampblack-aerosol concentration. In
addition, vaporized methanol condensed in the SMPS,
influencing the measured size distribution. Using a nebulizer
with a larger volume to increase the runtime caused day-to-
day increases in lampblack concentration that resulted in a
mixture of unknown concentration. Changing the solution
frequently enough to avoid this problem created a chemical-
waste disposal problem.
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We also tried laser ablation of pure graphite. During a
2-hour period, the particle-size distribution was fairly uniform,
but the concentration fell by nearly an order of magnitude
because the stationary graphite surface eroded. Spinning and
translating the graphite rod to continuously provide a fresh
surface and, thus, correct this problem is too complex and
does not allow for changes in the soot composition and
morphology.

To further test the model, we will measure the
spectrally resolved LII signal during and after the laser pulse
from which we will infer time-resolved temperatures as the
particle is heated and cooled. We purchased the spectrograph,
calibrated it using an arc lamp, and wrote software to facilitate
use of the data collected.
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Photonic Crystals for Enhancing
Thermophotovoltaic Energy Conversion
S. Y. Lin, J. B. Moreno, J. G. Fleming

Thermophotovoltaics (TPV) convert the radiant energy
of a thermal source into electrical energy using photovoltaic
(PV) cells. TPV has a number of attractive features including
fuel versatility (nuclear, fossil, solar, and others), quiet
operation, low maintenance, low emissions, light weight, high-
power density, modularity, and the possibility for cogeneration
of heat and electricity. If the efficiencies could be raised to
about 30 percent, TPV could also be used for distributed
power and automotive applications wherever fuel cells,
microturbines, or cogeneration are being considered.

TPV is an old concept but has only recently attracted
much research interest because of the above features of TPV
and recent advances in low-bandgap (0.5 to 0.7 eV) III–V
semiconductor technology. Low-bandgap PV cells are
required to work with radiators at manageable temperatures
(1300 K to 1800 K).

This project will primarily examine approaches to
improving the radiative efficiency. A number of approaches
(blackbody radiators with optical filters or selective radiators
using rare-earth elements) have been advanced, but none of
these approaches has yet been able to advance TPV-
conversion efficiencies beyond 10 percent.

Sandia will examine photonic crystals and advanced-
optical structures to substantially improve the radiative
efficiency in TPV. Photonic lattices use a periodic modulation
of the refractive index to alter the photonic density-of-states
spectrum. Photonic lattices can alter the radiative spectrum
and angular distribution of a radiator, or lattices can be used
as an optical filter with a potentially 180° acceptance angle
for a three-dimensional (3-D) photonic lattice (also called the
photonic crystal). 

(1) Successful realization of 3-D metallic-photonic
crystals. We directed much interest at the 3-D metallic-
photonic crystal since obtaining a larger photonic bandgap as
well as for achieving a new electromagnetic phenomenon and
for high-temperature (greater than 1,000°C) incandescent-
lamp applications. Studies of metallic-photonic crystals 

Sandia National Laboratories LDRD Annual Report 2001 381

Thermophotovoltaics (TPV)

convert the radiant energy of a

thermal source into electrical

energy using photovoltaic 

(PV) cells. ...

This project will primarily

examine approaches to

improving the radiative

efficiency. ...

Sandia will examine photonic

crystals and advanced-optical

structures to substantially

improve the radiative

efficiency in TPV.



mostly concentrate on microwave and millimeter wavelengths,
mainly because of fabrication difficulties.

Using a novel method, we have, for the first time,
realized a 3-D metallic-photonic crystal in the infrared (IR)
wavelength. We realized fabrication of the tungsten (W)
structures by selectively removing silicon (Si) from already
fabricated polysilicon/silicon-dioxide (SiO2) structures,
backfilling the resulting mold with chemical-vapor–deposited
W, and then removing excess W on the wafer surface. The 
1-D W rodwidth is 1.2 µm, and the rod-to-rod spacing is 4.2
µm. The bottom V-groove is formed because of the slow
potassium hydroxide etching planes of the substrate. The step
coverage of the deposition process is not 100 percent; this
leads to the keyhole formation in the center of the more
deeply embedded lines.

(2) Experimental observation of the largest-ever
photonic bandgap in the IR wavelengths. The measured
reflectance (black) and transmission (blue) spectra are for
light propagating along <001> axis. The simultaneous
observation of a high reflectance and a low transmittance for l
λ > 6 mm is indicative of a large metallic-photonic bandgap.
The attenuation is approximately 30 dB at l λ = 10 µm for our
four-layer sample, or equivalently a 7.5 dB attenuation per
layer, also the strongest ever reported for any 3-D crystal in
the IR.  The high transmission at λ~5 µm is from band
propagation of light through this otherwise impenetrable
metallic mesh. 

(3) Discovery of the nature of light propagation in a W
3-D photonic crystal. To gain insight into the nature of light
propagation in a metallic-photonic crystal, we carried out a
finite-difference time-domain calculation for a six-layer W
3-D photonic crystal structure. We found that the periodic
metallic-air boundaries mold the flow of the lightwave, dictate
its transport characteristics, and particularly slow down the
speed of light at the photonic band edge.
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Specific Anion Nanoengineered Sorbents for
Water Purification
D. M. Teter, J. L. Krumhansl, P. V. Brady, N. R. Khandaker

Water surety will be one of the dominating issues of
the twenty-first century. Access to safe and affordable drinking
water is essential to both domestic welfare and international
security. One of the outstanding needs in water treatment is
materials that can affordably and effectively remove toxic
anions such as arsenate, chromate, perchlorate, fluoride, and
selenate. At present there are no inexpensive and effective
anion getters. The looming obstacle of inadequate arsenic
(As) treatment also dooms many poor countries to diminishing
health and wealthier countries to rapidly escalating water-
treatment costs. 

Nanoengineered materials developed at Sandia are
poised to provide a technological solution to prevent this
problem. Recently, we predicted a priori a materials ability to
remove contaminants. We are now able to predict the outcome
of sorption processes at the atomic scale, and engineer
materials to selectively sorb contaminant anions. Early
experimental work confirms that these materials sorb As and
chromium (Cr) and have the potential to substantially lower
drinking-water treatment costs. Because our materials
proceed from a fundamental understanding of anion sorption,
we expect that they can likewise be repeated for other
groundwater contaminants and open up a nearly unlimited
global market for purification of drinking water.

New approaches are needed for removing As from
drinking water to reduce the financial impact of tighter
regulatory standards. Lowering allowable drinking-water
levels of As from 50 parts per billion to 10 parts per billion—
or lower—will result in new water-treatment costs exceeding
$1 billion nationwide if existing As-removal technologies
(such as coagulation/microfiltration with aluminum [Al] or
iron [Fe], fixed-bed filtration using activated alumina (AA) or
granular ferrihydrite [GFH]) are used.

Development of new filter media, or coagulants,
possessing higher As affinities is a potentially effective means
to lower As-removal outlays. Existing coagulation and
filtration approaches rely on the double-layer properties of Al
or Fe hydroxides to electrostatically sorb arsenate from
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solution. Double-layer affinities for arsenate can be boosted
during coagulation and filtration by engineering mixed-oxide
(MOX) surfaces to have a higher zero point of charge (zpc).
We used initial kilodalton (Kd) measurements to identify
materials with high zpc and maximal As sorption tendencies.
These results were then used to predict, and ultimately design,
high-zpc MOXs. Freundlich isotherms were then measured for
candidate sorbents, as well as AA and GFH. We ultimately
performed rapid small-scale column tests to establish the
relative As-removal efficiencies of candidate materials under
pilot-scale water-treatment conditions. Because the double-
layer properties that control filtration and coagulation removal
are closely linked, the MOX stoichiometries developed for
fixed-bed filtration studies can be used to develop new
coagulation strategies. 
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Active Management Systems for Water-
Quality Monitoring
P. R. Lewis, H. R. Westrich, R. C. Hughes, E. E. Tarver, III, P. J.
Rodacy, S. M. Brozik

Water is our most valuable shared resource, but in the
next 20 years, half the countries in the world will face
significant water shortages. These shortages will significantly
limit economic development, lead to widespread health
problems, and cause regional and international conflicts.
Emerging threats to water supplies from terrorism, natural
disasters, pollution, ineffective management, and excessive
demands could cause major instabilities worldwide that will
affect national security.

Sandia has completed a strategic planning effort for
water, reviewing and assessing our future role in this area. In
support of our DOE mission, Sandia developed capabilities in
systems engineering, environmental restoration, geohydrology,
infrastructure protection, international security, modeling, and
materials science that are presently being used in several
water-related projects. To enhance our ability to support
future water security and sustainability initiatives to reduce
conflict and improve national security, we integrated these
capabilities and projects into a focused, labwide, water
program. Our water research and development activities will
be focused in three areas: (1) improving water infrastructure
protection, (2) improving cooperative water-management
approaches to reduce conflict, and (3) developing solutions to
reduce water scarcity through better treatment and
conservation techniques.

The three activities presented support research in these
focus areas. The first effort will look at the use of innovative
µChemLab™ technology to enable inexpensive, real-time
monitoring for chemical/biological agents and other
contaminants in water supply and distribution systems. The
second effort will look at the use of new high-resolution,
multispectral remote-sensing data, including synthetic-
aperture radar (SAR), to measure surface water flows to
enable inexpensive active river management. The third effort
will look at using novel dynamic simulation modeling
approaches to develop an integrated surface- and 
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groundwater-management tool to improve the assessment of
water policy and management options and decisions by 
water managers.

We evaluated individually several emerging
technologies that we envision as forming the basis of an
integrated active water-management system that includes
everything from the actual sensor to the knowledge-based
system used for decision making. The concept includes the
notion of real time where real time can mean results in
seconds or minutes. Active management encompasses
modeling and simulation to better understand how the system
responds to various inputs and outputs. Results for specific
technologies are listed below.

Biological sensing. We briefly investigated ion-
mobility spectrometry (IMS) as a means for trace, field-based
chemical detection and for differentiation of biological
organisms (bacteria and viruses) in water supplies. Issues of
sample injection and ionization were mastered despite the
relatively large mass and size of the biologic agents. Modeling
of the system suggests that biologic agents should be
detectable and differentiable by the IMS sensor system.

Trihalomethanes sensing. Trihalomethanes (THMs) are
a by-product of the chlorination process and are
Environmental Protection Agency–regulated compounds.
After minor changes to the µChemLab™ sensor system, we
detected all four compounds. Three of the four compounds
were discriminated with baseline resolution. In an analysis
cycle lasting only 80 sec, the system achieved a detection
limit of 30 parts per billion. We realized a new design for
concentrating volatile organics in the execution of this project.

Inorganics sensing. We evaluated the capabilities of
IMS and laser-induced fluorescence (LiF) analytic techniques
for anion analyses. We used electrospray ionization to inject
nitrate and nitrite solutions for IMS analysis. Detection limits
appear feasible down to low parts-per-billion levels. A
literature search indicates that indirect LiF methods could be
adapted for inorganic anion analysis in the µChemLab™
liquid-phase system. 

Chemiresistor sensing. Chemiresistors offer rapid and
inexpensive detection of a variety of harmful chemicals in
water; however, detection limits are in need of improvement.
By coupling the Sandia micro-hotplate preconcentrator with
an array of Sandia chemiresistors, we achieved significant 
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improvement in the detection limits of volatile-organic
compounds (VOCs) under field-sampling conditions.

Remote sensing. We assessed state-of-the-art remote-
sensing and research expertise at Sandia relative to their
potential for remote measurement of river discharge. Though
existing technologies show promise, remote-sensing systems
need substantial development to increase accuracy to the
levels needed for full utilization. Sandia research activities,
especially in SAR development, could play a major role in
remote-sensing improvements for water-quantity
measurements.

Resource management. Employing the decision
framework of system dynamics, we developed a water-budget
model for the Middle Rio Grande River Basin. The model
balances surface- and groundwater supply against growing
demand in the municipal, agricultural, and industrial sectors.
The integrated model allows the user to probabilistically
assess alternative water-management/-conservation strategies
in real time. Specifically, sustainability of water supply is
quantitatively determined for uncertain changes in the climate,
population growth, water-conservation policies, bosque
management, and agricultural irrigation practices.
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Low-Work-Function Material Development for
the Microminiature Thermionic Converter
D. B. King, D. R. Jennison, C. C. Battaile, K. R. Zavadil

Microminiature thermionic converters (MTCs) provide
a unique approach to developing power sources. Possible
applications range from micron- to large-scale and include
microrobotics and sensors, space-based power, mobile and
remote electrical-power sources, and commercial-power
production. MTCs can be scaled from the microwatt range to
kilowatts. Sandia has made significant progress in developing
small-scale MTCs; however, the electrode materials are not
well understood, and thermionic properties are highly
sensitive to the electrode-chemical content, bulk and surface
structure, and manufacturing processes. Advanced theoretical
and modeling capabilities are required to achieve the desired
thermionic emission from the electrode materials, aid in the
electrode-fabrication process, and enhance the performance of
MTC diodes. Sandia’s advanced thermionic theory and
detailed modeling of properties that influence thermionic-
electron-emission performance will greatly enhance
understanding of thermionic diodes. (Using only an
experimental approach is costly; a better theoretical
understanding is needed to guide the expensive fabrication
process.)

Sandia developed and tested a prototype MTC diode.
The diodes are an innovative design using advanced-electrode
materials to convert heat to electricity. These diodes have the
potential for operating at low temperatures (below 1200 K),
while increasing conversion efficiency (up to 25 percent) and
increasing the electrical-power density to tens of watts per
cubic centimeter. Currently, prototype MTCs fall short of
theoretical performance predictions because of poor
performance from the electrode materials. The integration of
Sandia’s development and test experience, advanced
modeling, microfabrication, and materials expertise will make
Sandia a leader for advanced thermionic-energy-conversion
technology and MTC development. 

We made progress in both modeling and initial
verification experiments. We demonstrated the successful
fabrication of a thin-film microdispenser cathode. We
deposited the film as a set of modulated tungsten (W) and a
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Images of (a) a million-site porous
polycrystal, and (b) a map of the total flux
at each node in it. The colors in (a) simply
distinguish different grains, and in (b) they
represent an arbitrary logarithmic flux
scale where blue is low and red is high.

(a)                                  (b)

(a)                                  (b)



BaO:CaO:Al2O3, 4:1:1 mole fraction layer using sputter
deposition. We terminated the surface of this film with a thin
layer of scandia and rhenium. The film is electron emissive at
temperatures up to 1300 K. We completed microstructural-
and compositional-evolution measurements with time and
temperature. Annealing resulted in W coalescence into
particles and formation of voids. Coalescence was coupled
with the formation of a W phase that acts as a reductant to
form free barium (Ba). These results demonstrate that the
mechanisms for Ba generation and transport to the cathode
surface can be built into thin-film cathodes. Retaining metal
termination at the surface is key to lowering the work
function. Scanning-electron spectroscopy shows that
annealing eventually results in loss of very thin metal-surface
layers into the bulk. We are testing thicker films using
W/iridium layers. This alloy forms hexagonal closest-packed
domains that, when modified by Ba and oxygen (O), further
lower the surface work function.

Modeling to correlate Ba transport and pore/grain
structure focused on code development and creation of a
preliminary digital-microstructure model. We created
microstructures using evolution models that ensure
topologically realistic structures. The mathematical modeling
comes from combining Fick’s laws of diffusion with finite-
difference (FD) techniques. The diffusivity between FD nodes
assumes an individual value depending on whether the nodes
lie on a grain boundary, pore wall, or elsewhere. We gauged
the efficiency of transpor “free surface” of the microstructure.
Results show that flux at the free surface varies significantly
with grain size only at low-pore densities where grain-
boundary diffusion contributes to the overall flux. As high-
diffusivity pore walls are introduced into the microstructure,
the flux increases and becomes more uniform across the range
of grain sizes. At higher pore densities where pore interiors
dominate, the flux decreases.

We used density-functional calculations to calculate
the probable energy structures for Ba-O surface complexes
with various coverage percentages. We constructed a slab
composed of seven layers of W atoms. We calculated three
coverage schemes and their resulting work functions: 1/2
monolayer of Ba (Ba has a radius of 2.22 Å versus 1.41 for W,
so full coverage is not possible within a single layer) - 2.25
eV; 1/2 monolayer of each Ba and O, making 1 monolayer of
BaO - 2.7 eV; and then 1 monolayer of Ba above 1 monolayer
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of O in contact with the W(110) surface (i.e., chemisorbed 
O - 1.7 eV). This indicates that it is not Ba, nor a layer of Ba
over chemisorbed O/W(110), but BaO on W(110) that
minimizes the work function. Since Ba is more electropositive
than W, BaO preferentially forms when Ba exists on the
surface of W, and oxidized Ba has a small-enough radius so 1
monolayer of BaO is nearly coplanar on W(110).

We completed a patch model that calculates the
potential energy-barrier profile that is generated above a
thermionic surface when patches of different work functions
contact each other. Two work-function distributions can be
modeled (a step distribution and an exponentially varying
distribution). We calculated the energy-barrier profile as a
function of work-function distribution and diode bias. We also
completed transmission coefficient models of electrons
crossing the emission surface with and without patches using
quantum techniques. The patch and transmission models are
used to model the average effective-transmission coefficient,
DE, of the entire emitter surface. We completed two models of
DE and inserted them into the diode-performance code.
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Autonomous Microexplosive Subsurface
Tracing System
N. R. Warpinski, S. H. Kravitz, M. C. Grubelich, S. E. Eskridge, B.
V. Ingram, R. J. Carlton, B. M. Melof, J. J. Nogan, G. R. Dulleck,
Jr.

In this project, Sandia seeks to image the location and
geometry of hydraulically induced or naturally occurring
fractures in subsurface petroleum or waste-disposal
reservoirs. The basic concept is to use existing fracturing
technology (e.g., pump trucks, fluid systems) to insert
autonomous microenergetic packages throughout the
hydraulic fracture, have those packages function (i.e., trigger
and explode) under appropriate conditions, detect the induced
seismic energy with available seismic-receiver arrays, and use
conventional processing techniques to determine the source
location, thereby marking the fracture. The packages are to be
designed and built to function at appropriate times or under
appropriate environmental conditions (e.g., timer, pressure
switch, reaction with fluid), have sufficient energy and
risetime to produce detectable seismic waves, and have
external packaging capable of surviving in a harsh
environment (high-pressure, somewhat-elevated temperature,
highly abrasive, aqueous conditions). To fit in the fracture, the
microenergetic devices need to be quite small but may have a
shaped design with a small cross-sectional area. To realize
this technology, the key research questions that need to be
addressed are the following:

(1) Determine the minimum detectable size of a
microenergetic device using seismic monitoring. We are
currently working in the range of a few tenths of an inch.

(2) Construct trigger mechanisms to function at
appropriate times and conditions. Trigger mechanisms being
investigated are both reactive coatings and electronic devices.

(3) Produce a device with energy-release rates
appropriate for seismic monitoring. We identified materials
with appropriate parameters and are characterizing them.

(4) Pack sufficient energy into a package small enough
to fit into subsurface fractures. We are studying packaging
shapes and volumes.

A combination of modeling, laboratory experiments,
and field tests are required to achieve the objectives. We
envision that the successful development of autonomous
microenergetic devices could then be used for other
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applications involving both critical infrastructures (pipelines,
dams) and military (underground structures) applications.

We made progress on the autonomous microexplosives
along two parallel lines of work: (1) finding and
characterizing the energetic materials that are appropriate and
(2) developing methods for triggering that material.

We expended considerable work on finding a primer
mix to initiate a detonation. Originally, cesium (Cs) or related
metals were expected—when put in contact with water in the
fractures—to react vigorously and supply sufficient heat to
vaporize the water and generate a steam explosion. However,
testing in a specially constructed test chamber showed that the
pressure pulse generated by such a reaction was insufficient
for project parameters.

The poor reactions of such metals set off a search for
other materials. Many that were tested produced violent
reactions, but all with insufficient energy or poor reliability.
We discovered two reactions that appear to be more than
sufficient, including the reaction of silver nitrate and
magnesium (Mg) upon contact with water and ceric
ammonium nitrate, and Mg upon contact with water. We
investigated both reactions at length and found them to show
prompt and reliable vigorous activity that can fire an
explosive component and possibly to be sufficiently energetic
alone that an explosive component may not be required.

Thus, a material system has essentially been chosen.
The system will include a silver nitrate and Mg primer mix
that will react with water to initiate an output charge (if
necessary). We have already selected bis(5 nitrotetrazolato)
pentaaminecobalt(III) perchlorate (BNCP) for the output
charge because of its good energy output and ability to
detonate in a very short distance. Work is ongoing on tailoring
the materials to obtain an optimum pulse.

Considerable work remains to characterize the
materials. We are constructing a Henkin tester to evaluate the
time for the materials to cook off at temperature and are
designing other test programs. Additionally, the test chamber
has had a complete pressure evaluation to prepare for testing.

The triggering-process work took place along two
separate approaches. The simple approach was to design a
case with a corrodible plug having an appropriate “safe time”
based on fracturing conditions and other parameters (typically
a couple of hours).
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The more sophisticated triggering process involves the
use of a microsemiconductor bridge (SCB). In this design,
some power source (battery or capacitor) would power a timer
to fire the SCB. Work in this area has proceeded along three
lines: (1) developing a micro-SCB that could function with a
low-power source, (2) finding and testing low-power-source
timers, and (3) evaluating both capacitors and batteries for the
internal-power requirements.

In developing the micro-SCB, the main problems have
been the substrate material, the packaging, W film stress, and
gold (Au) delamination. We are now trying quartz as an
alternative to silicon (Si) for the substrate material because Si
reduces the potential for short circuit of the bridge during
assembly, eliminates the need for silicon-dioxide (SiO2)
barrier between amorphous Si and the substrate, and enhances
thermal and electrical insulation of the device from the
package and ground. 

In the fabrication area, we made enhancements to the
standard W-sputtering process, eliminated the titanium (Ti)
barrier between the Si and W, and are circumventing a Au-
delamination problem. We constructed and tested both Si- and
quartz-substrate SCB devices, showing that these devices will
fire at 20 V, and the function time is inversely proportional to
voltage applied. These devices fired a 75 mg charge of
titanium subhydride potassium perchlorate (THKP) pressed to
12 Kpsi (thousand pounds per square inch), a small-enough
charge to fit into the envisioned microexplosive pellet.

Investigation of timers and power sources show that
the timers probably require more power than a microcapacitor
could provide and that concentrating on miniature batteries for
power may be necessary. Both sources provide sufficient
energy to fire the SCB. Work continues on developing a
method to turn on the power source (e.g., just before it gets
injected).
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Evaluation of a Prototype Continuous-Wave,
Borehole, Ground-Penetrating Radar
C. J. Weiss, T. W. H. Caffey

Borehole-radar (BHR) systems can provide essential
subsurface information for environmental, geotechnical, or
energy-exploration use. Existing BHR, operating in pulsed
mode, are used for shallow applications such as
environmental site characterization. 

BHRs are not useful for oil and gas exploration
because the high-peak power requires dielectric materials that
cannot be successfully operated at the high temperatures
found at great depth. A new type of continuous-wave (CW)
BHR, featuring a very high efficiency, heat-tolerant amplifier,
has great potential for deep subsurface imaging. Sandia has
already developed a prototype of the CW BHR and has
worked to make this technology into a viable commercial
instrument. The new instrument is designed to operate in the
frequency range of 12.5 to 4004 kHz at depths of more than
8000 feet and at temperatures of 70°C.

Previous work did not support the advanced analysis
and imaging of the BHR data. The objective of this project is
to apply Sandia’s advanced electromagnetic modeling and
inversion algorithm to the data collected by BHR.

Modifications to the BHR instrument are currently
under way, and a second field exercise is tentatively planned.
Analysis of this upcoming dataset will appear in a future
report.

We developed a new three-dimensional (3-D)
modeling code to enable the analysis of BHR data on modest-
sized desktop workstations. Based on the staggered-grid
finite-difference (FD) technique, the code (FDM3D)
eliminates 55 percent of the massive storage costs associated
with solving the FD system of linear equations. This is
achieved by employing a matrix-free paradigm, where at each
step of the iterative linear solver, the matrix action is
computed “on the fly” without the need to store the matrix.
Thus, model problems that previously required more than 2
GB of in-core memory on a high-end workstation can now be
evaluated on commodity personal computers (PCs).
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Preliminary analysis suggests that the instrumentation
noise is sufficiently high that any inversion procedure would
likely produce nonsensible results. 

Regardless, we evaluated various “What if ...?”
scenarios to determine what the BHR instrument response
should be.
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Security Models of Agent-Based Coalitions
S. Y. Goldsmith, R. C. Parks, C. L. Beaver, L. R. Phillips, W. F.
Young, H. E. Link, M. C. Kidd, S. V. Spires

Sandia’s Advanced Information Systems Laboratory
has pioneered development of intelligent agent–based
coalitions that utilize group cryptography to maintain high-
integrity operations under attacks from both outsiders and
malicious insiders. These systems refresh code components
and secret data periodically to render ineffective efforts that
compromised agents make to destroy the integrity of the
coalition. 

Under previous work, some simple stochastic models
of the dynamic integrity of such a coalition under various
refresh regimes were developed to support engineering of
prototype-agent systems. We incorporated proactive-threshold
protocols into the autonomous-agent collective. 

In this research project, we will study system models
and security policies surrounding autonomous-multiagent
coalitions that use proactive-threshold protocols to certify
collaborative computations and consensual results. We will
not investigate the cryptographic protocols per se. We will
model the dynamics of the agent coalition with respect to
security parameters, describing how the parameters change
over time and are influenced by various update regimes under
various security policies.

Sandia accomplishments include the following:
• Development of security policies for autonomous

collectives. We analyzed the policy issues surrounding
deployment of an autonomous coalition in an institutional
computing environment. Our primary accomplishment was to
identify the coalition’s security parameters and the influence
exerted upon these parameters by the institutional security
policy. Primary security parameters are 

(1) Rate of share refresh—determines how often key
shares are changed.

(2) Group-size limit—determines the maximum
number of members of a group.

(3) Individual membership limit—determines the
maximum number of groups for each agent.

(4) Number of authoritative groups—determines the
number of groups with command capability.
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(5) Command allocations—maps sets of critical
commands to groups.

(6) Reputation thresholds—minimum reputation values
for “good standing.”

We identified the following policy considerations that
influence the security parameters:

(1) Primary security requirements for each data
resource: integrity, confidentiality, availability.

(2) Priority of requirements for each resource.
(3) Organizational jurisdiction over each data resource.
(4) Threat models for each data resource
(5) Assessment of past insider malfeasance.
(6) Attrition rate of personnel with security-critical

roles.
(7) Assessment of past security breaches.
(8) Network topology, security, and monitoring

resources.
(9) Business processes, organizational data flows.
We developed a collective-security model of an

autonomous-agent collective based on the concept of a social
norm. The norm game requires a threshold-based reputation
mechanism to identify chronic malfeasors and a retribution
mechanism for punishing the offenders. Moreover, the
literature suggests that a second-order retribution mechanism
in which agents who fail to punish offenders are also punished
is necessary for stability. We developed a concept for a secure-
agent ecology that involves self-replicating agents with a
limited lifetime. The agent collective can adopt either a k-
selected regime or an r-selected regime in response to the
security conditions in the environment.

• Validation of models/protocols in the agent test-bed.
We completed coding and functional test of the following
protocols: 

(1) Bracha’s Broadcast Algorithm.
(2) Pederson’s Verifiable Secret Sharing over the

Integers (IPVSS).
(3) Share Update for Shoup’s Threshold Signature

Algorithm.
(4) Shoup’s Asynchronous Binary Byzantine

Agreement (ABBA).
(5) Agreement on a Core Set (ACS).
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• OPNET simulations. We implemented the basic-
cohesion protocol for an agent collective. We intend to model
more complex coordination protocols.
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Vulnerability Assessment of National 
Power Grid
D. M. Kunsman, R. E. Carlson, A. E. Lutz, R. V. Matalucci, D. G.
Robinson

This research effort concentrates on the identification
of critical nodes within the national bulk power system and
the use of distributed generation as a means of diminishing
the impact of the disruption of those nodes. There are over
11,000 generation facilities, in excess of 200,000 miles of very
high voltage transmission line, and thousands of substations
that constitute one of the largest machines ever constructed in
the United States: the national power grid. Between 1980 and
1989 there were 5000 worldwide attacks against power
transmission lines and towers; 386 of these were documented
attacks against U.S. energy assets. The cost of a power
disruption has been estimated to be approximately $1–$5 per
kWh, including both direct and indirect costs. An outage in
August 1996 cost the state of California in the neighborhood
of one-billion to three-billion dollars. In addition to the
obvious costs to consumers and the direct impact on the U.S.
economy, there are obvious national security implications as
well. As noted in a special U.S. Senate report, the
“destruction of bulk energy systems would not only affect the
ability of the U.S. to mobilize its forces, but would obviously
impact the ability to support the war effort of a NATO
member.” Through the identification of critical elements and
the quantification of the consequences of their failure, site-
specific vulnerability analyses can be focused at those
locations where additional security measures could be
effectively implemented. In particular, with appropriate sizing
and placement within the grid, distributed generation in the
form of regional power parks may reduce or even prevent the
impact of widespread network power outages. Even without
additional security measures, increased awareness of sensitive
nodes can provide a basis for more effective national, state,
and local emergency planning.

Sandia has previous experience in investigating bulk
power-grid reliability and had noted deficiencies in the models
the utilities used to analyze the reliability of the grid. The
models available to analyze the system, as a system, in the
new deregulated environment, are fundamentally not up to the
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challenge before them. The algorithms are only approximate
and have missed critical nodes in the past. The models only
perform one-at-a-time contingency analysis, which is a
bottom-up examination of the effects of faults on the system
and not a comprehensive systems approach to the problem.
The models also do not include supervisory control and data
acquisition (SCADA) elements, and, last, distributed energy
resources are not included; such resources could be used for
mitigation of reliability problems.

(1) Modeling the power grid. In collaboration with
New Mexico State University, we reviewed the traditional
contingency-analysis approaches. We have begun constructing
the framework for the power-grid vulnerability assessment by
examining how a sequence of events should be defined. In
addition, we investigated efficient ways to approximate the
severity of an event. Last, we started developing a unique
contingency/sensitivity-analysis algorithm.

(2) Incorporating the inclusion of the SCADA elements
into the power-grid model. We investigated alternative
approaches to the modeling and pursued this through several
different avenues. We studied whether the Sandia massively
parallel (MP) computer—Computational Plant (CPlant), with
its distributed architecture—is a viable platform for
integrating the SCADA model with the above power flow and
sensitivity/uncertainty portions of the modeling effort.

(3) Examining the mitigation potential of power-park
generation. For the distributed-energy resources, or “power
parks,” we have been heavily engaged in modeling efforts. We
developed a model of hydrogen production by steam
reforming of hydrocarbon fuels. Furthermore, we constructed
the initial software interface for Simulink to make calls to the
chemical kinetics (CHEMKIN) package, which provides
thermodynamic properties and equilibrium analysis. In
addition, we attended the DOE Hybrid Power Conference at
the University of California–Irvine National Fuel Cell
Research Center.
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Engineering Sciences

Electrokinesis is a microfluidic 
phenomenon that has numerous 
potential national security and 
commercial applications. The 
“Applied Microfluidic Physics” 
project addresses the challenges of 
microscale electrokinesis, including 
the lack of design tools and method-
ologies, incomplete understanding 
of the physical phenomenon, the 
difficulty of microscale diagnostics, 
limited availability and character-
ization of supporting hardware, and 
an incomplete suite of miniaturizable 
instruments. Applications of this 
work include chemical, biological, 
and environmental sensors, geno-

mics and proteomics, drug discover-
ies, and clinical medicine. Accom-
plishments include a published and 
validated theory of ideal electro-
kinesis; two patents have been filed 
related to these advances and new 
software has been developed. The 
impact of this LDRD project is 
fundamental, technological, and 
practical.

      The Engineering Sciences invest-
ment area focuses on science-based 
life-cycle engineering. The goal is 
to develop a pervasive, validated, 
science-based simulation environ-
ment requiring the integration of 
simulation with experimental and 
test procedures. These simulations 
will be unprecedented in physical 
and geometric fidelity, spatial and 
temporal resolution, and subsequent 
computational size, and in signifi-
cantly increasing the role of vali-
dated engineering modeling and 
simulation in the full life cycle of 
weapon systems and components, 
while achieving mission goals with 
reduced resources, reduced costs, 
and increased system and 
component reliability.

Sandia National Laboratories LDRD Annual Report 2001				     			          401



10336

Structural Simulations Using Multiresolution
Material Models
S. W. Key, D. C. Hammerand, R. S. Chambers

This project is developing computational methods for
hierarchical modeling of homogeneous and heterogeneous
materials. Starting with a simplified model, Sandia is
introducing increasingly more comprehensive material
representations into the simulation to the extent required to
meet a predefined error tolerance. 

The success of this concept depends on the successful
completion of four tasks: (1) the identification of a
hierarchical sequence of material models, (2) the development
of an error analysis that indicates the required level of
material representation as the simulation unfolds, (3) the
design of a solution strategy and software architecture that
will support the simultaneous refinements in mesh and
material representation, and (4) the development of meshing
technologies that automatically convert detailed experimental
measurements of material inhomogeneities into practical
analysis meshes suitable for adaptive refinement.

• We performed complementary studies of unfilled
viscoelastic potting epoxy and heterogeneous elastic materials,
and constructed a family of approximations to the nonlinear
viscoelastic constitutive law for potting epoxy. 

• We formulated error measures needed to describe the
differences in the nonlinear continuum response of various
members of a general material model family. 

• We developed 14 alternatives for the criteria and the
process of switching for the adaptive modeling of potting
epoxy and implemented them in the Sandia finite-element
code JAS3D. 

• We performed examples demonstrating material
model refinement and coarsening for the various adaptive
schemes for potting epoxies. For heterogeneous materials, we
identified a nested family of constitutive models that span
from a simple homogeneous characterization to a formulation
representative of the microscale processes of interest. 

• We developed the ability to incorporate item-specific
material inhomogeneity data as generated from computerized
x-ray tomography (CT). 
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• We created and implemented algorithms for
generating quadrilateral two-dimensional (2-D) and hexagonal
3-D meshes from CT scans of particle-filled composites. 

• We formulated and implemented error measures for
controlling the errors in user-defined quantities of interest in
the linear analysis of heterogeneous elastic materials. 

• We developed and implemented the criteria and
switching process necessary to adaptively select the level of
fine-scale features that must be included for the accurate
determination of local quantities of interest in linear elastic
heterogeneous materials. 

• We generated numerical solutions using adaptive
material model refinement to control the error in local
quantities of interest for heterogeneous structures. 

• We implemented and studied fictitious domain
algorithms for particle-filled composites that allow reduction
to analysis of individual component pieces (particles 
and matrix). 

• We developed stochastic and worst-scenario
approaches to characterize the uncertainty in results arising
from uncertainty in the input data for a boundary-value
problem. The uncertainties considered are related to either
uncertainty in the domain arising from segmentation of CT
images or the uncertainty corresponding to material or loading
data, which is only known in a statistical sense. 

• We conducted preliminary physical experiments to
provide data to benchmark the computational modeling of
particle-filled composite materials. 

• We wrote numerous reports and journal articles
related to the project.
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Mechanisms of Adiabatic Shear Failure
D. B. Dawson, R. A. Regueiro, B. R. Antoun, Y. Ohashi

High-rate loading of structural alloys can result in
adiabatic shear, an extreme and usually catastrophic low-
energy form of localized deformation. Adiabatic shear failures
are observed in impact, ballistic penetration, and high-rate
deformation processing. Some aspects of the phenomenon are
known, but accurate phenomenological and computational
models do not exist. This leads to the current uncertain
situation where, in a modeling- and simulation-based
environment, susceptibility to catastrophic adiabatic shear
failure may only be detected in full-system testing or service.
Current computational approaches to improved localization
modeling do not address the complexity of adiabatic shear,
with its inherently tight coupling of temperature and
mechanical fields. 

Sandia is conducting a systematic, coupled
experimental and analytical study to establish deformation
and failure mechanism maps, to develop innovative
applications-oriented scaling laws, and to design criteria
relating critical physical aspects to adiabatic shear failure
susceptibility.

Using the torsional Kolsky technique, we completed
an experimental screening matrix of adiabatic shear
susceptibility for a wide range of steels, aluminum (Al) alloys,
and titanium (Ti) alloys that are used in Sandia defense
programs. We used the results of the screening tests to select
two of these alloys, 6061 Al and Ti-6Al-4V Ti, for a more
detailed examination of adiabatic shear band initiation
characteristics. These alloys represent the two primary types
of adiabatic shear band initiation characteristics, the
deformation type (6061) and the transformation type
(Ti-6Al-4V). We tested specimens over a wide range of strain
rates and imposed shear strains to determine shear band
initiation criteria, and we studied characteristics of incipient
and fully formed shear bands using metallographic sectioning
of specimens. 

The results of the screening tests disclosed that while
the torsional Kolsky technique has advantages for the study of
adiabatic shear phenomena, it also has shortcomings. Principal
among these are limitations on achievable strain rates and

Sandia National Laboratories LDRD Annual Report 2001 405

Sandia is conducting a

systematic, coupled

experimental and analytical

study to establish deformation

and failure mechanism maps,

to develop innovative

applications-oriented scaling

laws, and to design criteria

relating critical physical

aspects to adiabatic shear

failure susceptibility. ...

We tested specimens over a

wide range of strain rates and

imposed shear strains to

determine shear band

initiation criteria, and we

studied characteristics of

incipient and fully formed

shear bands using

metallographic sectioning of

specimens. 



sensitivity to geometrical defects produced during specimen
preparation. Therefore, we developed a novel new specimen
geometry that alleviates most of these concerns. We evaluated
the resultant dynamically loaded compression-shear specimen
both experimentally and analytically and found it to provide a
capability for large, high-rate shear strains confined to a well-
characterized gauge section. Experiments with the
compression-shear geometry were conducted both
dynamically and quasi-statically, with a range of gauge
widths, to achieve a very wide range of shear strain rates. We
examined both high-rate shear deformation properties and
adiabatic shear characteristics for a range of alloys selected
from the initial torsional Kolsky screening tests. The
compression-shear geometry proved to be particularly well
suited to the study of shear band initiation, through the use of
stop-collars to limit displacement. Evaluation of experimental
results shows that conservative engineering design criteria for
avoidance of adiabatic shear should currently be based on
shear instability rather than on shear localization. 

To facilitate modeling of adiabatic shear band
initiation and growth, we determined material constants for
selected alloys from the experimental project and
implemented a modified adiabatic temperature evolution
equation that more accurately represents conversion of plastic
work to heat. Using this model, we completed simulations of
torsional Kolsky and compression-shear specimens. We
showed that we can achieve accurate simulation of uniform
shear deformation, but no localization occurs without a
geometric inhomogeneity. When a small, arbitrary
discontinuity is incorporated, computational simulations show
that rapid localization to shear discontinuity occurs. We
examined the effects of uncoupled versus coupled
thermomechanical analysis for the torsional Kolsky geometry.
Differences between the analyses were small but potentially
significant, suggesting that an uncoupled analysis may not be
sufficiently accurate.
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Crack Nucleation and Growth: Combining
Validated Atomistic and Continuum Modeling
J. E. Houston, A. K. Schmid, J. C. Hamilton, R. Q. Hwang, P. A.
Klein, J. A. Zimmerman, S. M. Foiles

Fracture and decohesion are critical material failure
modes that impact areas ranging from advanced component
development to the aging of stockpile components.
Consequently, computational models of these processes are
essential to Sandia’s programmatic interests. The wide range
of length scales involved has dramatically hampered the
computer modeling of fracture. For example, ductile fracture
involves the interactions between dislocations (i.e., defects in
the atomic crystal lattice) and crack tips, and produces long-
range elastic forces at microscopic and macroscopic scales.
Similarly, brittle fracture entails atomic and molecular bond-
breaking caused by the concentration of stress fields at the
crack tip, where the origin of these stresses is at remote
boundaries. Thus, it is imperative to couple the atomistic
understanding provided by solid-state physics with the stress
analysis provided by continuum mechanics. Sandia has a
coordinated project in which experimental investigation of
prototypical fracture events will guide modeling using
atomistic and continuum techniques. Project goals are to
achieve a common working vocabulary that merges the ideas
of atomistic and continuum analyses to determine the areas in
which continuum models need to be enriched to reflect
atomic-scale processes and to validate these methods by
comparison with nanoscale experiments.

We performed further validation of our atomistic
models by comparing new nanoindentation simulations with
recent experiments showing the formation of subangstrom-
height hillocks on scanning-tunneling microscope
(STM)–indented gold (Au) (001) surfaces. These hillocks are
positioned at significant distances away from the indentation
region. In theory, these hillocks are produced by the
dissociation of V-shaped dislocation loops that form and then
propagate away from the indentation region. Atomistic
simulation confirms this subsurface structure and connects the
hillocks to the underlying stacking faults bounded by the
dissociated partial dislocations. The heights of the hillocks 
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observed in simulation, approximately 0.6 Å, are in agreement
with experimental measurements.

We developed an atomistic simulation code capable of
modeling ionic crystals. This code uses a charge-
neutralization, truncated-radius formalism to evaluate the
Coulomb portion of the interatomic potential. Simulations of
the nanoindentation of magnesium oxide (MgO) exhibit
Hertzian behavior and a critical load at which material failure
occurs. Visualization of these simulations does not display
dislocation structures, but further analysis is needed to identify
cracks. For comparison, we performed nanoindentation
experiments using a diamond-tip indenter; however, irregular
behavior in the loading curve, failure to detect any defect
formation, and scanning-electron microscope (SEM)
examination of the indenter suggest the tip we used possessed
a complex shape resulting in a larger-than-expected tip radius.

We further analyzed and compared the static and
dynamic responses of atomistic and continuum models of
steady-state, two-dimensional crack propagation. The
parameters for the two material models are selected to
produce identical elastic modulus, fracture energy, and
cohesive strength. Under quasi-static loading, the two models
possess nearly identical traction distributions on the crack line
and fail due to brittle cleavage at the same load. However,
whereas dynamic loading of the continuum model results in
brittle cleavage, the response of the atomistic model is strain-
rate dependent, and displays multiple mechanisms of
dissipation such as material vibration and, at high strain rates,
dislocation emission. A detailed analysis of the two models
exhibiting brittle cleavage shows the continuum crack
accelerating to the continuum-limiting speed of the Rayleigh
wave speed. In contrast, the atomistic crack reaches a speed of
one-fifth this value and then propagates at constant speed.
Examination of the rate of kinetic-energy generation in the
atomistic model demonstrates a nearly linear increase with
increasing applied strain, while this rate vanishes for the
continuum model as the limiting speed is approached. For the
atomistic simulation, Fourier transform of the wavelet
transform of displacements perpendicular to the crack line for
atoms in front of and behind the crack tip shows that the
moving crack concentrates kinetic motion to a specific
wavelength approximately five times the lattice parameter.
Reduction of the interaction range of the interatomic potential
produces only slight alterations of both the terminal crack
speed and the concentration wavelength. We conclude that the
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dispersion effects noticed for the atomistic results could only
be introduced into a continuum model by using a nonlocal
description of material behavior.
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Applied Microfluidic Physics
E. B. Cummings, S. K. Griffiths, R. H. Nilson

A one-billion-dollar market for electrokinesis-based
microfluidic systems is emerging as its utility in clinical
diagnostics, drug discovery, and chemical analysis is
recognized. Electrokinetic-based technologies promise to fill
urgent national security needs in counterterrorism and to
counter chem/bio warfare. Sandia conceived this project to
target critical technical challenges that impede the progress of
this microfluidic technology. This project focuses a coupled
theoretical, numerical, and experimental effort on targeted
problems: (1) the incomplete physical understanding of
electrokinesis, (2) the absence of critical device primitives
such as low-dispersion turns and injectors, and (3) the poor
understanding of transport in, and the capabilities of,
engineered post arrays.

We made significant progress in tackling each one of
the impediments to microfluidic technology. In the course of
addressing these problems, we also developed novel design
synthesis methodologies, implemented novel and powerful
microscale flow diagnostics, and invented a new class of
microfluidic devices that are based on dielectrophoresis, a
second-order electrostatic-transport phenomenon.

We achieved our progress by targeting critical issues
with closely coupled theoretical and computational analysis
and detailed, high-accuracy experiments. The problems that
we specifically targeted included (1) establishing and
experimentally validating the conditions required for “ideal
electrokinesis,” an important limiting case of general
electrokinesis in which the fluid flows exactly like the ionic
current within the fluid, (2) understanding and minimizing
ideal electrokinetic flow and dispersion in turns (primitive
devices needed to miniaturize microfluidic device footprints
and provide layout flexibility to designers), (3) conceiving of
schemes for injecting carefully metered slugs of analyte into a
secondary chamber or column with minimal hydrodynamic
dispersion (a primitive function required in nearly all chip-
based separations), and (4) understanding flow and dispersion
in uniform arrays of posts (widely proposed engineered
replacements for the random-packed beds in chromatography
and fractionation). 
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In the course of successfully addressing these targeted
problems, we also (1) developed an optical flow diagnostic
methodology that provides diffraction-limited velocity fields
with demonstrated accuracies better than 1 percent, (2)
produced and released user software for analyzing the ideal
electrokinetic flow in quasi-planar geometries of arbitrary
connectedness and geometry, and (3) invented a novel class of
devices that employ dielectrophoresis to fractionate,
concentrate, and manipulate particles over a size range that
includes viral, bacterial, and protozoan pathogens and cells.
This invention promises to enable inexpensive, no-moving-
parts devices that perform sample-preparation steps analogous
to those performed in size-exclusion columns,
ultracentrifuges, and sieves.

Over the past year, we enhanced the function of our
user software to allow studies of dielectrophoretic transport
and diffusion. We released this software within Sandia where
it has been used by several other groups to understand flow in
manifolds, transport in injection devices having multiple
channel depths, and dispersion in rough-walled columns. The
development and support of this software will continue past
the end of this project as it is extended to be a general-purpose
dielectrophoresis tool for Sandia designers and researchers.
We also extended our optical flow diagnostic tools to produce
diffraction-limited velocity histogram fields. We used this
extended methodology to demonstrate the excellent agreement
(better than 1 percent) between the ideal electrokinetic
velocity field generated by the general-purpose flow solver
and the experimentally observed flowfields in uniform arrays
of posts. This demonstration is a latest and most convincing
validation of our ideal electrokinetic theory. We filed a patent
on our dielectrophoretic method and apparatus. We filed three
related disclosures and are in the process of more filings based
on the developments from this project.

Finally, we performed numerical studies of sample
dispersion in uniform arrays of posts as well as theoretical
analysis relating the long-time dispersive behavior of an array
to the velocity fields within a single-unit cell and fluid
properties.
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Innovative Measurement Diagnostics for
Fluid/Solid and Fluid/Fluid Interactions in
Rotating Flowfields
B. A. Amatucci, R. J. Erven, S. J. Beresh, J. F. Henfling, C. J.
Bourdon

This project was designed to develop new
measurement capabilities to examine the interaction of a
propulsive spin jet in a transonic freestream for a model in a
small-scale wind tunnel. The technical challenge was to
examine data packages and pressure sensors and to
incorporate those technologies into a small-scale model for
Sandia’s Trisonic Wind Tunnel (TWT). The challenge of
incorporating specialized microsensors and custom-made data
packages is offset by the reduced costs of conducting flow-
physics experiments in a small research-based facility. 

The project motivation was the type of jet/fin
interactions commonly occurring during deployment of some
weapon systems. In particular, the two phenomena of interest
were the interaction of the propulsive spin jet with the
freestream in the vicinity of the nozzle, and the impact of the
spin rocket plume and its vortices on the downstream fins. The
main thrust of the technical developments was to incorporate
small-size, Lagrangian-type sensors for pressure and roll-rate
on a scale model, and to include data acquisition,
transmission, and power circuitry onboard. 

We achieved an informative investigation of the
applicability of novel miniaturized diagnostics for wind
tunnels. The goal was to determine methods of measuring
flow properties in small-scale wind tunnels at low cost. The
project required integration of pressure instrumentation,
onboard jets, and data telemetry. We accomplished most of
our goals, including use of micron-scale pressure sensors, an
onboard telemetry system for data acquisition and transfer,
onboard jet exhaust, and roll-rate measurements. We designed,
fabricated, and tested a new wind tunnel model and
incorporated the ability to house multiple
microelectromechanical systems (MEMS)–based pressure
sensors, interchangeable vehicle fins with pressure
instrumentation, an onboard multiple-channel telemetry data
package, and a high-pressure jet exhaust simulating a spin
rocket motor plume. We conducted experiments for a variety
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of MEMS–based pressure sensors to determine performance
and sensitivity in order to select pressure transducers for use. 

We made the data-acquisition and analysis path most
successful by using multiple 16-channel data processors with
telemetry capability to a receiver outside the wind tunnel. The
development of the various instrumentation paths led, with
intensive efforts, to the fabrication of a new wind tunnel
model and installation for baseline nonrotating experiments, to
validate the durability of the technologies and techniques. We
successfully investigated a wide variety of instrumentation
and experimental techniques and ended with basic
experiments for a nonrotating model with jet on. We
completed the project through shakedown of diagnostics in a
new wind tunnel model for a nonrotating case. 

• Telemetry system development and implementation.
Our initial technical approach for data acquisition was to
pursue the development at Sandia of a data-acquisition and 
-storage system. The size of models in Sandia’s TWT facility,
along with past successes of data package specialists,
indicated that acquisition/storage during an experiment is a
successful technique. During our previous work, it became
apparent that our scale was too small and that larger resources
were required for success with data storage. Thus, the path
was changed toward data telemetry using a custom,
miniaturized acquisition/telemetry/power package designed
and fabricated by others. Subsequently, we conducted
successful experiments with a one-channel system using
pressure-sensor input and successful transmission through the
TWT walls. Based on the one-channel system results, we
acquired 16-channnel systems for use with the MEMS–based
pressure microsensors. The new units utilized a rechargeable
battery pack and integrated processor/telemetry circuitry.

• Model design and fabrication. Although initial
experiments for the one-channel telemetry system were
completed with a modified model on an existing spin
mechanism, it became evident that a new model was needed.
In the design of the new model, accommodations were made
for Lucas NovaSensor pressure devices, SRI 16-channel
thermocouple monitor (TM) systems, and nozzles to produce
an onboard propulsive jet. Specifications for the model were
given to MicroCraft, which then completed the design and
fabrication of the model. The model was structured in a
“clamshell” design to facilitate placement of the pressure 

Sandia National Laboratories LDRD Annual Report 2001 414

... we conducted successful

experiments with a one-

channel system using pressure-

sensor input and successful

transmission through the TWT

walls. Based on the one-

channel system results, we

acquired 16-channnel systems

for use with the MEMS–based

pressure microsensors. The

new units utilized a

rechargeable battery pack and

integrated processor/telemetry

circuitry.



sensors, TM package, and wiring. One fin of the wind tunnel
model was instrumented by Kulite with flush-mounted
pressure sensors.

• Pressure instrumentation on the model. We designed
the pressure instrumentation for two distinct applications.
First, to measure pressures along the body and between the
fins, we integrated Lucas NovaSensor MEMS–based sensors
in the model longitudinally. We placed Kulite-manufactured
sensors in one fin to measure the differential pressure while
accommodating the very thin structure of the fin. We epoxied
the MEMS–based sensors into a recessed cavity on the model
and wired them to the TM package. Both of these types of
sensors measured the pressure field during the transonic
experiments.

• Onboard jet implementation. The propulsive spin jets
were emulated by two nozzles on opposite sides of the model
and supplied with cold gas by plumbing through the model
and sting. We supplied nitrogen to a central settling chamber
and then distributed it to the opposed nozzles at various
pressure ratios. Multiple nozzles were fabricated and
interchangeable in the model.

• Wind tunnel experiments. During this project, we
invested extensive effort in (1) development of the technology
paths for each element of the instrumentation package, and (2)
assembly, wiring, and checkout of the components on board
the model. To validate the 16-channel TM system and sensors,
we conducted limited experiments for a nonrotating case. We
acquired and transmitted successful pressure data for transonic
flight conditions.

The primary outcomes of this research are extensive
understanding of existing and future instrumentation for wind
tunnel experiments and the viability of making these vital
fluid dynamic measurements at reasonable cost on a small
scale.
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Energetic-Material Burn and Detonation at
the Mesoscale
A. M. Renlund, M. R. Baer, S. H. Kravitz, K. L. Erickson, P. K.
Walker, A. S. Tappan

The success or failure of an ignited energetic material
(EM) to propagate a burn or detonation is determined by
material properties and reactions at the mesoscale. Burn
models cannot adequately account for surface-area burning
effects without understanding burning at high pressure in
small fissures. Similarly, rarefactions from sides and from
grain boundaries are efficient at quenching shocks, leading to
failure of a detonation wave at some critical diameter.
Whether or not a detonation can be sustained at small
(submillimeter) diameters may depend on engineering the EM
without traditional grains while incorporating microporosity
into the material. 

A novel and intriguing prospect is rapid energy release
from binary EMs, traditional pyrotechnic and propellant
materials, which may have three to five times the energy
density of conventional high explosives. If these materials can
be engineered so that reactions can occur without strong
influence from diffusion times to mix fuel and oxidizer, we may
develop new EMs capable of higher output.

In this project, Sandia applies innovative experiments
to observe burning and detonation at the mesoscale. We rely
heavily on advances made in semiconductor manufacturing to
create structures in which burning and detonations can occur
at these very small scales. For example, we will create burn
channels of varying cross-sections, load the channels with
EM, and monitor the burning rate using integrated gauges
and high-resolution optical diagnostics. For detonations, we
will examine the propagation of reactive waves in materials
engineered with porosity but without the traditional grain
structure used in macroscopic EM applications, and study the
novel nanoscale mixed materials. All material deposition and
patterning techniques will be compatible with modern
microelectronic fabrication technology.

State-of-the-art simulations of deflagration and
detonation are now incorporating effects of microstructural
elements. These experiments will provide insight into the
controlling mechanisms associated with the reliability and 
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safety of energetic components and will address issues for
using EMs to provide useful work in new classes of
microcomponents.

To determine which EMs would be likely candidate
materials to function at this small scale, we developed an
experiment that could rapidly test a number of materials.
Small capillary tubes were flame-drawn closed at one end in a
manner that created a tapered internal diameter. Depending on
the individual experiment, the capillary varied from 1.5 to 5
cm in length and from 300 µm to 1100 µm in initial tube
internal diameter. We filled each capillary with the candidate
material and ignited it from the open end with a hot-wire
igniter. In some cases, we used an igniter material such as
50:50 black powder/magnesium powder to facilitate ignition.
We monitored the event with video and performed post-
mortem analysis to determine at what internal diameter the
burn failed. A number of materials were tested, but the best
performers of this test were BTATz (3,6-bis-(1H-1,2,3,4-
tetrazol-5-yl-amino)-s-tetrazine), which failed at a diameter of
250 µm, DAATO3.5 (diamino-azo-tetrazine mixed N-oxides),
which failed at a diameter of 380 µm, and 18.5:81.5 Al/CuO
thermite, which failed at an internal diameter of 415 µm.
These experiments resulted in a list of materials that deserve
further study at this small scale.

In addition to developing novel materials for use at the
mesoscale, the behavior of EMs currently in use continues to
be an important goal of this project. We made great progress
in the deposition and patterning of PETN (pentaerythritol
tetranitrate). We vapor-deposited PETN to achieve thick films
of good quality up to 10 µm thick. We patterned these films
by two techniques: reactive-ion etch (RIE) and silicon-dioxide
(SiO2) mask lift-off. RIE led to significant film degradation
and marginal pattern quality. Preliminary results with lift-off
are very encouraging; excellent patterning is achieved, but
with substantial film disruption.

We constructed a specialized test chamber in which to
perform small-scale experiments. The chamber has ports for
optical, electronic, and fiber-optic access. The chamber is
constructed with optical-quality Lexan, allowing imaging
from almost every angle. This new chamber allows for
benchtop testing of small test devices, without the past
problems associated with testing in a large explosive chamber.
These problems include cleanliness, ease of diagnostic
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implementation, ignition signal transmission, throughput
limitations, and general ease of use. With this new chamber,
we dedicated a capability to examine the mesoscale 
behavior of EMs.

We demonstrated integration of EMs into Si test
devices. A Si test device consisting of a 300 µm wide by 100
µm deep channel, with a 500 µm diameter ignition site, was
covered with a glass coverslip using an ultraviolet-curing
epoxy. We left the ignition site uncovered and loaded lead
styphnate though this opening. We ignited the lead styphnate
with a 532 nm laser and monitored reaction using a high-
speed camera. Detonation was evidenced by the extremely fast
progression of the reaction wave and damage to the glass
coverslip. The Si test device survived the test. Based on this
test, further work on the detonation of EMs at scales on the
order of 100 µm appears very promising.

We are studying various ignition mechanisms for
application in microenergetic devices. We fabricated new
semiconductor bridge (SCB) devices using gold overcoats on
the aluminum lands to facilitate wire bonding. Bridges were
10 µm, 15 µm, or 20 µm long by approximately 2 µm thick.
These devices were tested at low voltage and demonstrated
normal SCB function at threshold energies below 30 µJ. Such
device performance was shown to ignite a burn in pyrotechnic
mixtures. We also tested these SCBs at higher voltage and
proved them reliable up to 300 V, which should allow them to
serve as initiators for prompt detonation.
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Small-Scale Multiaxial Deformation
Experiments on Solder for High-Fidelity
Model Development
W. Y. Lu, P. T. Vianco, T. E. Buchheit, T. J. Lim, H. E. Fang, B. L.
Boyce

Deformation of engineering materials is complex; the
ambient temperature deformation of low-melting-point alloys
is complicated by competing, thermally activated mechanisms.
The interrelation between temperature, stress state,
deformation, microstructural coarsening, and localization is
not understood. This Sandia investigation examines the
following three areas, with a focus on understanding the
underpinning physics: 

(1) The failure of solder joints is often preceded by the
formation of localized coarsened bands, but there is no
fundamental understanding about the energy criteria that
govern coarsening or localization. Uniaxial tension and shear
experiments have not revealed the underpinning mechanisms;
it is not known whether resolved shear, hydrostatic, or
deviatoric strains are the critical factors nor how they
interrelate with thermal activation. 

(2) Deformation mechanism maps are widely applied
in continuum-level deformation models. However, these maps
do not differentiate between the effects of shear and tension. A
thorough understanding of the role of multiaxial stress states
on deformation mechanisms will lead to an understanding of
critical deformation conditions. 

(3) As joint size decreases, mechanical behavior
changes from true polycrystalline behavior to a scale where
bulk- and size-independent constitutive relations no longer
hold. Current models do not incorporate a length scale that
would allow exploration of this effect. Experiments at a range
of length scales will provide a foundation for the development
of deformation models that account for size effects. We will
decrease the length to the point where breakdown of
continuum is found. 

High precision and rigorous control of microstructures
is necessary to succeed in these investigations. The resulting
small-scale, multiaxial experimental methodology will be an
enabling technology for other applications (e.g., the
microstructural evolution of multiphase alloys), which until
now have not benefited from such local experiments.
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We successfully manufactured and tested solder
samples at sizes smaller than 0.35 mm, our smallest sample in
previous work. The smallest samples tested from our current
work were 0.084 mm thick. These thinner specimens showed
a significantly reduced peak stress as compared with the
greater than 0.35 mm samples tested, suggesting considerable
geometric influences due to sample size. With regard to
microstructure evaluation, scanning electron microscope
(SEM) micrographs suggested grain-boundary sliding as the
predominant mode of deformation, and there were only two
grains through the thickness of these ultrathin samples. The
deformation was obviously not uniform, demonstrating that
the continuum deformation assumption was no longer valid in
these samples.

Through collaboration with researchers at University
of Michigan–Dearborn, we also conducted small-scale axial
fatigue experiments for the development of solder damage
model that accounts for sample size.

We began our investigation of multiaxial deformation
of solder with pure torsion experiments. We designed both
solid and thin-walled tubular specimens and fabricated them
in two different diameters: 5.08 mm and 2.54 mm. We
conducted experiments on an MTS Torsion Master mechanical
test system. The shear stress-strain curves are consistent
despite differences in geometry and size of the specimens
tested, indicating no scale effects across these sizes.
Microstructure evaluations of torsional specimens reveal that
partially failed specimens have nondistinct grain boundaries
and coarsened phase sizes relative to our pretested samples.

In addition to monotonic loading experiments, we also
performed axial and torsional cyclic loading tests and studied
the fatigue life, damage accumulation, and microstructure
features such as phase size and crack. More experiments are
required to confirm our results.

We designed and developed a multiaxial tension-
torsion creep testing system to test thin-walled tubular solder
specimens. Testing is under way to investigate the
interrelationships between multiaxial stress states and
microstructural deformation mechanisms, especially those
associated with development of the deformation mechanism
maps.

Sandia National Laboratories LDRD Annual Report 2001 420

We successfully manufactured

and tested solder samples at

sizes smaller than 0.35 mm,

our smallest sample in

previous work. The smallest

samples tested from our

current work were 0.084 mm

thick. These thinner specimens

showed a significantly reduced

peak stress as compared with

the greater than 0.35 mm

samples tested, suggesting

considerable geometric

influences due to sample size.



Sandia National Laboratories LDRD Annual Report 2001 421

Refereed
Lim, T. J., and W. Y. Lu. 2000. “Length Scale Effect
on the Mechanical Properties of 63Sn-37Pb Solder
Alloy.” Proc. 2000 ASME International Mechanical
Engineering Congress and Exposition, Packaging of
Electronic and Photonic Devices 28 (Orlando, FL,
5–10 November): 203–206.

Lim, T., and W. Y. Lu. 2001. “Multiaxial Cyclic and
Monotonic Behavior of a 63Sn-37Pb Solder Alloy.”
Symposium on Mechanics of SMT and Photonic
Structures, accepted.

Wei, Y., C. L. Chow, E. Fang, M. Neilsen, T. Lim, and
W. Lu. 2001. “Failure Analysis of Miniature Solder
Specimen.” Symposium on Mechanics of SMT and
Photonic Structures, accepted.



26520

Uncertainty Propagation in Models of
Thermofluid Systems
H. N. Najm, M. T. Reagan

Sandia is studying uncertainty propagation in models
of thermofluid systems. This work is necessary to validate
experimental results of these models and to enable use of the
models as predictive engineering tools. Consequently,
developing improved and efficient techniques to investigate
the propagation of uncertainty in models of thermofluid
systems (such as models for fire, soot, and radiation) is
relevant to Sandia’s Defense Programs mission. We will
investigate this issue in collaboration with Johns Hopkins
University.

We will develop, implement, and evaluate four
approaches to quantitative assessment of uncertainty
propagation using combinations of spectral, pseudospectral,
and Monte Carlo (MC) studies. We will work on one-
dimensional (1-D) and 2-D reacting flows, with uncertainties
in reaction-rate parameters, thermodynamics, and transport.
The spectral/pseudospectral approach involves reformulating
the governing equations. However, the approach can be
applied also in a nonintrusive spectral construction that
involves appropriate processing of MC–computation results
with the original equations; this could reduce accuracy and
efficiency, but where existing legacy codes are used as is. A
hybrid MC pseudospectral approach is also feasible and may
lead to an efficient implementation. Each approach has
specific advantages and costs that depend on the physical
system at hand. The approaches will be developed,
implemented, and evaluated in 1-D/2-D flames and outline the
optimal ranges of application and utility. Mathematical and
numerical formulations for the MC, pseudospectral, and
nonintrusive spectral approaches are discussed here.

(1) We formulated the intrusive- and nonintrusive-
spectral stochastic approach to assess propagation of
uncertainties in transport properties, reaction-rate parameters,
and thermodynamic properties in reacting multidimensional
thermofluid systems. To formulate the intrusive-spectral
construction for general chemical mechanisms, we identified a
useful pseudospectral variant of the method that (a)
substantially simplifies the reformulated governing equations,
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(b) significantly enhances computational efficiency, and (c)
provides a modular construction to convert a deterministic
formulation to a stochastic one. This achievement has
potential as an automatic deterministic-stochastic conversion
tool for existing codes.

(2) We developed an approach using local-polynomial
approximation for spectral treatment of specific governing
equations; the equations are those that present challenges in
propagating chaos expansions. This approach allows us to
propagate spectral information for exponentials and other
nonpolynomial functions without using MC simulations. This
approach is necessary to propagate uncertainty in chemical
source terms.

(3) For thermofluid systems, we developed numerical
constructions for intrusive-spectral/-pseudospectral stochastic
formulations and for MC simulations. These constructions
include spectral stochastic projection-method solutions of
nonreacting thermally stratified Boussinesq low-MACH-
number 2-D flow with uncertainty in transport properties and
boundary conditions, and pseudospectral 0-D chemical-reactor
solutions, using a stiff integrator, with uncertainty in rate
parameters and thermodynamic properties. We tested these
constructions by using the Sandia DAKOTA code for sample
generation for computations based on a deterministic reacting-
flow solver and comparing the results to the pseudospectral
construction for the same problem. 

(4) We developed a numerical methodology for the full
low-MACH-number reacting-flow problem. The methodology
is based on the pseudospectral formulation. The construction
is an extension of the above stochastic nonreacting, low-
MACH-number flow technique and existing deterministic,
large-density-ratio, low-MACH-number reacting-flow
techniques. One significant challenge pertained to handling
the chemical source term. We identified a workable
construction that uses the above local polynomial
approximation, based on multidimensional Taylor series
(including second-order terms), to represent the net reaction
rate of progress for each reaction. We confirmed this local
polynomial approximation to be of sufficient accuracy. For the
local polynomial approximation, probability-density function
(PDF)—in reaction-rate parameters, thermodynamic
properties, concentrations, or temperature—can be propagated
to find the corresponding PDF for the chemical-source term. 
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This approach fails on the individual activation-energy
exponential terms, but is safe on the net-reaction rate of
progress. 
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Filtered Rayleigh-Scattering Diagnostic for
Multiparameter Thermal/Fluids
Measurements
S. P. Kearney, R. W. Schefer, S. J. Beresh, T. W. Grasser

Sandia is researching simulation-based life-cycle
engineering, which—along with studies from the Accelerated
Strategic Computing Initiative (ASCI)—has resulted in models
of unprecedented size and fidelity. Model validation requires
high-resolution, multiparameter diagnostics. Within the
thermal/fluids disciplines, the need for detailed, high-fidelity
measurements exceeds the limits of current engineering
sciences capabilities and severely tests the state of the art;
therefore, a diagnostic development effort is warranted. The
focus of this project is to develop and apply filtered Rayleigh
scattering (FRS) for high-resolution, nonintrusive
measurement of velocity, temperature, and pressure.

With FRS, the flow is laser-illuminated. and Rayleigh
scattering from naturally occurring sources is detected
through a molecular filter. The filtered transmission may be
interpreted to yield point or planar measurements of three-
component velocities and/or the thermodynamic state. This
capacity for multiparameter, nonintrusive instrumentation
represents an unprecedented advance beyond existing
techniques in the Engineering Sciences Center and in the
larger scientific arena. The FRS technique is well suited for
production-scale facilities, where many other techniques are
difficult to implement. Potential validation applications
include simultaneous three-component velocity, temperature,
and pressure measurements in compressible flows to support
SACCARA/PREMO validation, and full-field temperature
measurements in reacting or nonreacting flows for FUEGO
and SIERRA/CALORE validation.

Key accomplishments include the following:
(1) Installed an injection-seeded Nd:YAG laser and

automated the control and scanning of the injection-seeded
laser frequency.

(2) Designed, acquired, and calibrated molecular-
filter cells. 

(3) Designed and constructed a versatile laboratory-
scale jet apparatus for diagnostic-development measurements. 

(4) Set up a functional FRS-imaging system. 
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(5) Developed software to interpret the molecular
scattering images. 

(6) Acquired CARS temperature data in a pulsed-
diffusion flame to validate the FRS temperature
measurements.

We completed the installation and alignment of an
injection-seeded Nd:YAG laser. Injection seeding is crucial for
FRS measurements because the laser-beam frequency must be
finely tuned to a desired spectral location in the molecular-
filter absorption profile. Scanning the injection-seeded
frequency over a broad range is also critical to calibrate the
molecular filters themselves. We developed a fully automated
data-acquisition-and-control system for the control and
monitoring of the seeder laser. The system has successfully
characterized multiple molecular-filter cells. Failure of the
original seeder supplied with the Nd:YAG system impeded
progress slightly. A newer model replaced the seeder, and the
system is now functional.

We obtained custom-made molecular-filter cells from a
commercial supplier. The filters include temperature control
and, upon receipt, were fitted with a vacuum and buffer-gas
supply system to tailor the molecular absorption profile to any
given experimental need. The filters are glass cylinders
containing iodine vapor, which exhibits a unique absorption
spectrum over the tunable range of the Nd:YAG laser system.
It is this absorption spectrum that gives the FRS technique its
sensitivity by spectrally filtering the Rayleigh-scattered light
signal in a temperature- and velocity-sensitive manner. The
cells are thermally jacketed and carefully temperature-
controlled to maintain a constant gas density under vacuum
conditions. This allows relatively simple control of the
absorption line strength and width by adjusting the cell’s gas
composition, temperature, and pressure, offering a superior
flexibility to the FRS system that permits switching between
temperature and velocity measurements over a wide range of
flow conditions with minimal alterations to the optical system.

A functional FRS imaging system that includes all
laser sheet-forming optics, laser frequency and power
monitoring, and multiple-CCD (charge-coupled device)-
camera detection was constructed in the Engineering Sciences
Experimental Facility (ESEF). Prior to implementing the FRS
optical setup for production-scale measurements, it is
necessary to perform laboratory-scale diagnostic-development
experiments. These experiments will be conducted in both
supersonic jets and low-speed heated jets. Since such jet
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facilities were not already available to us, we designed and
constructed them as part of the current project. This jet facility
is extremely versatile and allows for velocity-temperature
imaging in sonic and MACH 3.7 jets and for temperature
imaging in a low-speed turbulent jet with an exit temperature
of 800 K. We are presently acquiring FRS thermal images
from the low-speed jet.

We developed custom software for interpretation of the
emerging FRS images and assessment of the FRS
measurement uncertainty in house. The software can deduce
temperature or velocity by convolving molecular-filter
calibration data, obtained from automated seeder frequency
scanning, with the theoretically calculated Rayleigh-scattering
spectrum. The software is highly flexible and can be used in
both nonreacting and reacting flows and for any given flow-
gas composition with known transport coefficients.

As part of the FRS diagnostic development effort,
validation data for FRS temperature measurements are
currently being acquired at the Combustion Research Facility.
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Beresh, S. J. 2001. “Aerodynamic Instrumentation for
Sandia’s Aerosciences Experimental Activities.” Paper
presented to the AIAA Aerodynamic Measurement
Technology Technical Committee, Anaheim, CA, 11
June.

Kearney, S. P. 2000. “Experimental Methods for
Convective Heat Transfer.” Paper presented to Joint
SNL/CESTA Fire-Research Conference, Sandia
National Laboratories, Albuquerque, NM, October. 

Kearney, S. P. 2001. “Laser Diagnostics for
Convective-Heat Transfer—Planar Laser-Induced
Fluorescence and Filtered Rayleigh Scattering.” Poster
presentation at the ASME International Mechanical
Engineering Congress and Exposition (IMECE), New
York, NY, November.
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A Physically Based Approach to Modeling
Ductile Fracture
P. A. Klein, D. J. Bammann, B. R. Antoun, S. X. McFadden

Sandia is developing a new computational tool for
modeling crack growth in ductile materials. Ductile fracture is
the most common mode of fracture in metals where the
material fails from a combination of excessive bulk
deformation and cracking. Crack initiation and growth in
ductile materials consume energy because of the evolution of
bulk plastic and damage processes and the creation of new
free surfaces. The response and evolution of the dissipation
mechanisms is inherently scale- and strength-dependent;
therefore, a computational model of these damage processes
must reproduce the physical dimensions and stresses in the
fracture-process zone.

Development of this computational tool begins with a
fundamental, thermodynamically sound description of the
failure process that encompasses both ductile failure and
fracture mechanics. Developing a thermodynamic theory that
includes the dissipation of the bulk material and the surface
energy of a cohesive zone requires developing a new
kinematical description of the failure process to couple these
concepts at a basic level. In situ scanning electron microscope
(SEM) observations of initiating and evolving fracture zones
will reveal the scale over which the failure mechanisms act in
Defense Program (DP) alloys 6061 aluminum (Al) and 304L
stainless steel (SS) and in copper (Cu). These observations are
essential for motivating micromechanical models of the
decohesion processes that incorporate the effects of mode
mixity in the loading, temperature, loading rate, and load
reversals. The effect of load reversals must be incorporated
into the computational model to model fatigue.

We formulated the coupling between bulk deformation
processes and cohesive-surface relations. The coupling acts
first by linking the initialization of failure surfaces with a
critical-void volume fracture, and second by coupling the
surface-traction evolution relations to the state of material
stress, dislocation densities, and damage at initiation. With
sample calculations, we demonstrated how including the
damage mechanics in the bulk model of plasticity is
unsuitable for modeling ductile fracture. Our preliminary,
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three-dimensional crack-growth simulations demonstrate the
variation in crack-tip plasticity through the sample thickness.
We developed a complete thermodynamic description showing
the relationship between the evolution of plastic strain,
mechanisms of dislocation storage, and the growth of voids
during the fracture process. We formulated a simplified
analytical model for degree of heating in the near-tip region as
a function of plastic response, thermal conduction, and crack-
growth rate. For the materials we will be testing, the model
predicts significant temperature rises over the dimensions we
are considering. The analysis supports our initial assumption
that a complete thermomechanical description of the fracture
process is needed to model ductile fractures in detail. The
results also indicate that the local temperature changes should
be large enough for detection in experiments. We are
preparing for in situ SEM observations of fracture. We
completed material selection and are finalizing the specimen
design. We obtained the precracking specimens of 6061,
304L, and Cu. After these specimens are fatigue-loaded to
produce a sharp initial precrack, we will extract microbeam
samples for loading the in situ SEM three-point bending state.
We designed, fabricated, and installed the three-point bending
state in the SEM. Calibration of the load system is under way.
The experimental observations will first provide a view of the
size and structure of the fracture process zone. This will
motivate the development of traction-evolution laws based on
models void coalescence, ligament bridging, or other
processes that our observations have identified. We developed
a system to map displacements around the crack tip by
tracking surface marker. In addition, we have begun
developing a plastic-strain mapping method based on the
coherence of the diffraction pattern produced by back-
scattered electrons in the SEM. This method will allow us to
get quantitative information about the amount of plastic strain
generated around the crack tip. Using a newly acquired field-
emission SEM, we should be able to obtain micron-scale
resolution of changes in plastic strain. Additionally, the
experiments will provide data for validating the predictions of
simulated crack growth.

Sandia National Laboratories LDRD Annual Report 2001 429

We developed a complete

thermodynamic description

showing the relationship

between the evolution of

plastic strain, mechanisms of

dislocation storage, and the

growth of voids during the

fracture process. We

formulated a simplified

analytical model for degree of

heating in the near-tip region

as a function of plastic

response, thermal conduction,

and crack-growth rate. 



26523

Radiation Aging of Stockpile and Space-
Based Microelectronics
H. P. Hjalmarson, S. C. Witczak, P. A. Schultz, J. R. Schwank, M. R.
Shaneyfelt, C. E. Hembree, C. H. Seager

Sandia is using an experiment-theory collaboration to
develop a complete computational model of three important
radiation effects phenomena: (1) enhanced low-dose-rate
sensitivity (ELDRS), (2) pre-irradiation elevated-temperature
stress (PETS), and (3) latent-interface-trap buildup (LITB).
We combined two earlier studies. One is the experimental
effort suggesting that the ELDRS problem can be related to
LITB for transistors that have undergone PETS. The second is
the theoretical effort relying on a hydrogen (H)-dimerization
mechanism to explain the ELDRS problem. In this new
project, our goal is to build upon previous work to develop a
unified explanation for the three experimental phenomena.

In an initial assessment phase, we modified the
continuum kinetics-transport code to include additional sites
for radiolytic H within the oxide. Calculations made with the
new code suggest that we can explain the LITB and PETS
data by postulating new sites that release H. We developed a
plan for new experiments involving total dose and dose-rate
studies for which the temperature was varied and completed
some of these experiments. We discovered that PETS had no
effect on devices for which the passivation layer had been
removed. We explored the temperature dependence of the H
dimerization model by developing an analytical model.

Going beyond this phase, we modified the H
dimerization model. In the modified model, we assume that
neutral H is directly released from sites in the oxide instead of
assuming that protons became neutralized at the interface. We
made this change in the model because electronic structure
calculations indicated that protons would not become
neutralized at the interface.

The stimulus for the modified model was theoretical.
However, the scientific literature contains information that
supports this model. Evidently, release of neutral H was
dropped from consideration once evidence for protons was
accumulated.
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We began a new experiment to seek evidence for
release of neutral H. Preliminary results show evidence for
both neutral H and protons, as expected in the modified
model. We also developed, but did not test, a modified theory.
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Large-Deformation Solid-Fluid Interaction Via
a Level-Set Approach
D. R. Noble, S. W. Attaway, S. R. Subia, J. R. Weatherby, P. K. Notz,
P. R. Schunk, T. A. Baer

Sandia is conducting a study on solidification and
blood flow, which might seem to have little in common.
However, each topic involves a fluid in contact with a
deformable solid. In these systems, the fluid-solid interface
moves as the solid advects and deforms, often traversing the
entire domain of interest.

Currently, fluid-solid-interface problems cannot be
simulated without conducting innumerable, expensive
remeshing steps and mesh manipulations, or without
decoupling the solid and fluid motion. Despite recent progress
in mechanics modeling, this glaring inadequacy persists. We
seek a new technique that tracks the interface implicitly and
circumvents the need for remeshing and remapping. The fluid-
solid boundary is tracked with a level-set algorithm that
changes the equation type dynamically, depending on the
phases present. This novel approach to coupled mechanics
problems promises to give accurate stresses, displacements,
and velocities in both phases simultaneously. This effort
involves high-risk research in Eulerian solid mechanics of
bodies defined by an implicit interface (not defined by a mesh
contour). An equally difficult task is equating the solid and
fluid stresses at this implicit interface. Simulating fluid
mechanics requires a Eulerian formulation to avoid mesh
entanglement. Solid mechanics formulations, however, tend to
be Lagrangian, as it is easier to track material interfaces,
compute strain, and apply boundary conditions (BCs). We will
handle the complete problem in a Eulerian context using level
sets to define the solid-fluid interfaces. We will apply the
advances made in level-set methods for multiphase fluids to
this more difficult problem involving multiple physics.

High-payoff applications are as numerous as the
complex moving geometry problems that we seek to address
every day. A small subset includes solidification and
polymerization with accurate residual-stress determination
and biological applications, such as cell deformation and
blood rheology. Many of these problems cannot be adequately
addressed using existing methods, but may be quantitatively
simulated using the methods we propose.
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We looked at two formulations to simulate solid-fluid
interactions in a context where a level-set function determines
the interface and a Eulerian-frame description solves the
mechanics in both phases. We also broadened the project
scope to study the implementation of boundary and interface
conditions at embedded interfaces that slice through elements
and are not defined by mesh boundaries. We also investigated
a hybrid arbitrary-Lagrangian-Eulerian (ALE)–Eulerian
technique that uses an overlapping-grid approach where the
fluid mesh covers the entire domain and the solid mesh covers
the solid material. The overlapping-mesh approach has proved
to be a valuable test-bed for studying proposed embedded-
interface methods.

We developed formalisms for both Eulerian-mechanics
formulations and tested a highly simplified one-dimensional
(1-D) solidification problem. These two methods are called
continuous-field method and continuous-equation method. The
first uses field quantities, including velocity and displacement,
that span the interfacial region, but the equation types
dynamically change as we move from one phase to the next.
The second uses a single viscoelastic equation to describe the
physics in both phases and a hypoelastic velocity-stress
tensor-velocity gradient discretization in both phases. We
developed a mathematical formalism for both techniques. A
first implementation of the continuous-field method was
shown to yield an accurate, fully coupled simulation of an
elastic solid in contact with a viscous fluid; this is our
analogue to a solidification problem, but with a stationary
interface. Similarly, we completed implementation for the
continuous-equation method, and it too shows accurate results
for the stationary-interface solidification problem.

Surpassing our original milestones, we examined a
complex 2-D problem with the overlapping-grid approach,
where location of the solid is communicated to the fluid by
the level-set function. The problem has a fluid flowing past an
elastic-solid valve, causing deformation. From this we have
learned two important things. First, our current approach using
a method that decouples the level set from the bulk mechanics
will not work for coupled fluid-solid interactions (FSI),
because material interface locations from the level set are
needed to apply the correct mechanics. Thus, we spent
considerable effort reintegrating the level-set equations into
the bulk equations. This was difficult because of the cross-
coupling between the level set and the material properties.
Second, our quasi-static solid-mechanics formulation in
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GOMA was inadequate for FSI problems. To accurately
describe the dynamics of the phases, solid inertia was critical.
We expended much effort to implement an energy-conserving
formulation of the equations for solid inertia.

The third milestone involves verifying and
benchmarking the two mathematical formalisms against a
known, previously verified algorithm based on an ALE
approach. To perform these benchmarks, we must not only
handle the bulk mechanics, but also address the interfacial
physics, namely the application of BCs. This was the third
thrust area. By combining a newly developed ghost-fluid
capability with the continuous-field approach, we successfully
simulated a steady-state fluid structure interaction problem.
The method allows us to implicitly enforce the interfacial
balance along a boundary that does not correspond to a mesh
surface. This may be the first ghost-fluid implementation in
the finite-element context. We collaborated with the
University of Washington regarding LaGrange multipliers and
their application to enforcing interfacial conditions at
embedded boundaries in a weak sense. Combinations of the
ghost-fluid and LaGrange-multiplier methods promise rich
methods for imposing sharp interfacial conditions.
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Baer, T. A., D. R. Noble, and R. R. Rao. 2001. “Level-
Set Tracking of Fluid Interfaces Using Finite
Elements.” Proc. International Conference on
Computational Engineering and Sciences, ICES 2001
1 (Puerto Vallarta, Mexico, 20–23 August): CD.

Other Communications
Finlayson, B. A. (University of Washington). 2001.
“Finite-Element Methods for Problems with Moving
and/or Irregular Boundaries.” Report to Dr. Rekha
Rao, Sandia National Laboratories, Seattle, WA, 28
August.

Noble, D. R., T. A. Baer, and R. R. Rao. 2001.
“Contact-Angle Specification in Level-Set
Simulations.” Paper presented to the DFD Meeting of
the American Physical Society, San Diego, CA,
November.
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Effect of Dielectric Photoelectric Effect on
Surface Breakdown
R. E. Jorgenson, L. K. Warne

Sandia wrote a Monte Carlo (MC) code to simulate the
early stages of high-voltage breakdown that occurs in air
across a dielectric surface. The application of this research is
to understand breakdown caused by lightning in nuclear
weapons components. During surface breakdown, as electrons
collide with neutrals in a gas, photons of various energies are
released. Some of the photons have high enough energies to
cause neutrals ahead of the streamer (a breakdown wave)
front to ionize and thus advance the front. These are the only
photons of importance in volumetric breakdown, and we have
accounted for these using the data of Penney and Hummert.
When a dielectric surface is introduced, however, the lower-
energy photons, which are released in a collision that excites
the neutral, must also be considered because the photons can
release electrons from the dielectric surface ahead of the front
through photoemission. Because these lower-energy photons
propagate further and because more of them exist than the
photons that ionize directly, we anticipated that the low-
energy photons play a major role in advancing the surface
streamer. Discussions in recent literature confirm this effect.
No quantitative modeling on the effect has been done thus far.
In collaboration with Texas Tech, we will obtain data on this
effect in such a form that the effect can be included in our MC
breakdown code.

Sandia assembled some data from the literature on
subprocesses that may contribute photoemission from
breakdown, and we incorporated the subprocesses into the
code. Where data were lacking, we used bounding
approximations. This allowed us to examine the existing
experimental data to determine data adequacy and to change
the code structure to account for the new processes. The
subprocesses we assembled were (1) creating a photon from a
collision between an electron and a gas neutral, (2)
transporting the photon through the gas to the dielectric
surface, and (3) releasing an electron from the surface due to
photoemission. From the limited photoemission data available
on insulators, apparently to release electrons, the photons must
have a wavelength of less than approximately 2400 Å.
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Therefore, we need to obtain data on the number of photons
created during an inelastic collision and their energies; we
will restrict our search to wavelengths of less than 2400 Å.
We found some collision cross-sections for nitrogen; cross-
sections are necessary when calculating the number of
photons created. We also did a preliminary examination of the
transport of photons through the gas; transport consists of a
complex process of emission, absorption, and re-emission.
With the bounding approximations in the code, at a high field
of 3 MV/m, the photoemissions from the surface seem to
cancel the effect of secondary electron emission, which causes
low-energy electrons to stick to the surface of the dielectric.
The balance of these two effects might change at lower field
levels, which we have yet to investigate.
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Grand Challenges

The goal of the “Molecular
Integrated Microsystems (MIMS)”
project is to combine molecularly
tailored nanomaterials with address-
able microdevices to demonstrate
the first-ever programmable MIMS
devices for protein and peptide
analysis. MIMS have the potential
to provide new means for encoding
information and safeguard weapons,
to open completely new routes to
attack important problems in chem-
istry and biology, and to lead to the
development of a new class of
materials that combines biological
functions and molecular systems
with robust and manufacturable
materials. The full benefit of the

current trend in miniaturization will
be achieved only when microscale
addressability is used to control
materials properties and molecular
interactions. The ability to manip-
ulate nanoscale structures and
molecular interactions is at the heart
of the next revolution in program-
mable microsystems. This work has
received three patents and has
several patents pending.

The Grand Challenges invest-
ment area investigates innovative
ideas with the potential for dramat-
ically impacting national-level
concerns and for creating tech-
nologies and processes required for
the twenty-first century. Grand
Challenges engage lab-wide multi-
disciplinary research teams that
establish critical mass in partici-
pation and funding to focus on world-
class research. High-risk, potentially
outrageous ideas are considered for
investigation. In addition, all Grand
Challenges research efforts must
identify linkage to supporting
Sandia’s business goals.
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Information Collection
D. D. Spencer, F. T. Mendenhall, R. M. Axline, M. W. Scott, R. J.
Simonson, T. S. Prevender, L. C. Bartel, G. A. Thomas, M. C. Walck,
R. D. Robinett, III, W. R. Bolton, Jr., R. W. Crocker, K. T. Stalker, G.
J. Elbring, L. A. Boye, D. L. Keese, S. A. Dupree, A. K. Miller, R. J.
Bickerstaff, R. C. Ormesher, H. M. Poteet, M. R. Daily, W. D.
Morse, K. O. Wessendorf, L. R. Thorne, L. G. Stotts, J. L. Russell

This project is classified and no summary is available.
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Molecular Integrated Microsystems (MIMS)
L. M. Napolitano, D. Y. Sasaki, S. A. Kemme, B. C. Bunker, D. R.
Wheeler, S. A. Casalnuovo, A. K. Singh, S. M. Brozik, T. J. Shepodd,
A. P. Thompson, A. R. Burns, B. G. Potter, Jr., K. S. Potter, C. J.
Brinker, E. T. Southwell, B. J. Kirby, J. V. Volponi, R. P. Manginell,
M. L. Garcia, C. M. Matzke, G. M. Jamison, J. Han, R. D. Elliott,
K. Wally, A. Artau, M. E. Warren, A. W. Walker, N. C. F. Woo, D. J.
Throckmorton

Microfabrication tools and processes developed for the
microelectronics industry make it possible to miniaturize
devices including chemical analysis systems, navigational
components, and mechanical locks. Sandia’s experience with
microsystems has shown that direct miniaturization of
conventional architectures can provide significant benefit
through increased portability, low power consumption, and
improved speed of operation. We believe that the full benefit of
miniaturization will be achieved only when microscale
addressability is used to control nanoscale materials
properties and molecular interactions.

In Sandia’s molecular integrated microsystems (MIMS)
project, we are pursuing a revolutionary approach to
microsystems in which microscale patterning of functional
materials is combined with local addressing (electrical,
optical, and thermal fields) to provide fully programmable
systems and architectures. The overall goal of this project is to
combine molecularly tailored nanomaterials with addressable
microdevice architectures to demonstrate the first-ever
programmable MIMS devices for protein and peptide analysis
and encoded optical interconnects. 

We built on the technical advances made previously as
we began developing engineering approaches required to
design and construct proof-of-principle devices that will meet
our target capabilities. New molecular sorting and detection
approaches were developed, including EK (electrokinetic)
trapping and switchable polymer coatings. We demonstrated
the first-ever programmable preconcentration of proteins in
solution. We developed new fluidic architectures around
newly discovered Mobile Monolith Technology. Our
programmable optics work explored a set of photosensitive
materials that shows extremely promising optical response. As 
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we optimize our fabrication approaches, we continue to build
on our understanding of the underlying phenomena for each
case.

The major technical activities for the MIMS project
focused on down-selecting materials and platforms with the
highest potential for function and integration. We also began
designing new chip-based architectures that utilize on-the-fly
programming to address our top-level goals for biochemical
analysis of proteins and peptides, and the development of new
optical safety and surety architectures.

• Biochemical analysis. We developed a completely
new architecture for analysis of proteins and peptides that
builds on the overall MIMS vision and takes advantage of our
technical discoveries. The new architecture, microProLab,
combines programmed biomolecule capture and release, on-
chip separations, and microfluidic routing. The major features
of this new architecture are (1) preconcentration of dilute
protein and peptide samples, (2) programmed protein injection
into separation columns, (3) on-chip biochemical separations,
(4) mobile monolith-based valves to route and segment flow
stream, and (5) coupled modules to perform new separations
on reconstituted analyte plugs.

The development of the microProLab architecture
depends on significant technical advances that have been
made in each of the component areas.

• Protein and peptide preconcentration. We invented
and demonstrated two new approaches that can be used to
preconcentrate proteins and peptides out of a fluid stream. In
the first approach, which we call EK trapping, the integration
of a nanoporous material in the microfluid stream acts to
capture biomolecules from solution in the presence of an
applied electric field. When the electric field is removed, the
biomolecules are released back into solution. Using this
approach, we demonstrated 1,000-fold preconcentration of
proteins in solution, followed by sharp injection back into the
fluid stream. We also developed a new set of nanoporous
materials with closely controlled pore sizes that we hope will
further improve the performance of our E-K Trapps.

Our second approach to preconcentration involves
switchable polymer films integrated onto a microfabricated
hotplate structure. The polymer films undergo a structural
phase transformation that causes the reversible adsorption and
desorption of proteins from solution. We demonstrated this
approach in a fully integrated microchip device.
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• On-chip peptide separations. We developed a set of
photopatterned, cast-in-place porous polymers and
demonstrated their integration in microfluid channels for on-
chip separations. Using this approach, we demonstrated the
separation of a wide range of peptides with separation times
of less than one minute.

• Valving and routing. Valving and segmenting flow
streams in microfluid systems is a major challenge, and we
developed a completely new approach to achieve on-chip
microfluid routing. Our approach utilizes another form of cast-
in-place polymers that act as mobile fluid barriers. The
barriers can be reversibly positioned within the microchannels
using external pressure signals. We used this new approach to
develop check valves, diverters, and fluid channel segmenters.
Valves built from this new technology are capable of sealing
against pressures up to 1000 pounds per square inch.

• Programmable optical interconnects. The ability to
route optical energy on demand has the potential to open the
way for new weapons-surety applications. We identified and
explored a set of polymers that can be optically programmed
and demonstrated this programming as a means to route, in
real time, optical signals in either waveguide or free-space
optical configurations. The materials can be “written” at
wavelengths consistent with current solid-state lasers and used
to guide light in the visible wavelengths.

• Market Intelligence and External Committee. The
MIMS External Advisory Committee endorsed our research
plan and accomplishments and asked us to work toward plans
to integrate the exciting new components developed thus far
in the MIMS project.

Sandia National Laboratories LDRD Annual Report 2001 441

The MIMS External Advisory

Committee endorsed our

research plan and

accomplishments and asked us

to work toward plans to

integrate the exciting new

components developed thus far

in the MIMS project.



Sandia National Laboratories LDRD Annual Report 2001 442

Refereed
Hasselbrink, E. F., J. E. Rehm, and P. H. Paul. 2001.
“Design Rules for Active-Control Injection Programs
in Microchip Analysis Columns.” Electrophoresis,
accepted.

Hasselbrink, E. F., J. E. Rehm, B. J. Kirby, and T. J.
Shepodd. 2001. “Flow Control Devices Fabricated
Using In Situ Photopolymerization of Mobile
Monoliths.” Paper presented to the Gordon Research
Conference on the Physics and Chemistry of
Microfluidics, Oxford, United Kingdom.

Huber, D. L. 2001. “Formation of Polymer
Monolayers Via Chain Transfer Techniques.” J.
American Chemical Society, accepted.

Huber, D. L., J. G. Kushmerick, T. Dunbar, C. Matzke,
R. P. Manginell, and B. C. Bunker. 2001. “Switchable
Protein Adsorption on Tethered Polymer Films.”
Science, accepted.

Kirby, B. J., A. R. Wheeler, T. J. Shepodd, J. A.
Fruetel, E. F. Hasselbrink, and R. N. Zare. 2001. “A
Laser-Polymerized Thin-Film Silica Surface
Modification for Suppression of Cell Adhesion and
Electroosmotic Flow in Microchannels.” Paper
presented to µTAS, Monterey, CA.

Kirby, B. J., E. F. Hasselbrink, J. E. Rehm, and T. J.
Shepodd. 2001. “Active Flow Control Using Mobile
Polymer Monolith Microvalves.” Paper presented to
the Gordon Research Conference on the Physics and
Chemistry of Microfluidics, Oxford, United Kingdom.

Kushmerick, J. G., J. E. Houston, and B. C. Bunker.
2001. “Hydration Forces: The Role of Interphase
Water.” Science, accepted.

Ngola, S. M., Y. Fintschenko, W. Y. Choi, and T. J.
Shepodd. 2001. “Conduct-as-Cast Polymer Monoliths
as Separation Media for Capillary
Electrochromatography.” Analytical Chemistry 73:
849–856.

Rehm, J. E., T. J. Shepodd, and E. F. Hasselbrink.
2001. “Mobile Flow Control Elements for High-
Pressure Microanalytical Systems Fabricated Using In
Situ Polymerization.” Paper presented to µTAS,
Monterey, CA.

Shediac, R., S. M. Ngola, D. J. Throckmorton, D. S.
Anex, T. J. Shepodd, and A. K. Singh. 2001.
“Reverse-Phase Electrochromatography of Amino
Acids and Peptides Using Porous Polymer Monoliths.”
J. Chromatography A, accepted.

Singh, A. K., D. J. Throckmorton, and T. J. Shepodd.
2001. “Rapid Separations of Peptides and Amino
Acids in Glass Microchips by Reverse-Phase
Electrochromatography.” Paper presented to µTAS,
Monterey, CA.

VanderNoot, V. A., G. Hux, J. Schoeniger, and T. J.
Shepodd. 2001. “Isoelectric Focusing Using
Electrokinetically Generated Pressure Mobilization.”
Paper presented to µTAS, Monterey, CA.



27328

A Revolution in Lighting: Building the
Science and Technology Base for Ultra-
Efficient Solid-State Lighting
J. M. Gee, H. K. Moffat, R. M. Biefeld, E. D. Jones, G. M. Peake, J.
P. Wilcoxon, C. C. Mitchell, W. C. Sweatt, J. R. Creighton, A. F.
Wright, W. W. Chow, M. J. Hafich, G. H. Evans, J. J. Figiel, S. A
Kemme, A. J. Fischer, C. I. H. Ashby, D. D. Koleske, R. J. Shul, J.
R. Wendt, J. A. Emerson, M. E. Coltrin, A. A. Allerman, C. H.
Seager, L. E. S. Rohwer, S. R. Kurtz

Solid-state light-emitting diodes (LEDs) that emit
across the visible spectrum have developed rapidly. LEDs
have opened possibilities for generating white light for
general-purpose illumination at efficiencies far higher than
existing conventional light sources. The conversion to high-
efficiency (approximately 50 percent at the wall-plug) solid-
state lighting has the potential to save up to $100 billion per
year on electrical-energy costs. The technology will also
create completely new applications based on solid-state
lighting compactness, ruggedness, large intensity variation,
directionality, reduced heat output, programmable color
rendering, and amenability to high-frequency modulation for
communication purposes. 

Developing a high-efficiency solid-state white-light
source will require (1) improved LED and/or vertical-cavity
surface-emitting laser (VCSEL) efficiency to the 50 percent
range, (2) extended color spectrum of these high-efficiency
optical emitters into the yellow, green, blue, and possibly also
ultraviolet (UV) ranges, and (3) a substantially reduced cost. 

The goal of this Grand Challenge project is to
establish the fundamental science and technology bases
required to realize this vision of ultra-efficient solid-state
illumination. Sandia is pursuing a balanced research program
that addresses the following topics: solid-state materials
theory and characterization, optimization of III-nitride growth
and substrates, metalorganic chemical-vapor deposition
(MOCVD) chemistry, reactor design and control, luminescent-
conversion materials, and solid-state lighting packaging. 

These pursuits will position Sandia as the national
leader in these areas. This endeavor will also result in the
development of infrastructure and associated synergistic
technology of vital importance for national security needs in
the important III-nitride material system and other associated
technologies (such as semiconductor nanoclusters).
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Sandia is in the early stages of this project. However,
our progress suggests the project will have a significant
impact on solid-state lighting and on gallium nitride (GaN)
technology. Achievements to date include the following:

(1) We hosted a workshop in collaboration with DOE
Office of Building Technology (BTS) and produced a
technology roadmap for inorganic, solid-state lighting.

(2) We described the effect of Ga vacancies and N
interstitials on hydrogen (H) in GaN. We refined models of H
kinetics in GaN.

(3) We transferred GaN MOCVD growth processes to
a new growth reactor.

(4) We improved our sapphire reactive-ion etching
(RIE); this improvement is critical for extending low-defect
cantilever epitaxy to larger areas and reducing defects over
nucleation mesas. Also, we confirmed that the crystallographic
tilt of the cantilever epitaxy is not too large a concern.
Cantilever epitaxy is a Sandia invention that could
dramatically reduce dislocations in GaN epitaxy on common
lattice-mismatched substrates (e.g., sapphire).

(5) We examined important chemical-reaction sink
processes in aluminum-gallium-nitride (AlGaN) MOCVD
growth, and we believe the parasitic chemical reactions occur
in the hot zone rather than the cold zone. Understanding this
chemistry is very important for designing next-generation
large-throughput MOCVD reactors.

(6) We began characterizing gas-flow instabilities
using laser-deflection techniques. Flow instabilities are
believed to be a larger concern for GaN MOCVD because the
growths are typically performed at high pressures and
temperatures.

(7) We began development of new in situ temperature
monitoring using emissivity-corrected pyrometry for GaN
MOCVD.

(8) We developed a new concept for significantly
improved light extraction in LEDs and began collaborating
with a private company to realize visible photonic lattices in
LEDs.

(9) We improved some important components (p-type
contacts, stress control for distributed Bragg reflectors
[DBRs], and more) for UV LEDs and VCSELs. We also
developed a rapid-turnaround process that cuts in half the time
to fabricate an LED for improved experimental efficiency.

(10) We characterized a triphosphor blend using
commercial inorganic phosphors for near-UV excitation and
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with good color rendering. We also began characterizing
semiconductor nanocrystals and developing encapsulation for
the nanocrystals.
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Interfacial Bioscience Grand Challenge (IBIG)
J. S. Schoeniger, M. J. Stevens, R. C. Hughes, A. R. Burns, M. M.
Young, S. M. Brozik. A. K. Singh, D. Y. Sasaki, M. D. Rintoul, R.
Behrens, Jr., G. H. Kruppa, M. Z. Hadi, J. M. Faulon, S. A.
Datwyler, J. Hong, R. B. Jacobsen, A. M. Highley, A. Slepoy

Molecular interactions in the membrane are critical to
the action of known biological and chemical warfare
(BW/CW) agents and are thus central to the development of
new detection approaches and drugs to block these agents.
Although a third of proteins in the genome are membrane
proteins, existing techniques can rarely determine their
structure. The development of techniques to analyze
membrane-protein structure and molecular interactions in the
membrane stands out as having major implications for
national security–related biotechnology programs. The
scientific goal of the Interfacial Bioscience Grand Challenge
(IBIG) is to have a major impact on—and to develop unique
experimental and computational capabilities for—the
understanding of membrane-protein structure and dynamics of
membrane-protein structural changes related to toxin action
and cell signaling. To reach this goal, the IBIG challenge will
integrate a core of technologies that can provide structural
and functional information about membrane systems at the
molecular level. The core technologies include (1) new
methods for protein structure determination using cross-
linking and mass spectrometry (MS), (2) a suite of novel
scanning-probe microscopies (SPM) combined with single-
molecule biophysical measurements, and (3) development of
state-of-the-art membrane-protein simulation capabilities
using massively parallel (MP) computers. 

The project is divided into three technical areas: (1)
structure, (2) simulation, and (3) imaging. The goals of these
cores are as follows: 

(1) The structure core uses a new method called MS3D
for elucidating membrane-protein structures, protein-protein
interactions, and protein-conformational changes at an
atomistic level. MS3D involves the specific chemical cross-
linking of small amounts of target proteins, followed by high-
resolution, high-sensitivity MS to extract interatomic-distance
information. 

(2) The image core uses Sandia’s strength in SPM to
examine protein structure, function mobility, dynamics, and
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interactions in the membrane at the single-molecule level.
Established Sandia capabilities include atomic-force
microscopy (AFM) and the use of SPM to measure molecular
forces. Because SPM requires planar samples, this technology
is well suited to studying membrane proteins, and a well-
established body of related scientific work exists. Sandia has
begun to develop new instruments allowing simultaneous use
of AFM and single-molecule spectroscopy or electrochemistry. 

(3) The simulation core involves using MP computers
and unique parallel codes to understand molecular dynamics
of membrane systems and protein modeling. 
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Materials Science and Technology

The “Self-Assembled Templates
for Fabricating Novel Nanoarrays
and Controlling Materials Growth”
project is facilitating the production
of tailored nanoscale materials
growth. The characteristics seen as
the structural dimensions of mater-
ials approach the nanometer level
are novel phenomena that have the
potential to revolutionize science,
materials, and next-generation
production. Current manufacturing
techniques are insufficient to achieve
this small scale. As a result, molec-
ular self-assembly has attracted a
great deal of interest since this
provides a possible spontaneous

mechanism by which nanometer-
sized arrays can be formed without
mechanical intervention. This work
led to graduate research awards from
the Materials Research Society and
the American Chemical Society.

The Materials Science and
Technology (MS&T) investment
area researches materials that
behave in a predictable manner
during all phases of their life cycle.
Research investigations focus on
advancing Sandia’s commitment to
microsystems; these microsystems
will utilize optical, electromechan-
ical, magnetic, and chemical func-
tions to sense, think, act, and com-
municate. Research efforts also
support the revolution in nanoscale
science and technology; this
research offers the opportunity to
build tailored materials and struc-
tures atom by atom. Technological
developments are expected that will
rival the impact of the transistor.
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Functional Materials for Microsystems:
Smart Self-Assembled Photochromic Films
A. R. Burns, J. A. Shelnutt, C. J. Brinker, D. Y. Sasaki, S. A. Kemme,
F. B. Van Swol

This project scientifically tailored “smart” interfacial
films and three-dimensional (3-D) composite nanostructures
to exhibit photochromic responses to specific highly localized
chemical and/or mechanical stimuli, self-assembled materials
that possess intense and environmentally sensitive optical
properties (absorbence, fluorescence), thus enabling their use
as detectors of specific stimuli and transducers when
interfaced with optical probes. The conjugated polymer
polydiacetylene (PDA) proved to be the most promising
material in many respects, although it has some drawbacks
concerning reversibility.

Throughout this work we used multitask scanning
probes (atomic-force microscopy [AFM] and near-field
scanning optical microscopy [NSOM]) offering simultaneous
optical and interfacial-force capabilities to actuate and
characterize the PDA, with localized and specific interactions
for detailed characterization of physical mechanisms and
parameters. In addition to forming high-quality mono-, bi-,
and trilayers of PDA via Langmuir-Blodgett (LB) deposition,
we were successful in using the diacetylene monomer
precursor as a surfactant that directed the self-assembly of an
ordered, mesostructured inorganic host matrix. 

Remarkably, the diacetylene was polymerized in the
matrix, providing a PDA-silica composite. The inorganic
matrix serves as a perm-selective barrier to chemical and
biological agents, and provides structural support for
improved material durability in microsystems. Our original
goal was to use the composite films as a direct interface with
microscale devices as optical elements (e.g., intracavity
mirrors, diffraction gratings), taking advantage of the very
high sensitivity of device performance to real-time dielectric
changes in the films. However, we were unsuccessful in these
efforts, mainly due to the poor optical quality of the composite
films.

We investigated the thermochromic transition of a
trilayer PDA film organized into crystalline domains on a
silicon substrate. We obtained spectroscopic ellipsometry and
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fluorescence intensity measurements with in situ temperature
control. PDA films exhibit a reversible thermal transition
between the initial blue form and an intermediate “purple”
form that exists only at elevated temperatures (303 K to 333
K), followed by an irreversible transition to the red form after
annealing above 320 K. We propose that the purple form is
thermally distorted blue poly-PCDA (10,12-pentacosadiynoic
acid) and may represent a transitional configuration in the
irreversible conversion to red. This hypothesis is supported by
the appearance of unique features in the absorption spectra for
each form, as derived from the ellipsometry measurements. 

Significant fluorescence emission occurs only with the
red form and is reduced at elevated temperatures while the
absorption remains unchanged. Reduced emission is likely
related to thermal fluctuations of the hydrocarbon side chains.
We have performed time-resolved fluorescence measurements
of the irreversible transition. Using a first-order kinetic
analysis of these measurements, we deduce an energy barrier
of 17.6 plus or minus 1.1 kilocalorie mol-1 between the blue
and red forms.

We report the self-assembly of conjugated
polymer/silica nanocomposite films with hexagonal, cubic, or
lamellar mesoscopic order, using polymerizable amphiphilic
diacetylene molecules as both structure-directing agents and
monomers. The self-assembly procedure is rapid and
incorporates the organic monomers uniformly within a highly
ordered, inorganic environment. Polymerization results in
PDA/silica nanocomposites that are optically transparent and
mechanically robust. Compared to the corresponding ordered
diacetylene-containing films prepared as Langmuir
monolayers or by LB deposition, the nanostructured inorganic
host alters the diacetylene polymerization behavior, and the
resulting nanocomposite exhibits unique thermo-, mechano-,
and solvatochromic properties. We believe self-assembly to be
an efficient general approach to the formation of conjugated
polymer/inorganic nanocomposites, wherein the inorganic
framework serves to protect, stabilize, and orient the polymer,
mediate its performance, and provide sufficient mechanical
integrity to enable integration into devices and microsystems. 

Due to poor film quality of the PDA/silica
nanocomposites and background fluorescence in LB films,
progress was limited in implementing PDA films as sensors in
microoptical systems. The observation that the blue form does
not fluoresce, whereas the red form does, enhances the optical
sensitivity of the films as they undergo the blue-red phase
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transformation in response to external perturbations. Thus, our
goal was to quantitatively determine the dynamic range of
fluorescence as the films underwent the transformation.
Starting with blue-phase films, we patterned red-phase regions
with a 10-minute deep-ultraviolet (DUV) exposure through a
photomask. We were surprised to discover that with 1 mW,
488 nm excitation, the excitation itself had a strong effect on
the blue regions: a five-minute exposure increased the
fluorescence intensity by a factor of approximately eight. Red-
phase regions were unaffected by laser exposure. Since the
blue-red conversion occurs thermally at greater than 60°C, we
do not think this effect is due to laser heating. However, our
results suggest that care must be taken to use very low powers
or short exposure times in any fluorescence-based sensor
using these films. When we excited the films for short
exposure times (10 sec), there was no detectable change in the
fluorescence of the blue-phase film with multiple exposures.
Under these conditions, the red-phase regions had only a 28-
times increase in fluorescence intensity over the blue phase.
This is a poor dynamic range and suggests that during initial
polymerization, some red-phase regions were created, thereby
giving the “blue” film a significant amount of fluorescence. 
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Innovative Experimental and Computational
Diagnostics for Monitoring Corrosion in
Weapons Environments
F. D. Wall, N. A. Missert, C. C. Battaile

Reducing the size scale at which we measure and
understand corrosion-based degradation pathways is of
primary importance to scientific stewardship of the enduring
stockpile. Central to this goal is to understand atmospheric
degradation of aluminum (Al)-based alloys. Galvanic
interactions play a primary role in atmospheric degradation
of (1) Al alloys due to electrochemically active second-phase
particles and (2) high-purity Al used in microelectronics due
to intimate contact with more noble metals (i.e., gold [Au]
bondpads). A mechanistic understanding of the atmospheric
electrochemical failure modes requires a precise spatial
description of potential and current within a corroding system.
Measuring the potential field and resulting current map on a
small-length scale in an adsorbed electrolyte is not possible
using conventional electrodes and measurement techniques.
Atmospheric electrochemical sensors must be coplanar and
physically oriented to reduce intersensor path lengths while
providing sufficient surface area for quantification of the
corrosion processes. Sandia has taken a two-pronged
approach to developing adequate electrodes. The first relies
on our expertise in nanoengineering techniques and yields
thin-film electrodes. The second uses more traditional
components such as thin-metal foils and small-diameter wires.

To measure the adsorbed environment independent of
the interfacial response of a metal electrode, it was necessary
to use inert materials and to design an electrode that exhibits
minimum parasitic capacitance. We used a combination of
lithographic techniques and careful sample design and surface
finishing to produce an electrode consisting of two parallel Au
traces. We fabricated the traces to have a long edge length to
maximize the signal, but a low cross-sectional area to
minimize interelectrode capacitance. We used electrochemical
impedance spectroscopy (EIS) to determine the frequency
response of the electrode as a function of relative humidity
(RH) from 1.5 percent to 85 percent RH. The data indicate the
ability to quantify the resistivity of the system at all measured
RH values. Solution resistance values extracted from the raw
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data indicate S-curve-type behavior as a function of RH.
These data demonstrate the ability to detect a critical RH for
enhanced electrochemical conductance; in this case, the
critical RH is approximately 30 percent.

We fabricated metal-foil electrodes and combination
metal-foil/metal-wire electrodes from Al and copper (Cu) to
measure the corrosion behavior of Al and galvanic corrosion
behavior of Al-Cu couples as a function of RH and
contaminant level. The galvanic couple experiments proved to
be extremely sensitive to minute currents flowing between the
Cu and the Al. Quantitative measurements of corrosion current
were made as a function of RH in the presence of 20 parts per
billion chlorine gas. The data clearly discriminate the system
behavior from 0 percent RH to 80 percent RH and indicate a
critical RH of 50 percent. Furthermore, the galvanic
experiment is extremely sensitive to localized degradation. We
also fabricated sensors using Al for both electrodes, either two
parallel foils or a parallel foil and wire combination. We used
both sensors to determine the ability to intentionally perturb
the system and measure localized breakdown. We found that
imposing a current and measuring the potential response
provided a sensitive means of detecting breakdown. Transients
in the potential trace correspond to oxide rupture and
repassivation. We found that the wire microelectrodes (25µ
diameter) required either a much higher driving force or a
longer induction time for breakdown to occur when compared
to the much-larger foil electrodes. This result supports a
statistical description for breakdown on small features under
atmospheric conditions (e.g., microelectronics failures).

Our results demonstrate that electrochemical
measurements are a viable means of making quantitative, in
situ measurements under mildly accelerating atmospheric
conditions. Based on the current work, it will be possible to
implement in situ monitoring in atmospheric studies, better
characterize the conditions leading to accelerated damage, and
provide insight into the mechanisms of degradation.
Furthermore, the sensor technology that we have developed
provides a stepping-stone for the design of early-warning
corrosion sensors.
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Self-Healing Molecular Assemblies for
Control of Friction and Adhesion in MEMS
M. T. Dugger, M. J. Stevens, D. Y. Sasaki, G. S. Grest

Control of friction and wear between moving,
contacting parts of micromachines is necessary to advance
their performance and lifetime. Current surface treatments
that reduce adhesion to improve fabrication yield use
covalently bound self-assembling monolayers (SAMs) of short
linear molecules. These films are prone to progressive and
irreversible damage under shear force during device
operation, due to chemical cleavage from the surface or in the
molecular chain. 

A small team of experts in tribology, chemistry,
nanoscale probes, and molecular dynamics (MD) simulation
has attempted to develop a new class of SAM lubricants for
micromachines. These lubricants would offer self-healing
properties from damage incurred during machine operation,
and a built-in mechanism to release shear energy through
reversible chemical cleavage. 

One example of such a lubricant is a self-organizing
liquid crystalline (LC) material with built-in functionality for
strong surface attraction to maintain a uniform surface
coverage, and a lamellar structure that will absorb friction
forces between the noncovalently interacting layers. Sandia
has used both new and existing advanced scanning probe
techniques to study nanoscale adhesion, friction, and
structural properties of the films and the kinetics of damage
repair. We used existing specially designed micromachines
with isolated tribological contacts to quantify friction and
wear performance for microsystem applications. We advanced
MD simulation methods to study the effect of molecular
structure and defects on shear properties at the interface.

Synthesis and performance investigations focused on
two candidate materials developed earlier in this project.
Amphiphile synthesis focused on double-tail molecules that
exhibit thermotropic LC behavior. We have demonstrated
spreading of these molecules on flat surfaces. Low-surface-
energy, nonfunctional perfluorinated polyethers do not form
ordered molecular structures, but do show good lubricating
behavior. These films were deposited on silicon and found to
form conformal coatings. A detailed characterization of the
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friction of the amphiphiles and perfluoropolyethers using pin-
on-disk and scanning probe methods showed a friction
coefficient below 0.2 on flat surfaces. A detailed examination
of these lubricants in actual microelectromechanical systems
(MEMS) structures showed that only the perfluoropolyether-
lubricated devices exhibited low friction in the actual MEMS
structure.

By starting with a disordered system and determining
whether the system would reassemble, we assessed the ability
of amphiphile systems to reassemble in MD simulations.
Results show that insufficient density leads to defects in the
surface lamellae. The ideal system would spread to cover as
much surface as possible. We investigated hyperbranched film
behavior by constructing a polymer network with a gradient of
branches.

Sandia National Laboratories LDRD Annual Report 2001 457

A detailed examination of

these lubricants in actual

microelectromechanical

systems (MEMS) structures

showed that only the

perfluoropolyether-lubricated

devices exhibited low friction

in the actual MEMS structure.

Refereed
Dugger, M. T. 2001. “Microtribology and
Microelectromechanical Systems (MEMS).” (Invited)
Paper presented to the STLE 2001 Annual Meeting,
Orlando, FL, 20 June.

Dugger, M. T. 2001. “Quantification of Friction in
Microsystem Contacts.” Chapter in book
Nanotribology: Critical Assessment and Research
Needs (Klewer), accepted.

Dugger, M. T., and S. V. Prasad. 2000. “Surface
Treatments for Microsystems: Coating Issues and
Tribological Measurement Methods.” Paper presented
to the Fall 2001 Meeting of the Materials Research
Society, Boston, MA, 26 November.

Garcia, C. R., R. J. Salzbrenner, M. T. Dugger, and T.
E. Buchheit. 2001. “Behavior and Reliability of
MEMS Through Tensile Testing and Friction and
Wear Testing.” Paper presented to the 6th Annual
Student Symposium, Albuquerque, NM, 9 August.

Lemieux, C. M., R. J. Salzbrenner, and M. T. Dugger.
2001. “Friction Behavior of OTS Monolayers Upon
Interaction with Scanning Probe.” Paper presented to
the 6th Annual Student Symposium, Albuquerque,
NM, 9 August.

Other Communications
Dugger, M. T., T. E. Buchheit, and S. V. Prasad. 2001.
“Tribology and Mechanics of Microsystem Materials.”
Briefing on Tribology and Mechanics Capabilities to
DARPA, Albuquerque, NM, 15 June.



10303

Linking Atomistic Computations with Phase-
Field Modeling
J. J. Hoyt, F. M. Hosking, V. Tikare

The phase-field model (PFM) has proven to be a very
powerful tool for modeling microstructural evolution during
complex materials-processing techniques. Although the
method can be used to study grain growth and particle
coarsening, the PFM is particularly effective in predicting
dendrite formation and solute redistribution during
solidification and is therefore very useful in the numerical
modeling of joining operations—welding, soldering, and
brazing. To date, most of the work utilizing the phase-field
concept has focused on the development of the numerical
technique and the study of generic microstructures;
microstructure modeling applied to specific alloy systems has
been rare. The lack of direct comparison between model
predictions and actual microstructures in real alloys stems
from the fact that many materials parameters—mobilities, free
energies, surface energies, gradient energy coefficients, etc.—
are required as input in the PFM, and often these parameters
are difficult to obtain experimentally. Sandia’s purpose in this
project is to employ atomistic calculations to obtain numerical
values of all parameters necessary to model microstructural
evolution. 

The microscopic solvability theory of dendritric
solidification demonstrates that anisotropy in the solid-liquid
interfacial free energy and/or the kinetic coefficient, although
very small, determines the shape and velocity of dendrites that
form during solidification of a supercooled pure material or a
supersaturated alloy. We succeeded in developing a molecular
dynamics (MD) technique capable of resolving the small
anisotropy in the interfacial energy and applied the technique
to copper (Cu), nickel (Ni), gold (Au), silver (Ag), and lead
(Pb). Our method is based on monitoring the fluctuations in
the position of the solid-liquid interface during an MD
simulation.

The kinetic coefficient is the proportionality constant
between the velocity of a planar solidifying interface and the
undercooling. We developed a free-solidification MD
technique that measures the solid-liquid boundary position as
a function of time as the entire system is held at some
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specified temperature below the melting point. The resulting
velocity versus undercooling behavior yields directly the
kinetic coefficient. We applied the free-solidification results to
the 100, 110, and 111, and find an anisotropy between
100/110 of 17 percent, a value that is about an order of
magnitude larger than the anisotropy in interfacial energy. In
addition, we compared the temperature dependence of the
solidification rate for all the elements studied to the model due
to Broughton, Gilmer, and Jackson, and found quite good
agreement for the case of 100 and 110. Experimental
verification of our MD approach was achieved in a recent
study. Using the values of anisotropies computed in our study,
Bragard, et al., performed phase-field calculations of dendrite
growth in Ni. With no adjustable parameters, the results
showed very good agreement with experiment for the
dendrite-tip velocity versus undercooling data.

We are extending the atomistic simulation techniques
to the case of binary alloys. We combined Monte Carlo
techniques with thermodynamic integration methods to
compute the bulk concentrations and densities for the solid
and liquid phases in two-phase equilibrium in the Cu-Ni
system. The equilibrium properties allow for the equilibration
of a solid-liquid simulation cell. We computed the density
profiles across the solid-liquid boundary and the Gibbsian
adsorption of Cu relative to Ni for the 100 and 111
orientations.
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A Combinatorial Microlab Investigation of
Critical Copper-Corrosion Mechanisms
J. C. Barbour, J. W. Braithwaite, K. R. Zavadil, J. P. Sullivan, A. F.
Wright, W. G. Breiland, N. A. Missert, M. J. Campin

A physics-based understanding of atmospheric
corrosion is an important aspect in developing the capability
to predict stockpile reliability. Corrosion modeling is hindered
by limited knowledge of primary mechanisms and large
numbers of coupled chemical reactions, which depend on
complex interactions of materials with environment and
functionality. This multidimensional problem requires
fundamentally new experimental approaches that can provide
timely quantitative information on critical phenomena
occurring in corrosion-phase space. 

Sandia is combining parallel miniature
experimentation with ultrasensitive microanalytical techniques
to efficiently explore this phase space and to identify
mechanisms and kinetics for copper (Cu) sulfidation in the
Microdomain Laboratory. This approach differs from
convention by focusing on microscopic-length scales, the
relevant scale for corrosion. Combinatorial experiments
(arrays of microlabs) will quantify the direct and synergistic
effects of morphological and metallurgical variables (e.g.,
alloying, defect density in the Cu oxide [CuO] and bulk,
diffusivities, porosity), environmental variables (e.g., sulfur
[S] content in air, light exposure, water-droplet size,
distribution versus humidity), and functionality (e.g., electric
current conduction). Novel diagnostics include conductivity
microsensors to locally quantify pH, pO2, and pH2S, in situ
electrical conductivity, light scattering to monitor real-time
evolution of corrosion reactions, local ion-selective
potentiometric monitoring of reaction products, and,
ultimately, microcalorimetry sensors. This project enables a
new and rapid approach to determine physical models for
complex chemical processes of key importance to Department
of Energy technology needs.

Our accomplishments include (1) the measurement of
sulfidation activation energies as a function of relative
humidity (RH), (2) the discovery of the effect that light
enhances the sulfidation rate, (3) the identification of longer
sulfidation induction times at lower humidities, (4) the
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implementation of in situ optical measurements of sulfidation,
and (5) the transmission electron microscopy (TEM) analysis
of the sulfide-layer microstructure. 

The sulfidation activation energies gave clues to the
different primary growth mechanisms at low and high RH. For
thicker sulfide layers (beyond about 150 nm) at high RH, the
growth mechanism is limited by solid-state diffusion as
evidenced by the square root of time dependence for the
thickness. The initial sulfide layer at low RH grew linearly
with time and an activation energy between 0.03 eV and 0.18
eV. This behavior is consistent with gas-phase diffusion-
limited growth. The activation energy at low RH was 0.34 eV,
which is consistent with mixed kinetic mechanisms of surface-
reaction–limited, solid-state transport-limited, or gas-phase
transport-limited growth. Furthermore, the sulfide layer
thickness grew linearly with time, out to thicknesses of many
micrometers, and never showed a transition to square root of
time dependence (as in the high-RH case). The discovery that
light could speed the sulfidation of our samples in the linear
time-dependence regime indicated that increased electron-hole
generation sped the reactions involved to form the sulfide
layer. Copper sulfide (Cu2S) is a p-type semiconductor, and,
therefore, the generation of excess electrons enhances the
sulfidation rate. 

Finally, TEM of cross-sectioned samples demonstrated
the primary difference in microstructure between the low- and
high-RH sulfide layers. At high RH, the initial grains formed
were small (about 2 nm–5 nm in diameter), and then larger
grains grew (about 100 nm wide) when the sample
transitioned from the linear growth regime to the square root
of time-growth regime. At low RH, the initial grains were
typically large (about 100 nm) and remained large throughout
the sulfidation.
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Self-Assembled Templates for Fabricating
Novel Nanoarrays and Controlling Materials
Growth
A. K. Schmid, N. C. Bartelt, P. J. Feibelman, N. A. Missert, R. Q.
Hwang, K. R. Zavadil, M. E. Bartram, C. J. Brinker

Novel, exciting phenomena that have the potential to
revolutionize science, materials, and next-generation
production methods are manifested as structural dimensions
approach the nanometer level. However, advances in
lithography are insufficient to achieve this feature scale. As a
result, molecular self-assembly has attracted a great deal of
interest since it provides a possible spontaneous mechanism
by which nanometer-sized arrays can be formed without
mechanical intervention. Although these “low-tech” processes
are highly dependent on system/material specifics, Sandia
proposes that new techniques and the underlying science can
be developed in a manner that extends the natural order of
self-assembling systems. Our approach is based on previous
work in which we fabricated templates of unprecedented size
and regularity. These templates will then be applied to form
nanoarrays based on a wide range of materials with tunable
properties and nanoscale selective-area overgrowth patterns
for improving the materials quality of thin films.

We studied the influence of various amphiphilic
structure-directing agents (e.g., surfactants, diblock and
triblock copolymers) on the size, orientation, and connectivity
of pores of the corresponding thin-film mesophases prepared
by evaporation-induced self-assembly (EISA). To increase the
“transparency” of the films to chemical vapor deposition
(CVD) infiltration, we explored the use of polystyrene-
polyethylene oxide (PEO-PS-PEO) triblock copolymers as a
means to increase the pore size from about 2.5 nm (previously
obtained for surfactant-templated films) to about 20 nm. We
also employed a soft lithographic procedure, micromolding, in
capillaries as a means to spatially define the films on the
substrate surface. The idea was that both the mesoscale pore
size and macroscale feature sizes could influence the
subsequent CVD infiltration step. We also continued to
explore the aerosol-assisted self-assembly process as a means
to make extremely thin films, again to enhance their
transparency. 
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Initial studies of silicon dioxide (SiO2) films on
sapphire did not produce films with nanosized holes suitable
for epitaxial lateral overgrowth (ELO) growth. In lieu of more
substrates, we continued to pursue our studies of the kinetics
that control ELO, using patterns as small as 1µ. From this
work, we obtained facet-dependent growth kinetics for five
different crystal faces as a function of temperature and V-III
ratio. These studies provide insight into how growth would
proceed from templates such as those produced by sol-
gel–based SiO2.

We investigated the effects of sulfur interactions with
copper (Cu) using variable-temperature scanning-tunneling
microscopy (STM). We monitored the process of mass
transport. We imaged motion of nanoscale features with time
resolution that permits the identification of key processes in
the assembly of Cu structures.
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Wetting and Spreading Dynamics of Solder
and Braze Alloys
G. L. Kellogg, R. Q. Hwang, N. D. Shinn, G. S. Grest, F. M.
Hosking, F. G. Yost, E. B. Webb, III, D. R. Jennison, J. J. Stephens,
Jr.

This project has two purposes: (1) to develop a
scientific understanding of the microscopic processes that
control wetting and spreading dynamics in materials systems
related to soldering and brazing, and (2) to design improved
active-braze alloys by investigating the thermodynamic
aspects of reactive wetting of eutectic silver (Ag)-copper (Cu)
alloys on ceramic substrates. 

The first task exploits new advances in experimental
surface techniques and atomistic modeling methods to study
wetting and spreading phenomena on length scales that range
from angstroms to microns. Sandia uses the unique imaging
capabilities of the low-energy electron microscope (LEEM)
and scanning-tunneling microscope (STM) to characterize the
interfacial region when materials such as lead (Pb) and tin
(Sn) are deposited on Cu surfaces. We determine the atomic
structure of the surface phases that form and characterize the
transitions between phases. We also use LEEM to observe the
spreading behavior of small molten droplets on fully
characterized metal surfaces. We then use results from these
studies to test the validity of atomic potentials being
developed to simulate the dynamics of wetting and flow. We
currently have accurate, empirical potentials that we are
applying in large-scale simulations involving Pb, Cu, and Ag. 

In the second task, we are developing new active-
metal-braze alloy compositions based on thermodynamic
considerations and testing the proposed materials for
improved performance. The goal is to achieve strong hermetic
seals in the brazing of kovar to alumina. 

The two tasks merged with our successful LEEM
studies of model alumina oxides grown on NiAl substrates and
our investigations of empirical potentials for Sn, vanadium
(V), and titanium (Ti). Fundamental investigations of active-
braze materials on model alumina surfaces under well-
controlled conditions and realistic simulations will provide a
science-based approach for the design of improved active-
braze materials.
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To investigate the role of Sn in promoting the wetting
of Pb on Cu surfaces, we initiated experiments with the
LEEM in which Sn was either pre-deposited on the Cu surface
or co-deposited with Pb. We found that Sn growth on Cu at
elevated temperatures exhibits interesting behavior in itself,
with the formation of subsurface dislocation features and
diffusion of Sn into the bulk. In the co-deposition studies, we
found Sn to have a significant effect on the evolution of Pb
self-assembled structures of Pb on Cu(111). The degree of the
effect varies from small variations in the temperature at which
meta-stable stripes become droplets to the formation of totally
new atomic arrangements.

In our simulation studies, we used our previously
developed empirical potentials for Pb and Cu to tune the
interaction between Cu and Pb so as to reproduce the relative
stability of submonolayer surface alloy phases observed in
LEEM experiments. This potential permits investigation of Pb
drops wetting and spreading on Cu substrates. We also
performed a thorough investigation of Ag drops spreading on
Cu(100) substrates via atomistic simulation. These are the first
such simulations where alloying reactions were permitted to
occur during spreading. We examined the structural
progression of the interfacial region along with corresponding
kinetics. These simulations provide a contrast to spreading in
a nonalloying system, Pb on Cu. 

In ultrahigh-vacuum experimental studies of metal
wetting and flow on oxide surfaces, we deposited Cu and Ag
on titanium-dioxide (TiO2) substrates and studied them with
the STM. Rather than growing laterally and covering the
substrate (i.e., two-dimensional growth), the Cu and Ag
islands grew upward to form islands with high-aspect-ratios.
We observed a striking behavior in the dependence of island
size and density on metal dose, namely, the metal islands grew
to a temperature-dependent size and then essentially stopped
growing. 

In our studies to develop improved active-braze alloys
for kovar-to-alumina seals, we investigated Ag-2 wt.% (silver
2 percent by weight) zirconium (Zr) and Ag-3.4 wt.% (silver
3.4 percent by weight) hafnium (Hf) eutectic alloys. These
brazes are more thermodynamically stable and should lead to
better wetting and interface coverage than the commercial
brazes studied in the past. Experiments showed that not only
did the Ag-Zr alloy react and wet more completely, but also
that it could be brazed in vacuum as well as in hydrogen. This

Sandia National Laboratories LDRD Annual Report 2001 465

In our simulation studies, we

used our previously developed

empirical potentials for Pb

and Cu to tune the interaction

between Cu and Pb so as to

reproduce the relative stability

of submonolayer surface alloy

phases observed in LEEM

experiments. This potential

permits investigation of Pb

drops wetting and spreading

on Cu substrates. We also

performed a thorough

investigation of Ag drops

spreading on Cu(100)

substrates via atomistic

simulation. These are the first

such simulations where

alloying reactions were

permitted to occur during

spreading.



lends manufacturing flexibility to the Sandia products that
may utilize it. Zirconia is well known to be a more stable
oxide than alumina at temperatures greater than approximately
1000 K, which is below the brazing temperature. To be
prepared for the potential instability of zirconia below 1000 K,
we also developed the Ag-Hf alloy. Hafnia is more stable than
alumina at all temperatures. We completed reaction
thermodynamic calculations for the Zr alloy, but the available
thermodynamic data for Hf reactions is extremely scarce. We
filed a Technical Advance for these alloys.
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Improved Materials-Aging Diagnostics and
Mechanisms Through 2-D Hyperspectral
Imaging Methods and Algorithms
D. M. Haaland, R. Bernstein, D. K. Melgaard, E. V. Thomas, J. A.
Timlin, C. M. Wehlburg, F. W. Koehler, M. H. Van Benthem

Twenty years ago, Sandia developed new quantitative
multivariate spectral analysis methods that caused a quantum
leap in the capabilities of quantitative spectroscopy over
previous univariate methods. By combining the massive
amounts of data generated using new commercial two-
dimensional (2-D) infrared (IR) imaging spectrometers with
the Sandia invention of powerful new hyperspectral
information extraction algorithms, we developed the ability to
perform quantitative spectroscopy without the need for
calibration standards. We can now rapidly obtain 2-D spectral
images of aging polymeric and energetic materials (EMs) and
directly extract pure-component spectra of all spectrally
active chemical species in samples, which include the spectra
of degradation products. We improved the methods by
employing a fast initial method to estimate better starting
points for our iterative techniques. We explored using our
prediction-augmented classical least-squares (PACLS)
algorithms in the quantitative analysis of hyperspectral
images (HSI) without standards. We evaluated our new
generalized-augmented classical least-squares methods for
their relative improvement over standard classical least-
squares methods. 

Through this new work, we have directly impacted
materials-degradation diagnostics by improving our ability to
distinguish multiple aging mechanisms, and by improving IR
sensitivity and chemical selectivity. By implementing new
equality constraints into the methods and by greatly
enhancing the speed of the algorithms, we improved the
multivariate-curve-resolution (MCR) algorithms that are the
basis of quantitative spectral analysis without standards. The
chemical specificity and spatial mapping of IR spectroscopy
has allowed us to quantify degradation products of neoprene
to help understand degradation mechanisms, kinetics, and
diffusion. In our prior work on this project, we met and
exceeded our original goals. We greatly enhanced and
programmed new proprietary algorithms for improved
spectral image analysis on both single-processor personal
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computers (PCs) and parallel-processor computers, tested
them on various datasets, and demonstrated their impact
when applied to the image spectral data from aged materials
of importance in the Stockpile Stewardship Program.

Our rapid success at achieving quantitative analysis
without standards for real aged samples placed us ahead of
our original goals for this project. We investigated the
usefulness of adding a SIMPLISMA (Simple-to-Use
Interactive Self-Modeling Mixture Analysis) front end on the
MCR algorithm. Because MCR performs faster when given
good initial estimates in the iteration, and because it is less
likely to fall into a local minimum solution, coupling the fast
SIMPLISMA with the more flexible MCR algorithm sped up
the computation by reducing the numbers of iterations
required for convergence in the MCR algorithm. 

In an unanticipated advance, we determined how to
implement equality constraints into the MCR algorithm using
the PACLS method. In the literature, equality constraints in
MCR have been implemented incorrectly. We implemented a
new method of applying equality constraints for pure-
component spectra of chemical species and system artifacts
known to be present in the HSIs of a given sample. We also
tested new MCR methods with simulated and real HSI data to
demonstrate the usefulness of the new methods.

We also developed a series of generalized-augmented
classical least-squares algorithms. We submitted two journal
papers and two patent applications on the methods. These
methods are known as spectral-residual-augmented classical
least-squares (SRACLS), scores-augmented classical least-
squares (SACLS), and concentration-residual-augmented
classical least-squares (CRACLS). All three algorithms are
fast and yield prediction accuracy that appears to be as good
as or better than our proprietary hybrid algorithm. Therefore,
we spent time and effort exploring the properties of these
algorithms for HSI analysis. We tested the algorithms with
simulated spectral data and found them to perform as well as
the hybrid algorithm and the standard partial least-squares
algorithm when all added spectral and concentration noise is
random. We may expect to find advantages when correlated
errors are present, but this correlated error simulation was
beyond the scope of this project. The new methods have
advantages in speed of updating the models and in
interpretation of the pure-component spectral estimates. In
addition, we found that we can use repeat-image spectra and
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the PACLS method to correct for the detrimental effects of
correlated noise and nonconstant noise variance in the data.
We showed that this new approach outperforms the maximum
noise fraction (MNF) transform method developed for satellite
HSI analysis. However, we investigated a further extension of
this approach in other work and found it to yield even better
results than the approach that used PACLS in the HSI analysis.

Finally, we pursued the coupling of spectral and spatial
information in the sample during the analysis of HSIs of real
samples. We found that the use of scores from the eigenvector
analysis of spectral image repeats allows us to correct for the
spatial representation of instrumental artifacts.
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Microscale Shock-Wave Physics Using
Photonic Driver Techniques
R. E. Setchell, A. V. Farnsworth, Jr., W. M. Trott

Sandia’s goal for this project is to establish a new
capability for conducting shock-wave physics experiments at
low per-experiment costs through a reduction in experimental
length and time scales. Applications would involve either
bulk-processed materials with minimal dimensions or
microscale materials that can be made only with sample
dimensions that are too small for conventional experiments.
This new capability, which is based on Sandia’s earlier
development of laser-driven optical detonators, utilizes the
rapid absorption of optical energy from a large, Q-switched,
solid-state laser to accelerate a small planar disk of a
material of interest (a launch process known as photonic
driving). The disk (or “flyer”) subsequently impacts another
material, generating in both materials shock waves having
amplitudes and durations that depend on the properties of the
two materials, the impact velocity, and the disk thickness. 

Subnanosecond interferometric diagnostics (based on
an optically recording velocity interferometry system, or
ORVIS) were developed previously to examine the motion and
impact of laser-driven flyers. To address a broad range of
materials and stress states, photonic driving levels must be
scaled up considerably from optical detonator conditions.
Higher photonic driving levels, however, require special
beam-shaping optics and raise concerns over laser-induced
damage in the optics and thermally driven phase transitions in
the laser-accelerated materials.

We previously attained the goal of achieving an order-
of-magnitude increase over detonator conditions, addressed
flyer-fabrication issues, and extended photonic driving levels
to two orders of magnitude above optical detonator conditions.
We designed and fabricated a diffractive optic to avoid laser-
induced breakdown while injecting the laser beam into a
large-core optical fiber that spatially homogenized the beam
intensity. We imaged the fiber output onto an optical substrate
to provide a uniform intensity distribution over the flyer
launch surface. We significantly updated a CTH-based
hydrocode used previously for optical detonator development
and used it to assess design options for flyers and targets. We
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examined different flyer boundary conditions (BCs)
experimentally to assess loss mechanisms that could reduce
acceleration efficiencies. 

Next, we addressed both the practical applications of
that initial capability and the extension of photonic driving
levels to two orders of magnitude above optical detonator
conditions. The applications of interest required significant
efforts to fabricate flyer assemblies for studying
polycrystalline silicon and to utilize bulk-processed materials
in validation experiments. We used a new line-imaging
ORVIS system to examine flyer planarity during acceleration.
A capability for fast-framing photography was added to a
second photonic driver system to qualitatively assess lateral
plasma motion and flyer integrity issues. To achieve our goal
for photonic driving levels, we designed a new diffractive
beam-shaping optic for open-air beam delivery specifically for
the lasers used in this project.

Most recently, we evaluated several custom designs of
diffractive beam-shaping optics, continued to address sample
fabrication issues, and conducted a series of validation
experiments on both bulk and thin-film materials with well-
established shock properties. We now have achieved the
project’s most substantial results. To obtain shock Hugoniot
properties for a material of interest, “reverse-impact”
experiments are necessary in which a disk of this material is
laser-accelerated and impacted into a window material having
well-established shock properties. By measuring the flyer
impact velocity and the subsequent velocity of the impact
interface, a direct measurement of a Hugoniot state for the
flyer material can be obtained. For material samples that are
tens of microns or more in thickness, a single ORVIS streak
camera can adequately record both the flyer acceleration
history and the subsequent velocity history of the impact
interface. We conducted a number of these experiments using
2.5 mm diameter, 0.1 mm thick flyers made from bulk-
processed 6061-T6 aluminum (Al), which has been
extensively characterized in conventional gun experiments.
We measured shock Hugoniot states for axial stresses from 1.9
to 8.6 GPa that agreed with conventional measurements to
within 2 percent. These experiments utilized the best of
several custom designs of diffractive beam-shaping optics. 

For studies of material samples that can only be made
in smaller thicknesses, the ORVIS system must be modified to
add a faster second-streak camera that records only the impact
event. With this modification completed, we conducted thin-
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film validation experiments by accelerating 12.7µ thick
samples of polyimide bonded to 0.1 mm thick Al flyers. The
resulting Hugoniot states were consistent with conventional
measurements on thicker samples of this material. Attempts to
use this capability on 4µ thick films of polycrystalline Si were
frustrated by difficulties in fabricating good-quality films on
small metallic flyers. The best films were obtained on 30µ
thick molybdenum (Mo) flyers, but experiments with these
assemblies resulted in poor ORVIS records, indicating that the
films were not surviving the acceleration process. 

We used the modified version of the CTH hydrocode
to examine these experimental conditions. This two-
dimensional hydrocode had been successful in simulating the
results with 6061-T6 Al flyers and had also been used to
assess the consequences of nonplanar laser profiles.
Simulations of the polysilicon experiments showed excessive
thermal transport through the Mo flyer. Although there was
insufficient time for an experimental demonstration, the
simulations indicated that a 10µ thick layer of alumina added
to the base of the flyer would have minimized this difficulty.
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Next-Generation Output-Based Process
Control: An Integration of Modeling, Sensors,
and Intelligent Data Analysis
R. A. Neiser, Jr., E. V. Thomas, R. C. Dykhuizen, F. W. Spencer, D.
M. Haaland

The goal of process-based quality is to accept War
Reserve (WR) product without inspection. For simple
processes, traditional feedback control of process input
variables might achieve this goal. However, input-based
(upstream) control systems are a major source of Defense
Program production problems for complex processes, because
it is impractical, if not impossible, to understand and control
all of the factors that affect process output. With recent
advances in sensor technology, process modeling, intelligent
data analysis, and computing power, a broadly applicable
next-generation control technology that monitors and controls
process output rather than input may now be possible.

Substantial technical challenges must be overcome to
realize this goal. For real-time, output-based (downstream)
process control, it is necessary to rapidly interpret and
correctly respond to large amounts of temporally and spatially
varying data, which requires an innovative new approach to
data analysis. Highly complex relationships between process
inputs and outputs must also be correctly modeled, and cost-
effective robust sensors must be developed. In addition,
relationships between sensor observations and product
microstructure, properties, and performance must be
understood and integrated into the control system.

For some complex processes, e.g., thermal spray, a
first-generation downstream process controller based on in-
flight monitoring and control of the spray plume may be
achievable because some of the requisite technology already
exists. For example, we already have considerable expertise in
state-of-the-art diagnostic sensors and process modeling. To
extract needed information from large, rapidly varying,
complex data in real time, we will build upon concepts
developed for Chem-Lab-on-a-Chip to create a new statistical
methodology that combines response surface modeling with
multivariate statistical process control (SPC) and a modified
simplex search algorithm that incorporates the concept of
dynamic annealing.
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The most important work on this project was to
continue testing different approaches to feedback controlling
particle temperatures and velocities in the thermal spray
process. We previously developed and tested a modified
simplex search method. While the modified simplex method
worked, recent testing revealed that its response time to
system drift was not always fast enough and that it could have
difficulty converging to an adequate solution in a timely
fashion. While it may be possible to improve the temporal
performance of the modified simplex, we decided that testing
a Jacobian-based proportional-integral-derivative (PID)
control scheme offered more potential. 

We derived a generalized solution to determine the
control vectors (i.e., the Jacobian matrix) to be used for a
system in which the number of process inputs is either greater
than or equal to the number of process outputs to be
optimized. The extra degrees of freedom that exist if the
number of inputs exceeds the number of outputs can be used
in a number of useful ways; for example, one can choose the
set of control vectors that have the shortest length and
therefore require the least adjustment of the system to achieve
the desired result. The special case of using up to three
process inputs (three gas-flow rates) and two process outputs
(particle temperature and velocity) was written into a
LabView code for controlling a wire-fed flame spray process.
In addition to determining the gas control vectors to be used,
it was also necessary to determine the P, I, and D constants
that provide stable system performance using a traditional
Ziegler-Nichols method.

We tested the Jacobian-based PID control scheme
extensively on the wire-fed flame spray system using copper
wire as the feedstock material and an Accura Spray Sensor
from Tecnar to provide real-time particle temperatures and
velocities. The results of this testing were very encouraging.
The system response time was substantially improved over the
simplex search approach. The response time is essentially
limited to how quickly the gas flows can be adjusted. In
addition, we demonstrated that the new control scheme was
readily capable of correcting the two major sources of process
drift that have been identified: torch hardware exchanges and
improper centering of the wire in the flame. 
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As a result of the successful testing of the new control
scheme, we decided to transfer this feedback-control approach
to the wire flame spray system being used to coat neutron
generators at Sandia. The new control scheme should be in
use on the production floor soon.
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Physical Basis for Interfacial Traction-
Separation Models
N. R. Moody, M. S. Kent, E. D. Reedy, Jr.

Many weapon components contain interfaces between
dissimilar materials where cracks can initiate and cause
component failure. In recent years, many researchers in the
fracture community have adopted a cohesive zone model for
simulating crack propagation based on traction-separation 
(T-U) relations. Sandia is implementing this model in its
Accelerated Strategic Computing Initiative (ASCI) codes.
There is, however, one important obstacle to using a cohesive
zone modeling approach: at the present time, T-U relations
are chosen in an ad hoc manner. 

The goal of the present work is to determine a physical
basis for mesoscale-level T-U relations. We proposed
experiments that would elucidate the dependence of such
relations on adhesive and bulk properties. Work will focus on
epoxy/solid interfaces, although the approach is applicable to
a broad range of materials. Sandwich-layered double-
cantilevered beam (SDCB) and free-surface film
nanoindentation fracture toughness tests will generate a
unique set of data spanning length scales, applied mode
mixities, and yield (plastic) zone constraint. We will define the
crucial roles of crack-tip plastic zone size and interfacial
adhesion by varying epoxy-layer thickness and using coupling
agents or special self-assembled monolayers (SAMs) in
preparing samples. We are probing the nature of the yield
zone in collaborative experiments run at the Advanced Photon
Source and will use high-resolution optical methods to
measure crack-opening displacements of the SDCB specimens. 

This work will provide an understanding of the major
mesoscale phenomena governing polymer/solid interfacial
fracture and will identify the essential features that must be
incorporated in a T-U–based cohesive zone failure model. We
believe that models using physically based T-U relations will
provide a more accurate and widely applicable description of
interface cracking than models using ad hoc relations.
Furthermore, these T-U relations will provide an essential tool
for using models to tailor interface properties to meet design
needs.
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We determined mode mixity and constraint effects on
interfacial fracture toughness, investigated a potentially viable
T-U relationship, and expect to image crack-tip deformation
zones soon. In addition, we made good progress on
understanding epoxy/solid interactions, design of tensile
fracture samples, and the development of techniques to
perform crack-growth simulations to assess potential T-U
relationships. The combination of nanoindentation and
stressed overlayers provided the capability to study mode
mixity and constraint effects on interfacial fracture of thin
epoxy films. 

The first results clearly showed that interfacial fracture
toughness decreased with decreasing film thickness and mode
mixity. We assessed the ability of a relatively simple, rate-
independent T-U relationship to simulate observed behavior.
Crack-growth simulations using this relationship showed that
there is a dramatic increase in the size of the yield zone and
the energy to propagate a crack along an epoxy/metal
interface with increasing amounts of shear loading. We made
several design iterations of a sample holder for in situ x-ray
scattering and diffraction of notched polymer samples under
load and are in contact with Advanced Photon Source staff to
acquire beam time for microfocusing x-ray–scattering
experiments. In related tasks, we designed a tensile brazil nut
(TBN) sandwich sample to give an 80° variation in applied
mode mixity in a specimen with a millimeter-scale epoxy
bond. This design provides a substantial advantage over other
common types of interfacial fracture samples. We also
developed a method for systematically varying interfacial
interactions in the TBN specimen, using mixed SAMs.
Finally, we developed the ability to sputter-deposit overlayers
with controlled thickness and stress levels. The result gives a
controlled approach to the study of interfacial fracture
processes.
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Diagnostics for Joining
Solidification/Microstructural Simulations
C. V. Robino, J. A. Brooks, J. R. Michael, A. C. Hall, T. J. Headley

Solidification is an important aspect of welding,
brazing, soldering, laser-engineered netshaping (LENS™)
fabrication, and casting. For these processes, solidification
affects and, in many instances, controls the final
microstructure and properties of the product. The current
trend toward utilizing large-scale process simulations and
materials response models for simulation-based engineering is
driving the development of new modeling techniques.
However, the effective utilization of these models and
simulations is currently limited by a lack of fundamental
understanding of the subprocesses and interactions involved.

In this project, Sandia is identifying key physical
phenomena in, and expanding and refining our mechanistic
descriptions of, solidification in the iron-chromium-nickel (Fe-
Cr-Ni) system. This alloy system displays a wide range of
behavior, is well known from a thermochemical perspective, is
of interest internally and externally, and strongly leverages
previous work. The experimental study is coupled to modeling
efforts focused on solidification processes in the same alloy
system and provides necessary mechanistic descriptions and
input data for these models. We developed and will continue
to refine new and expanded experimental techniques,
particularly those needed for in situ measurement of the
kinetic features of the solidification process. This approach
identified several unexpected features of the solidification
process, including the observation that the solidification front
is more dynamic than previously thought, and the observation
of a previously unreported orientation relationship between
ferrite and austenite.

In previous work, we demonstrated the suitability of
high-resolution optical techniques for studying solidification,
and our subsequent efforts concentrated on expanding the
capabilities of this technique. This expansion focused on four
areas: 

(1) Increasing spatial and temporal resolution, 
(2) Improving the observation environment,
(3) Extracting quantitative information from the video

records, and
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(4) Assessing data needs for modeling.
We installed a new high-speed video system with a

temporal resolution of 0.05 msec and improved spatial
resolution. An additional feature, automated antiblooming, is
advantageous in the harsh environment associated with
metallic alloy welding and solidification. We also purchased
an integrated data-acquisition system that can synchronously
collect 16 differential- or 32 single-channel external inputs
(e.g., travel stage acceleration, temperature, and arc current)
and associate these inputs with individual image frames. We
used the camera to observe weld melting and solidification
fronts at high spatial and temporal resolution.

Oxide formation during welding hampers our efforts
directed at solidification front imaging. We overcame this
difficulty by incorporating the imaging system into a glove
box workstation. We directed significant effort at extracting
quantitative information from the video records. In addition to
determination of dendrite arm spacings, we developed
algorithms for determination of dynamic quantities. We
determined the solid/liquid interface velocity as a function of
time for welds in 304L steel. The interface velocity was very
dynamic and was even negative under some conditions. The
causes for this dynamic behavior may include process features
(e.g., travel-speed irregularity or momentum transfer from the
arc), or they may be characteristic of thermal/solutal
interactions. These causes are under continuing investigation.
In any case, the velocity variations result in microstructural
variations that can be observed throughout the weld volume.
We accomplished measurements of the solid-liquid interface
velocity in a gas-tungsten arc (GTA) spot weld, and indicated
increasing velocity of the front as the spot solidified. Initial
attempts to observe the ferrite/austenite solidification mode
change were unsuccessful.

We did not pursue temperature field mapping because
of work by others.

In earlier studies we showed that in primary ferrite
solidified structures, austenite can either nucleate in the liquid
(F/A [ferrite] solidification), or in the solid at Ni-enriched
solidification boundaries (ferrite solidification [F
solidification]). The different mechanisms led to two basic
ferrite morphologies: skeletal and lathy. In the lathy
morphology, we identified two orientation relationships:
Kurdjumov/Sachs (KS) and Nishiyama/Wasserman (NW). No
orientation relationships had previously been reported in the
skeletal morphology other than closely aligned [100]
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directions of the two phases along the primary solidification
direction. We now have identified a new orientation
relationship in skeletal ferrite, of both parallel planes and
directions. Unlike the KS and NW orientations, this
orientation has never been reported for any ferrite/austenite
structures. We observed this structure in both welds and
LENS™ processes. In addition, in the LENS™ samples some
skeletal-appearing structures were found to exhibit the NW
orientation relationship; this, again, is new. We believe with
the small solidification size, interface breakdown leading to
the lathy structure does not always occur during the
transformation of ferrite to austenite, as is commonly observed
in conventional weld and cast structures. 

These findings provide insight into the complexity of
the solidification and solid-state transformations in austenitic
stainless alloys. Solidification cracking behavior of stainless-
steel alloys is also strongly tied to the mode of solidification.
These findings shed further light on the role interfacial
energies may play in preventing solidification cracking. These
observations are also extremely important in the support of
modeling and simulation of solidification processing of
stainless-steel alloys.
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Effects of Microstructural Variables on the
Shock-Wave Response of PZT 95/5
R. E. Setchell, J. A. Voigt, B. A. Tuttle, E. L. Venturini, M. U.
Anderson

Sandia has responsibility for the design and
production of explosively driven power supplies. These
devices utilize shock-wave depoling of the ferroelectric
ceramic PZT 95/5 (lead zirconate titanate) to provide a high-
voltage output. Production of these devices will change within
a few years to PZT 95/5 material prepared using a new “chem
prep” process that is still under development. This process
will introduce a porous microstructure that is significantly
different from that found within most material presently in the
stockpile. 

Early studies showed that the porous microstructure
can have a profound effect on performance. The rate for
failures due to high-voltage breakdown at low temperatures is
acceptably low only in materials made within a narrow
density range through the addition of organic pore formers.
More fundamentally, the dielectric and ferroelectric properties
of the material and the physics of the phase transformation
that governs the depoling process depend on microstructural
properties in ways that are not well understood. Consequently,
it is not yet apparent how to optimize microstructural features
in chem prep material, and microstructural effects cannot be
incorporated into current efforts to numerically simulate
device operation. 

This project represents the first systematic study of the
basic physics of microstructural effects on PZT 95/5
electromechanical behavior under shock-loading.

Studies focused on relatively homogeneous
microstructures in which the total porosity resulting from the
addition of Avicel pore formers was varied. We performed 19
gas-gun experiments on a suite of chem prep materials having
densities ranging from 6.98 g/cm3 to 7.65 g/cm3 (0.45 to 4.0
weight percent Avicel, respectively). 

A majority of experiments used samples from a
particular production-scale lot of chem prep PZT 95/5 powder
mixed with 1.8 weight percent of Avicel to yield samples
having an average density of 7.33 g/cm3. This density matches
that of a particular mixed-oxide batch having a very different
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void morphology (resulting from larger, spherical Lucite pore
formers) that has been extensively characterized under the
MAVEN Program. We chose experimental conditions to allow
current results at this density to be compared directly with
previous results from the mixed-oxide material. Shock
experiments examined the purely mechanical response of
unpoled material and the dynamic depoling of normally poled
samples over a range of shock pressures, under both short-
circuit and high-field conditions. The peak strain rate
experienced by a PZT 95/5 sample during shock-loading was
varied by impacting either a sapphire or alumina-filled epoxy
disc that preceded the PZT 95/5 sample in a target assembly.
The resulting wave transmitted into the PZT sample had a rise
time of either a few nanoseconds or several hundred
nanoseconds, respectively.

Comparisons with mixed-oxide experiments do not
show large differences in wave structure or depoling rates.
The corresponding chem prep material appeared to have
slightly slower phase-transition kinetics and released slightly
less total charge under a given shock-loading condition. Both
materials showed depoling rates that were sensitive to the
shock risetime, particularly at lower final stresses and higher
final fields. Experiments with chem prep samples at lower and
higher densities show that the total charge release during
shock transit decreases faster than linearly, with decreasing
initial density, probably due to local polarization effects that
depend on pore morphology. 

Reverse-impact experiments (in which an unpoled PZT
sample is impacted into a window material) using laser
velocity interferometry (VISAR [velocity interferometry
system for any reflector]) showed large differences in
Hugoniot properties over this density range. Transmitted
waveforms in unpoled and poled samples were also recorded
over the entire density range using laser velocity
interferometry and showed that the threshold stress for the
onset of pore collapse decreases very rapidly with initial
density. This observation has several significant implications.
If the final shock stress is above this threshold, the depoling
rate depends only on the threshold stress, not on the final
stress. During the operation of an actual power supply,
attenuating shock stresses are above this threshold for some
fraction of the shock transit through a PZT 95/5 element. The
material experiencing pore collapse is subsequently subjected
to a rapid unloading in which additional damage (such as
fracturing) can occur while still under a high electrical field.
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Recent experiments confirmed that significant conduction can
occur in this damaged material, leading to device failure. The
probability of this failure mechanism depends on the extent to
which material is subjected to the traumatic pore collapse and
unloading process. The lower the initial density of the PZT
95/5 element, the greater the amount of material that will
experience pore collapse. This explanation could be the basis
for the rapid rise in failure probability observed in power
supply applications if densities are lowered below a fairly
narrow range. 

Of course, remaining to be explained is the rapid rise
in failure probability as densities are raised above this range,
probably due to a different failure mechanism. This
observation underscores the importance of continuing to
examine the effects of the porous microstructure on the shock
response of PZT 95/5.

Sandia National Laboratories LDRD Annual Report 2001 485

Recent experiments confirmed

that significant conduction can

occur in this damaged

material, leading to device

failure.

Other Communications
Setchell, R. E., B. A. Tuttle, J. A. Voigt, and E. L.
Venturini. 2002. “Effects of Initial Porosity on the
Shock Response of Normally Poled PZT 95/5.” Proc.
12th APS Topical Conference on Shock Compression
of Condensed Matter—2001 (Atlanta, GA, 24–29
June), in press.



10742

Mechanisms of Dislocation-Grain Boundary
Interaction
D. L. Medlin, J. E. Houston, K. J. Gross

Incorporating the localized atomistic and microscopic
effects of internal interfaces on materials properties and long-
term behavior is a significant challenge for large-scale
materials simulations. An improved understanding of the
dislocation-grain boundary interactions that ultimately
control the interfacial response to strain is critical to
improving such models. Such interactions impact many
materials phenomena and properties, including slip
transmission, boundary migration, recrystallization, and yield
strength, and are a critical element in linking atomic structure
to continuum behavior. In this project, Sandia seeks to develop
an experimentally based understanding of these dislocation-
grain boundary interactions.

Our collaborator at Brown University grew and
delivered aluminum (Al) bicrystals, and we performed initial
structural characterization. We studied the core structure of a
dislocation responsible for grain boundary sliding at an Al
boundary using a high-resolution transmission electron
microscope (TEM) and related these measurements to
calculations of the grain boundary dislocation core widths,
based on first principles and classical elasticity. Together, the
experimental and theoretical results point to a remarkably low
energetic barrier for shear in the [111] direction on the
interface. 

Through in situ TEM experiments, we studied the
motion of grain boundary dislocations and their interaction
with grain boundary facet junctions. Our analysis showed how
repulsive elastic interactions drive interfacial dislocation
motion as a grain boundary rotates into a low-energy
coincidence orientation. 

We successfully related our experimental observations
of the relaxations at a [111]/[112] interface to atomistic
calculations and provided a critical test of a model of grain
boundary structure in terms of an array of Shockley partial
dislocations (SPDs). Our results have enabled us to generalize
the SPD model to describe [110] tilt boundaries over a
misorientation range of 50.5° to 109.5°.
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Functional Materials for
Electrochemomechanical Actuation of
Microvalves and Micropumps
J. R. McElhanon, L. L. Whinnery, Jr., S. H. Goods, D. A. Chinn

The development of integrated microsystems for
Defense Programs applications, chemical sensing, and
medical devices is generally recognized to require fast and
efficient microactuators that can function as valves and
pumps. Conventionally actuated devices can affect the
operating characteristics of microsystems and cannot be
miniaturized without significant loss of performance. In this
project, Sandia will use electrochemomechanical (ECM)
functions of conductive polymers as the work-producing unit
in microactuators. We will focus on tailoring molecular
structure and composition of conductive polymer gels to
optimize physical/mechanical response to electrochemical
stimulation. 

Conductive polymer actuators have significant
advantages over other approaches in their ability to produce
high force and large displacement using low power. Our
polymer gel development will include the design and synthesis
of a variety of linear and cross-linked polymer gels. We will
develop and implement methods of expansion/contraction and
force generated during electrochemical stimulation. We will
also measure and optimize hysteresis, reversibility, and
lifetime of polymer systems. We will design, build, and test
polymer actuator geometry and microelectrodes to optimize
microscale performance, including response rate,
displacement, force, and lifetime. ECM response (extension,
force, rate, and lifetime) of conductive polymer gels will be
systematically characterized with respect to applied potential,
temperature, and gel electrode geometry. 

Our principle goal is to obtain a fundamental
understanding of structure/property/response relationships of
conductive polymers with respect to the ECM phenomena and
to examine the feasibility of using these materials as
microactuator devices.

During our initial work on this project, we recognized
that the ECM effect (rate, extension, force, and lifetime) is
directly related to polymer gel structure. Initially, we focused
on a lightly cross-linked poly(octyl)thiophene (POT) gel to
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provide structural integrity and enhanced long-term stability.
Subsequently, a variety of other cross-linked and linear
polythiophene gels were synthesized, and we evaluated their
ECM effects. Using a more structurally rigid cross-linking
agent, we prepared a new networked conductive polymer gel.
We found no enhancement in extension properties due to this
structural modification. The lack of any substantial difference
in extension between these two structurally diverse polymer
gels brought into question the necessity of any covalent cross-
linking requirement in our gel systems. 

To further investigate this question, we prepared two
linear polymer gels, POT and poly(hexyl)thiophene (PHT).
Extension studies of linear POT yielded an axial dimension
change of approximately 1.5 percent. The gel actuator was
reversible for the duration of the test (3,000 minutes, 150
cycles) and exhibited no signs of failure or degradation. We
tentatively ascribe this robust behavior to the lack of covalent
cross-linking in the polymer gel. 

We also examined the ECM behavior of commercial
POT. We prepared POT pellets in a mechanical press and
measured extension properties. The specimen exhibited a 30
percent irreversible increase in axial dimension in the first 160
minutes of the test cycle. After several hours, the sample
exhibited reversible behavior with an axial dimension change
of approximately 1.3 percent, similar to what we observed
with synthesized POT gel. The net axial increase in sample
dimension was approximately 1 mm (33 percent). We attribute
the initial irreversible dimensional change and net extension to
the increased density of the compressed sample. The
commercial specimen exhibited no signs of failure or
degradation for the duration of the test (3,000 minutes, 150
cycles), as we observed for the synthesized linear POT.

We synthesized linear PHT gel in an analogous fashion
to POT synthesis. Extension studies exhibited a reversible 4 to
6 percent increase in axial dimension, which is substantially
greater than any material tested to date. Force measurements
were conducted with PHT, and we obtained pressures upwards
of 6 kPa at full expansion. These pressures are significantly
less than the forces generated with cross-linked POT (15 kPa),
and may be an advantage of cross-linked gels. However, the
PHT gel exhibited a much longer lifetime (2,000 minutes for
PHT versus 400 minutes for cross-linked POT) before we
observed degradation. We attribute degradation in the force
experiments to a combination of chemical and mechanical
degradation of the gel. The fact that linear PHT has a longer
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reversible lifetime in force generation compared with cross-
linked POT is suggestive of mechanical failure in the latter,
presumably due to the cross-linked nature of the gel. 

Rates of polymer actuation are similar for all polymer
gels examined to date (extension and contraction occur over
minutes). A study of the effect of electrolyte size on the rate of
extension and contraction showed no enhancement to rate of
actuation. We anticipated that engineering a well-defined
porous morphology throughout the gel structure would lead to
faster response times and greater extension and generation of
forces. Presently, the gels have a grape-cluster appearance. We
prepared a thermally induced phase-separated (TIPS) modified
POT gel from commercial materials and obtained a porous,
hexagonal-like gel morphology. We observed practically
identical rates of actuation for this TIPS–modified gel in
comparison to the analogous unmodified gels. 

We anticipate that a more uniform electrode geometry
will lead to enhancement of rate of actuation. We have begun
a preliminary investigation of the effects of uniformly
depositing electrodes on the polymer gel surface to enhance
the rate of actuation. We deposited the bottoms of cylindrical
gel samples with platinum and are currently examining their
ECM behavior.

Sandia National Laboratories LDRD Annual Report 2001 490

We prepared a thermally

induced phase-separated

(TIPS) modified POT gel from

commercial materials and

obtained a porous, hexagonal-

like gel morphology.

Refereed
Irvin, D. J., S. H. Goods, and L. L. Whinnery. 2001.
“Direct Measurement of Extension and Force in
Conductive Polymer Gel Actuators.” Chemistry of
Materials 13: 1143–1145.



10761

Making the Connection Between
Microstructure and Mechanics
E. A. Holm, T. E. Buchheit, G. W. Wellman, C. C. Battaile

The purpose of microstructural control is to optimize
materials properties. To that end, Sandia has developed
sophisticated and successful computational models of both
microstructural evolution and mechanical response. However,
there is currently no way to couple these models to
quantitatively predict the properties of a given microstructure.
This problem arises because current continuum response
models, such as finite element (FE), finite volume, or material
point methods, do not incorporate a real length scale. Thus,
two self-similar polycrystals have identical mechanical
properties regardless of grain size, in conflict with theory and
observations.

In this project, we take a tiered risk approach to
incorporate microstructure and its resultant length scales in
mechanical response simulations. Techniques considered
include low-risk methods that are likely to work (albeit with
shortcomings) as well as higher-payoff, higher-risk methods.
Methods studied include a constitutive response model with a
local length-scale parameter, a power-law hardening rate
gradient near grain boundaries, a local Voce hardening law,
strain-gradient polycrystal plasticity, and a subgrain breakup
model. These techniques are validated on a variety of systems
for which theoretical analyses and/or experimental data exist,
including tension and bending experiments on bicrystals and
polycrystals. We used the results to generate improved
constitutive models that explicitly depend on microstructure
and to provide insight into microstructural deformation and
failure processes. Because mechanical state drives
microstructural evolution, a strain-enhanced grain-growth
model is coupled with the mechanical response simulation.
The coupled model predicts both properties as a function of
microstructure and microstructural development as a function
of processing conditions.

Incorporating microstructure into mechanical response
simulations benefits Sandia’s research, development, and
manufacturing missions. Solving this problem will provide a
new tool for scientific insight and model development in
materials science, engineering science, and process design
and control for a variety of internal and external customers. 
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We continued investigating candidate techniques for
imparting a length scale into polycrystal plasticity finite-
element model (PPFEM) calculations. We first attempted to
model dislocation pileup effects with a gradient in power-law
hardening rate near grain boundaries. Preferential hardening
near boundaries causes strain to be redistributed to the soft
interior elements. By 0.1 percent strain, we homogenized the
stress across the system. Since these results contradict
experiments, we rejected this method as physically incorrect.

Next, we replaced power-law hardening by a saturating
Voce hardening function, where the hardness of an element is
related to its distance from the grain boundary taken to some
exponent. With an exponent of -1, reflecting the boundary
surface to volume ratio in a polycrystal, this law reproduces
experimental data at many different grain sizes and gives a
Hall-Petch exponent near 0.5. 

We further developed the Voce hardening model in the
JAS-3D FE code. We implemented periodic boundary
conditions and tested for and eliminated mesh sensitivity. In a
randomly textured polycrystalline copper, a network of load-
bearing grains forms. Stress exhibits structure on the
microstructure scale and the subgrain scale. 

Using the preliminary results of the Voce model
simulations, we developed a strain-enhanced microstructural
evolution model. Grains are grown for several timesteps, and
the microstructure is passed back to the PPFEM simulation for
re-equilibration. While the stress in the microstructure changes
quantitatively, grains tend to maintain their relative position in
the stress distribution during growth, which indicates that
grain orientation and position, and not topology, govern the
local stresses on a grain. 

We examined the strain-gradient plasticity model via
literature search and discussions with strain-gradient
modelers. We determined that the model suffers from physical
and computational intractability for application to poly-
crystalline microstructures. 
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Switchable Hydrophobic-Hydrophilic
Surfaces
B. C. Bunker, R. P. Manginell, D. L. Huber, M. S. Kent, J. G. Curro,
C. M. Matzke

The objective of this project is to investigate the use of
tethered organic coatings as a means of reversibly switching
the surface chemistry of components in microanalytical
systems. The specific target of the project involves the
development of thin films that can be switched between
hydrophilic and hydrophobic states, with potential application
for controlled pumping of fluids on a chip. The project
involves learning how to 

(1) Synthesize switchable polymers and attach them to
surfaces.

(2) Optimize methods for stimulating desired
configuration changes within the tethered polymers.

(3) Develop methods for probing whether desired
configuration changes occur and how such changes impact
surface chemistry.

(4) Model desired transitions in polymer phases and
surface chemistries to aid in polymer and interface
optimization.

(5) Develop model microfluidic structures that can be
used to evaluate coating performance for microanalytical
systems. 

Scientific benefits of the project involve obtaining a
deeper understanding of surface solvation and what makes
surfaces exhibit properties such as hydrophobic or hydrophilic
states, and obtaining insights into how polymers interact with
solvents such as water, which will impact topics ranging from
polymer swelling to protein folding. Technical benefits of the
project involve learning how to integrate new “smart”
materials and nanostructures into microanalytical systems.
One unanticipated discovery in the work performed to date is
that the stimulated phase transition can be used to control the
adsorption and desorption of proteins and other biomolecules.
Such films are now under investigation for bioanalysis and
separation systems.

Our accomplishments include the following:
• Characterization of switching transitions. Contact-

angle measurements indicate that while the swelling transition
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leads to large changes in the advancing contact angle in water,
the receding contact angle is low and insensitive to
temperature. The low receding contact angle may undermine
the ability of poly n-isopropylacrylamide (PNIPAM) films to
drive fluids through microchannels. Work is in progress to
address the contact-angle hysteresis problem by investigating
alternate tethered polymers such as elastin (a biopolymer) and
by using block copolymers that can be stimulated to expose
hydrophobic or hydrophilic blocks on demand.

• Reversible protein adsorption using PNIPAM films.
Ultraviolet-visible (UV-vis), attenuated total reflectance IR
and neutron-scattering experiments show that the
hydrophobic-hydrophilic transition in PNIPAM films can be
used to control the adsorption and desorption of proteins such
as myoglobin for on-chip protein separators and
preconcentrators. UV-vis spectra show that proteins do not
stick to PNIPAM at room temperature. Above the transition
temperature, a monolayer of myoglobin sticks to the PNIPAM.
Cooling to room temperature leads to rapid protein desorption.
Incorporation of the PNIPAM films into microfluidic devices
has shown that protein films can be adsorbed and desorbed in
less than 1 sec in response to thermal stimulation.

• Modeling of solvent-polymer interactions. We
developed a new integral equation theory of polymer solutions
(PRISM [Polymer Reference Interaction Site Model] theory)
that explicitly accounts for the presence of solvent molecules.
We used the new model and molecular dynamics (MD)
simulations to examine polymer phase transitions as a
function of polymer concentrations. Both the theory and the
MD simulations show that packing of the solvent molecules
has significant impact on macromolecular structures and phase
transitions in solution. Recently, we compared the models
with results obtained in the program using neutron reflectivity
measurements to characterize PNIPAM films in water as a
function of temperature. For films with a low grafting density,
the results show that PNIPAM swells in water, as do bulk
gels. However, the swollen film does not collapse above the
transition temperature. Films with a higher grafting density do
collapse. The extent of the volume change associated with the
transition is predicted by the theory, demonstrating that
interactions between chains is critical to the transition.

• Microelectronic devices for switching PNIPAM films.
We have now fabricated the first set of thermally
programmable chips for switching PNIPAM films. The chips
achieve thermal control using resistive heating of gold (Au)
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lines deposited on a thermally insulating silicon nitride (SiN)
membrane. Temperature is measured via changes in resistance
on Au lines not used for heating. We determined the thermal-
response characteristics with and without fluids, and we
completed the software required to produce thermal pulses.
We incorporated PNIPAM films into the fluidic device. We
monitored film switching using protein adsorption
experiments conducted under a fluorescence microscope. We
introduced solutions containing fluorescently tagged
myoglobin into the device. Then, we activated single heater
lines in the device to trigger the phase transition. Fluorescent
images show that proteins stick only to that line that has been
activated within a few seconds. When the heater line is turned
off, a plume of proteins is observed to desorb from the line
within less than 2 sec. Now that the response characteristics of
PNIPAM have been demonstrated in the micro-hotplate, we
will test PNIPAM and other films for controlling fluid motion
via hydrophobic-hydrophilic transitions.
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Nanostructured Materials Integrated in
Microfabricated Optical Devices
D. Y. Sasaki, S. M. Brozik, M. E. Warren, M. B. Sinclair, A. R.
Burns, S. A. Kemme, C. J. Brinker

This project combines Sandia’s emerging strengths in
nanocomposite materials with the recognized expertise and
processing capabilities involving microfabricated optical
device structures for the development of microsensor arrays
and unique tunable microoptical devices. The project involves
the design, development, and characterization of molecular
(nanoscale) to micron-scale structures to achieve desired
material and device function. At the core of the material is a
liquid crystalline (LC) lipid bilayer that mimics the properties
of a biological cell membrane. The bilayer is functionalized
with molecular receptors for specific recognition of chemical
and biological species, and with optical reporters that signal
the occurrence of the recognition event. These molecular and
supramolecular structures will be supported on a structurally
oriented, mesoporous, inorganic matrix. The matrix offers
structural stability and physical protection of the LC materials
as well as provides a platform for forming dense LC
structures for greater signal output. Together, the materials
form a unique nanocomposite with molecularly dynamic
organic components for rapid optical response to specific
analytes coupled to a robust inorganic scaffold with highly
defined and tunable surface area and pore volume. 

Integration of the nanocomposites to microfabricated
optical devices will occur in two stages. In the first stage, we
will couple the materials onto substrate-mode platforms for
combinatoric sensing arrays. The second stage will then
further the materials integration by forming the material into
an optical structure yielding devices that can tune their
properties through chemical signaling. Multiple materials and
optics issues must be addressed to successfully merge these
disparate research areas. Results from this work will make
great strides in creating new micron-scale sensing arrays for
biopathogens and combinatorial approaches to materials and
drug discovery, and also in creating unique microfabricated
optical structures with rapid and tunable switching properties.
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We made progress in both sensor materials synthesis
and the characterization and development of the optical
waveguide structures. The synthesis of optical sensor
materials prepared gram quantities of the fluorophore-labeled
main lipid structure to be subsequently coupled with selective
receptor headgroups (i.e., boronic acids, arginine-glycine-
aspartate [RGD] peptides, and saccharides). 

We also characterized the sensor materials at the
nanoscale using in situ atomic-force microscopy (AFM) to
interrogate the lipid bilayer surface as chemical recognition
events occur. We achieved a resolution of 10 nm, allowing us
to visualize the molecular reorganization process that is
activated by the recognition process. Sol-gel nanocomposite
materials were also under development both with regard to
film formation that yields nanostructural order through self-
assembly and to surface functionalization of the silica matrix
for improved performance of aged materials. 

Progress of the optical waveguide structures centered
on the development of two structures that we utilized as
reusable optical platforms to demonstrate and characterize the
optical beam/functionalized film interaction. A two-level
grating design would symmetrically reflect light at both plus
and minus 45°, each with an efficiency of approximately 45
percent, with a minimum feature size of 0.26 mm. We are
currently pursuing the more-aggressive four-level reflective
grating to asymmetrically direct the desired direction despite
requiring two-mask write and etch fabrication cycles. We
successfully fabricated this four-level design at a peak
wavelength of 850 nm, demonstrating accurate feature
definition and precise mask alignment. Next, we will focus on
obtaining exact grating depths and more conformal Au
deposition.
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All-Ceramic Battery
T. J. Boyle, R. T. Cygan, J. A. Voigt, M. A. Rodriguez, D. Ingersoll,
K. Rahimian

To achieve autonomy, we require the production of a
thin-film all-ceramic battery that has power sources that
generate the necessary power and energy to operate
microsystems without substantially increasing the size of the
device. Thin-film batteries are an attractive power source for
these applications; however, they currently are inadequate to
operate the microsystems effectively. Sandia seeks to develop
a rechargeable thin-film all-ceramic lithium-ion battery (ACB)
using solution route deposition methods. The ACB will have
higher power output, longer runtimes, and a greatly simplified
production scheme in comparison to existing technology.
Several ACB prototypes (normal and inverted) have been
generated using the above chemistries; however, shorting has
complicated the electronic testing. Once sufficiently
developed, these ACBs will have the versatility to power any
number of small systems, such as microsystems and miniature
autonomous robotics.

The generation of the ACB is proceeding according to
plans. Currently, we have developed solution routes to cathode
and anode materials. Work is focusing on developing highly
lithium (Li)-conducting electrolytes. 

• Substrates. Initial computational studies verified by
select x-ray diffraction (XRD) experiments indicated that the
mismatch between the oxide material and the various
substrates would be too great to overcome, and a random
orientation would result. We selected platinum (Pt) substrates
and developed two solution routes to the cathode material
(LiCoO2). 

• Cathode. We synthesized a series of novel precursors
[Li(OR), Li2Co(OR)4] and characterized them for use in these
systems. Once generated, the films were identified by XRD.
We observed two types of LiCoO2: high Li content and a
substantially reduced Li content. We developed protocols for
distinguishing LiCoO2 from Co3O4. The films demonstrated
reversibility of Li insertion. We also noted an unusual
electronic behavior wherein the thin film of LiCoO2

demonstrated an anisotropic electronic behavior (conducting
in-plane and insulating out-of-plane). We optimized the
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processing route by the electrochemical characterization of the
thin film in conjunction with XRD. This also led us to an
understanding of the structural changes that occurred during
cycling.

• Anode. We synthesized novel families of tin (Sn)
precursors using mono-, bi-, and tri-dentate ligands. The
optimal route utilizes an in situ hydrolyzed product that was
fully characterized and the reaction of which that followed by
119Sn nuclear magnetic resonance (NMR) experiments. We
developed two routes utilizing these precursors for the anode,
which shows charging capabilities but de-adhesion of the film
upon discharge.

• Electrolyte. We investigated two types of
electrolytes: inorganic ceramic and sol-gel materials. We
developed two formulations that could be used as thin-film
electrolytes based on sol-gel chemistry. The first was a
homogeneous physical mixture of the sol-gel, polyethylene
glycol (PEG), and the Li source; the second was a formulation
in which the sol-gel and the PEG are covalently bonded. We
further identified three Li salts that could be used, within the
above-mentioned formulations, as the Li-ion source. We
produced high-quality thin films (identified by scanning
electron microscopy [SEM]) from these solutions and are
currently testing them for their Li-ion behavior. Development
of processing protocols for developing more robust films is
under way.

The proposed LiLa(PO3)3 materials were centered on
the metaphosphate line between LiPOs and La(PO3)3. Due to
the low room-temperature ionic conductivities (the range is
about 2x10-9 S/cm for 50Li2O 50P2O5 to about 2x10-15 S/cm
for 10Li2O 20La2O3·70P2O5), and the fact that the precursors
were only soluble in H3PO4, which subsequently dissolved the
LiCoO2 thin film, we investigated alternative materials.

Based on a systematic search of crystallographic
databases for fast Li-ion conductors and the results of
molecular models built for each candidate phase and evaluated
potential for energy calculations, we studied alternative
materials as potential electrolytes. We developed routes to
these nonsol-gel electrolytes, including (1) two routes to
LiLaMO3 (M equals Ti (LLT) or Zr (LLZ)); (2) b"-aluminates
LiM5O8 (M equals Al, Fe, Ga); (3) LiSrMO3 (M equals Ta,
Nb); and (4) LiMLaO3 (M equals Ta, Nb). 

Sandia National Laboratories LDRD Annual Report 2001 500

We synthesized novel families

of tin (Sn) precursors using

mono-, bi-, and tri-dentate

ligands. The optimal route

utilizes an in situ hydrolyzed

product that was fully

characterized and the reaction

of which that followed by

119Sn nuclear magnetic

resonance (NMR) experiments.

... We investigated two types of

electrolytes: inorganic ceramic

and sol-gel materials. We

developed two formulations

that could be used as thin-film

electrolytes based on 

sol-gel chemistry.



Our main focus was on LLT = (Li,La) TiO3 and 
LLZ = (Li, La) ZrO3 reported in the literature. In an effort to
evaluate the effect of composition and defects on Li diffusion
at 300 K, we completed a series of molecular dynamics (MD)
simulations of these structures. A composition of La 0.75, Li
0.25 provided the optimum transport for Li while ensuring
defective and stable perovskite structure. For the LLZ
material, we observed the fluorite structure at the processing
temperatures that we could utilize for the Pt substrate. Testing
of these films indicate high conductivities on the order of
about 10 to 8 S/cm. We are investigating alternative substrates
that can handle the higher temperatures so that the desired
perovskite phase can be formed. For the remainder of the
samples generated, we undertook the XRD analyses and MD
methods as we did on for the lanthanum (La)-Li perovskite.
Electronic testing is awaiting these results.
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Magnetic-Field Effects on Vacuum-Arc
Plasmas
P. A. Miller, D. R. Welch, M. M. Hopkins

Sandia is studying magnetic-field effects on vacuum-
arc plasmas. Compact neutron tubes employ annular-ion
beams to minimize adverse effects from the space charge of
ions in the beam. Presently, annular beams are formed by
geometrically selecting a fraction of the total output from
vacuum-arc-plasma ion sources. In principle, magnetic fields
can shape the plasma into an annular shape, thereby
increasing source efficiency and reducing electrical-drive
requirements; this implies reduced generator size and weight.
Moreover, self-magnetic fields of the arc affect the plasma
output but are not included in existing models of tubes. We
have begun development of diagnostics and codes to
understand the field-plasma-arc interaction and to shape the
plasma plume. This work is progressing on schedule.

We will continue combination of modeling and
experiment. The interaction of plasma and field is a collective
phenomenon. Modeling is necessary to understand and exploit
our measurements and to design new field configurations to
shape the plasma as desired.

If completely successful, this work will improve our
understanding of important tube processes by quantifying the
arc self-field effects on plasma azimuthal uniformity, and the
work will allow Sandia to tailor the spatial distribution of
plasma for better utilization and increased margin in tubes.

We developed a Langmuir-probe-array system,
including data-acquisition and -analysis codes for conducting
the experiment efficiently in the laboratory. We also developed
a simple coil system and capacitor bank to provide a uniform
axial magnetic field for initial tests. The first dataset showed
that a relatively weak magnetic field (< 100 Gauss [G])
influenced (i.e., enhanced) the plasma plume. The plume,
however, appears to have spatial and temporal structures that
are not simple. Data analysis is in progress, and we will
investigate these features further.

We chose to use the Large-Scale Plasma (LSP) code
for modeling rather than the ICARUS code as originally
proposed. We changed this because development of 3-D
capability in ICARUS was suspended by another program,
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and LSP already has a three-dimensional (3-D) capability.
Initial calculations with a 2-D serial version of the LSP code
showed that a 500 G axial magnetic field narrowed the plasma
plume, in general agreement with the experimental trends. We
may perform more scoping runs with the serial version of the
code. However, the present magnetic-field solver in LSP is
inefficient on parallel computers. Consequently, we changed a
milestone: Instead of implementing 3-D capabilities in
ICARUS, we are changing the 3-D field solver in LSP to a
parallel version.
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Microstructural and Continuum Evolution
Modeling of Sintering
V. Tikare, M. V. Braginsky, J. G. Arguello, Jr.

Sandia is studying sintering in weapons components.
All ceramics and powder metals are manufactured by
sintering. Sintering is a critical—possibly the most
important—processing step during ceramics manufacturing.
The microstructural evolution, the macroscopic shrinkage,
and shape distortions during sintering will control the
engineering performance of the resulting ceramic component.
Yet, modeling and prediction of sintering behavior is in its
infancy, lagging far behind the other manufacturing models,
such as powder synthesis and powder-compaction models.
Sintering models and prediction also lag behind models that
predict engineering properties and reliability.

This project will develop a set of computational tools
that enable us to understand, predict, and control
microstructural evolution and macroscopic dimensional
changes during sintering. Previous research efforts on
sintering modeling have failed because the efforts treat some
limited aspect of sintering, either on the microstructural- or
macroscopic-continuum scale. Microstructural models treat
the evolution of two or three powder particles during sintering
to give detailed information about particle shapes and
densification rates. However, the models fail to treat a
macroscopic sintering piece (the shape change, density
distribution, stress formation, and other characteristics).
Continuum models apply continuum-deformation mechanics to
the sintering body to predict shrinkage and component shape
change. However, the deformation equations are poorly
understood and not directly linked to real material systems, so
application of continuum-sintering models to real materials
has had limited success.

We propose a novel modeling method to treat the
microstructural evolution of thousands of powder particles
during sintering and to integrate the results into continuum
models that predict the overall shrinkage and shape
distortions in a sintering component. An equally important
result of this work will be a fundamental advancement in the
understanding of sintering science.
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We developed a new algorithm to couple the
microstructural model with a finite-element model (FEM) to
determine the stresses and strains in the microstructure from
densification by annihilation. The new algorithm for coupling
the microstructural to the mechanical model is to uniformly
distribute the mass in the eight grain sites (that surround the
vacancy) to nine sites (including the vacancy plus the eight
original neighboring sites). Thus, the strain resulting from
annihilation events in the Potts microstructure model is
converted to a hydrostatic, local strain in the FE solver, OOF
(Object-Oriented Finite). The microstructure is then
equilibrated under this applied strain.

We found a method to communicate the stressed state
back to the microstructural model so as to simulate further
microstructural evolution under stress. We introduced a kinetic
factor into the probability equation of the Potts model. The
kinetic factor is a function of the stress state of the grain site
that is involved in the vacancy creation and migration part of
the simulation. We extended the simple, uniform, two-
dimensional (2-D) microstructural sintering model to three
dimensions. The 3-D sintering model can simulate
microstructural evolution in the unstressed state with normal
grain growth, pore migration, vacancy formation, and
annihilation.

In addition, a continuum model for sintering was
implemented into Sandia’s nonlinear, large-deformation,
quasi-static, explicit FE code, JAS3D. Previously, we
identified a promising approach that uses continuum
mechanics and is based on the theories of plastic and
nonlinear-viscous deformation of porous bodies. An example
of this approach is a mathematical-constitutive description
developed by V. V. Skorohod and further advanced by E. A.
Olevsky. This phenomenological constitutive model was the
initial targeted model for implementation into JAS3D and will
be referred to as the Skorohod-Olevsky viscous-sintering
(SOVS) constitutive model. An initial preliminary
implementation of the SOVS constitutive model into JAS3D
is completed. However, it was a total-stress implementation in
a code that typically deals with incremental-stress-constitutive
descriptions. Because the total stress implementation resulted
in robustness issues, we used an alternative incremental
reformulation and implementation of the SOVS model into
JAS3D. The incremental implementation of the SOVS-
constitutive model in JAS3D is now complete and verified 
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against analytic solutions to various simple cases. We are in
the initial stages of validating this work with Garino’s
sintering experiments on ZnO.
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Assuring Ultraclean Environments in
Microsystem Packages: Irreversible and
Reversible Getters
L. L. Whinnery, Jr., T. J. Shepodd, W. R. Even, Jr., S. K. Griffiths, R.
H. Nilson

Sandia is studying microsystems for weapon-subsystem
applications. Microsystems are being evaluated as
replacements for a number of weapon subsystems and for the
potential that microsystems have to improve surety while
reducing weight and volume. However, a great concern exists
because long periods of dormant storage may impair the
mechanical functioning of microdevices that are exposed to
water, out-gassing products (organics, solvents, and silicones),
and particulates (talc and dust). Low-temperature operating
environments and small moving parts in contact with
stationary and mating structures make capillary condensation,
ice formation, and corrosion serious concerns for
microsystems. Past experience provides little guidance. The
desiccants currently used to manage systemwide moisture
levels cannot be relied on to provide the more stringent
control needed to ensure microsystem reliability.

We are developing a new generation of irreversible,
chemically reacting getters designed to ensure the integrity of
the local environment within microsystem packages. We intend
to incorporate reactive volatile species into a polymer through
covalent bonds, thus producing a nonvolatile product. These
reactive getters will be combined with getters that rely on
absorption media (e.g., zeolites and high-surface-area carbon
[C] fibers) to scavenge nonreactive species, such as solvents.
Our getter systems will rely on device packaging to limit
exchange between the microsystem and the global weapon
environment. Thus, the internal getters need only provide
local environmental control within the microsystem package.
If the getters themselves are not tacky, they will be
incorporated into a tacky-polymer matrix to immobilize
microparticles in a harmless location. Modeling and analysis
of available data are used to estimate the ingress of
undesirable species as well as the gettering rates, capacities,
and geometries needed to maintain an acceptable environment
within the package. To summarize, we are developing getters 
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that utilize chemical reactions, adsorption, and physical
adhesion to ensure a benign dormancy environment within
microdevice packages.

For the reactive volatile species, such as water and
ethanol, we are evaluating uptake with two experimental
setups. The first setup uses a getter material in an open vial
inside a larger, closed vessel containing either liquid, vapor-
phase ethanol, or water. This method allows for several vials
of materials and mixtures of materials in the same atmosphere
at the same time for simultaneous evaluation, thus saving time
and increasing reliable comparisons between materials. The
second setup involves liquid-phase reactions with the getter
material in direct contact with alcohol or with a combination
of alcohol and solvent. This method should be relatively faster
and will allow us to monitor the progress with time using
nuclear magnetic resonance (NMR). Several chemical
reactions were examined for this effort. The first two, the
acid-catalyzed reaction of epoxides or strained olefins with
water or ethanol, were unsuccessful under reasonable reaction
conditions. However, polymeric anhydrides were found to
react nicely with water, ethanol, and isopropanol.

Of the unreactive volatile species observed by
Thornberg and Borek, we were able to group the major
constituents into four groups (silicones, perfluoroalkanes,
hydrocarbons, and hydrochlorocarbons). We chose model
compounds to represent these groups. The model compounds
are hexamethyl disiloxane, perfluorohexane, ethylbenzene,
and 1,1,1-trichloroethane. Absorption-based getters for
nonreactive volatiles are being evaluated using a porous C on
a fiber that is exposed to a particular environment, followed
by desorption into a gas chromatography (GC) column for
analysis by solid-phase microextraction (SPME).

Mathematical modeling has begun on the evolution of
chemical environments in microelectromechanical system
(MEMS) packages. We are using screening measurements to
construct models of gettering rates for candidate materials that
are not encapsulated in a polymer matrix. We are working
with Interbasic Research to develop a system uniquely suited
to particle gettering and counting. 
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Biocompatible Self-Assembly of
Nanomaterials for Bio-MEMS and Insect
Reconnaissance
C. J. Brinker, S. M. Brozik, J. Cesarano, III, D. Y. Sasaki, R. J.
Simonson, D. R. Dunphy

Sandia is continuing cutting-edge research on self-
assembly in nanomaterials. Within a very small volume, living
cells integrate recognition, amplification, and transduction
properties of interest for environmental sensors. Key to
practical cell-based sensors is patterned cell immobilization
in robust, biocompatible environments—environments that
maintain cell viability and accessibility while enabling signal
transduction and transmittal. Bulk silica matrices formed by
classic sol-gel processing have been used for cell entrapment.
But alcohol solvents cause protein denaturization, and, upon
drying, broad pore-size distributions lead to the collapse of
small pores and the complete drying-out of large pores, which
limits accessibility or causes cell inactivation. Furthermore,
bulk gels are difficult to integrate into devices such as
microelectromechanical systems (MEMS).

Recently, we prepared porous silica nanostructures by
evaporation-induced self-assembly (EISA). EISA employs
surfactants to direct the self-assembly of silica into periodic
structures characterized by unimodal pore sizes and one-
dimensional (1-D), 2-D, or 3-D connectivity of pore-channel
networks that are stable during drying. Using inkjet printing,
we can pattern these pore-network systems on arbitrary
surfaces.

Unfortunately all surfactant structure-directing agents
used to date are bio-incompatible at concentrations needed
for self-assembly. This project explores new biocompatible
self-assembly approaches to enable us to incorporate whole
cells into MEMS architectures and to write functional
nanostructures on living reconnaissance agents. The
advantages of using self-assembly to create biocompatible
host matrices are twofold. First, the templated pores are all
the same size. These hydrophilic monosized pore networks will
spontaneously fill with water to create a kinetically stable
aqueous environment without an auxiliary fluidic system.
Second, EISA proceeds in complex mixtures unimpeded by
guest molecules or particles, so we can expect to arrange cell
patterns (on arbitrary surfaces) among cells that are
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immobilized in fluidic architectures incorporating buffer and
nutrients to sustain viability for time periods needed for
reconnaissance missions. Through genetic modification, cell-
based sensors can be developed for specific chemical/
biological warfare (CW/BW) or explosive threats.

All detergents/surfactants used to date in the self-
assembly of inorganic nanostructures are bio-incompatible and
cause piercing of cell membranes and cell death. We
synthesized new biocompatible surfactants with hydrophilic
carbohydrate headgroups. Also, we used amphiphilic
phospholipids and phospholipid derivatives as structure-
directing agents; we demonstrated the first self-assembled
nanostructures using this class of compounds. Finally, we used
a variety of small, biologically derived mono-, di-, and
trisaccharides as pore templates to create films with porosities
of approximately 40 percent by volume and very narrow pore-
size distributions. These pore templates are biocompatible and
can be removed by exposure to buffer. Additionally, they can
serve as a nutritive source for immobilized cells. The
stationary phase of the yeast Saccharomyces cerevisiae was
incorporated into precursor sols and immobilized within
resultant nanostructures produced by EISA. We developed a
two-dye protocol (Fun 1/Fun 2) to quantify cell viability in the
sols and within nanostructures. Using this protocol, we
successfully identified compositional domains within the
phospholipid/silica/ethanol/water (buffer) system; in this
system, we maintained cell viability for periods of more than
50 minutes in sols. We subdivided these sol components into
two stable sols, namely yeast prepared in buffer and silica plus
phospholipids, catalyst, water, and ethanol. We used a
Robocaster configured with two liquid reservoirs to “write
patterns” of immobilized yeast on fused silica substrates.
Control software allowed precise mixing of the two feedstocks
in correct proportions to achieve the desired (biocompatible)
composition, which was metered onto the substrate through a
25 µm orifice “pen.” Having incorporated the Fun 1/Fun 2
dyes into the initial yeast/buffer suspension (prior to writing),
we were able to show retention of viability of cells
immobilized in a patterned, self-assembled nanostructure. This
key result demonstrates the potential of EISA as a
straightforward means of patterned cell immobilization.
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26529

Nanoclusters for Supercapacitors
J. E. Martin, T. J. Garino, R. A. Anderson, V. K. de Marquis, J. P.
Wilcoxon

Sandia is researching how to reduce space
requirements for supercapacitors. High-current and high-
voltage capacitors, such as those used in weapons systems,
use polymer films as dielectric materials. The dielectric
constant of these polymer films is very low, thus limiting the
energy storage of these capacitors. Because the energy
requirements are high for weapons components, these
capacitors are large and occupy a significant fraction of
device volume. Capacitor space requirements leave little room
for the diagnostic devices that we now envision.

One way to increase available space is to create a
capacitor-film dielectric with a much higher dielectric
constant. If the dielectric strength could be maintained, the
result would be smaller capacitors.

We will investigate whether high-dielectric-constant
nanoparticles can be used to significantly increase the
dielectric constant of a capacitor material and thus energy
storage in film capacitors. This idea is motivated by our
ability to make narrow-dispersity nanoparticles of controlled
sizes from 1.6 to 10 nm—nanoparticles that are atomically
smooth and have precisely controlled organic-capping-layer
thicknesses. These nanoparticles should be able to increase
the dielectric constant of a capacitor film by a factor of five. If
such a principle applies to both organic and inorganic
dielectrics, a large commercial demand is anticipated for
products ranging from supercapacitors to improved
automotive ignition components.

(1) We obtained a sensitive Agilent LCR
(capacitance/resistance/inductance) bridge, interfaced this to a
personal computer, and wrote an extensive LabView program
that enables the efficient collection of frequency- and time-
dependent sample impedance data. 

(2) We designed and constructed two simple but
accurate dielectric cells, with which accurate permittivity
measurements can be made. 

(3) We developed a new method of synthesizing metal
nanoclusters; the method does not use surfactants, but relies
on metalorganic precursors. 
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(4) We studied the growth of larger nanoclusters by
heterogeneous nucleation onto seed particles and used this
study to develop core-shell nanoclusters of gold on iron. 

(5) We determined the alternating current (AC)
dielectric properties of randomly dispersed metal-nanoparticle
suspensions, including solidified samples. 

(6) We synthesized oxidation-resistant
superparamagnetic nanoparticles that can be structured into
high-permittivity structures by applied magnetic fields. 

(7) We studied the effect of magnetic fields on the AC
dielectric properties of magnetic nanoparticle suspensions. We
found a significant enhancement of the real part of the
permittivity parallel to the structuring magnetic field; this
finding agreed with computer simulations of the permittivity
of such structured composites.
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26530

First-Principles Determination of Dislocation
Properties
M. van Schilfgaarde, S. M. Foiles

Sandia is examining how to model the core structure of
dislocations from first principles. The ability to model
dislocation-core structures at the atomistic level is central to
developing a basic understanding and reliable models for
them. However, the inherent complexities (of mixed-relevant-
length scales) have led to few attempts from the first-
principles using the local-density approximation (LDA).

Sandia’s accomplishments fall into two areas.
(1) We developed a formal theory of mixed lattice and

electronic Green’s functions; the theory allows analysis of
complex defects such as dislocation and its interaction with
another defect.

(2) We continued applications of an extended Peierls-
Nabarro (PN) model. This latter step establishes a
conceptually simple and transparent semi-analytic framework
in which dependencies between generalized stacking-fault
(GSF) energetics and geometrical parameters describing
dislocation structure can be established. This is important
because it is often problematic to find tractable relations with
all degrees of freedom (DOFs) between features of the
electronic structure and chemical bonding of specific materials
within a direct numerical atomistic-simulations methodology.
In contrast, the PN model compactly represents the
dislocation-core structure in terms of few physical meaningful
DOFs (such as partial separation and width); consequently,
linking the core to larger length scales is easier. It greatly
facilitates, for example, analysis of the kink formation of split
dislocations. We propose to do this analysis. The stress
dependence of the core structure is an important and often
missing piece of information about dislocation properties
needed for understanding some mechanical properties.

We developed and employed some important
extensions to the PN model to eliminate the continuum
approximation for the misfit energy and used it to analyze
features of the evolution of the dislocation-core structure
under various stress conditions (glide and Escaig stress). We
showed that the core may assume competing multiple
structures that depend on the dislocation-axis position. As we
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demonstrate for ordinary dislocations in fcc (face-centered
cubic) iridium (Ir) and the ordered Ll0 copper gold (CuAu)
calculated using ab initio GSF energies, these lattice-
discreteness effects, missing in the original PN model,
significantly affect the evolution of the dislocation under
stress.

We applied the same theory to the study of
dislocations in a variety of fcc-based L12 intermetallic
transition-metal compounds. We believe we have an
explanation of the long-standing problem of the origin of
anomalous yield in L12 high-temperature superalloys. In
particular we can explain why some superalloys (Ni3Al is a
prototypical example) are anomalous in their yield stress, but
others (such as Fe3Ge) are not. The explanation follows
directly from features of the ab initio GSF entering the model.
This work points out the utility of this model approach in
addition to its elegant simplicity and physical transparency.

Regarding the first and more difficult area of
accomplishments, we formally developed a theory that shows
in a rigorous way how the near- and farfield regions can be
decoupled. We showed how the total energy functional of the
infinite crystal can be transformed to one involving the DOFs
in the near-core region alone, with the addition of an effective,
external potential that accounts for the long-range strain fields.
This enables one to handle the mesoscale aspect of the
problem in closed form. We used a real-space electronic LDA
Green’s function approach for the electronic DOFs by solving
Dyson’s equation, and lattice Green’s functions are adapted to
special geometries to eliminate the mesoscopic lattice DOFs.
The latter are constructed from LDA–based linear response
theory and thus involve no model or adjustable parameters.
The resulting theory is fully grounded in a quantum-
mechanical framework while making no substantial
approximations in bridging atomic- and mesoscopic-length
scales.

This development alters some important technical
details of the original way we had planned to set up this
problem. In the original proposal, we discussed two
approaches for treating the farfield: a quasi-continuum
approach and an alternative lattice Green’s function. The new
approach has no need for quasi-continuum theory, but instead
uses the more rigorous lattice Green’s function theory, albeit
in a somewhat different form than originally outlined.
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Study of Polymer Spin-Coating for
Photolithographic Semiconductors in Near-
Zero-Gravity Environment
S. M. Thornberg, J. R. Brown

The spin-coating procedure is used in a variety of
applications to coat flat substrates or objects with thin films of
material. The coating material is disbursed onto the surface of
the substrate, then spun off—ideally, leaving a uniform layer
for subsequent processing procedures. As the material is
dispensed onto a spinning wafer, spiral-shaped wavefronts
called Eckman spirals can be observed as the fluid migrates
outward radially across the wafer. Spin-coating has
traditionally been one of the first steps in semiconductor
manufacturing.

In collaboration with the University of New Mexico
(UNM) and the National Aeronautics and Space
Administration (NASA), we will study the effect of
weightlessness on deposition and distribution of photoresist on
silicon (Si) wafers. This effect will be studied aboard NASA’s
KC-135 aircraft housing the reduced-gravity laboratory.

This unique opportunity to test the spin-coating
process in a microgravity environment will provide
experimental results heretofore unavailable. Even experts in
the spin-coating field are unsure of the experimental outcome
but are eager to see the results. We expect the spin-coating
process to be quite different from a normal 1 g environment
since much of the process relies on gravity to move the fluid to
and across the wafer. It is possible that this research will
provide the data necessary for this or other processes to be
adapted to space environments. 

We spin-coated a series of Si wafers with photoresist
in a zero-gravity environment and compared them with wafers
prepared using identical experimental parameters in the lab.
We used a Solitec Model 5110-CT spin-coater, modified to
operate aboard NASA’s KC-135 Reduced-Gravity Flying
Laboratory, to accomplish this. Overall, we consider the
experiment to have been very successful. Several main
findings were established though our experimentation:

• The adhesive forces between a photoresist and the Si
wafer are substantial enough to allow for the spin-coating
procedure to be done without the force of gravity. Our original
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hypothesis was that at high spin speeds, the photoresist would
twist and float off of the spinning wafer; this was not the case
at all. In fact, higher spin speeds may be required to achieve a
desirable coating in zero gravity.

• Gravity seems to play a substantial role in the fluid
dynamics that dictate the characteristics of the photoresist film
in the spin-coating procedure. This can be shown by the
formation of fluid wavefronts (Eckman spirals) during the
dispense cycle. In all wafers prepared in the lab, two distinct
Eckman spirals can be observed. However, we observed only
one Eckman spiral in all the wafers prepared in zero gravity.
This may prove to be of significance in the modeling of the
spin-coating process. As in all the literature available on the
subject, gravity is neglected when deriving the equations that
approximate fluid behavior.
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Understanding Metal Vaporization from
Transient High-Fluence Laser Irradiation
P. W. Fuerschbach

Laser spot welding is widely used for precision joining
of nuclear weapon components and is a strong candidate for
use in joining micromachines. However, the production of
metal vapor as a consequence of high-fluence laser
irradiation is a serious concern in cleanrooms. Contamination
of delicate components from the metal vapor plume, ejection
of metal particulates into the air and adjacent mechanisms,
creation of void defects in the fusion zone, and significant loss
of high-vapor-pressure alloying elements are all negative
consequences of metal vaporization. Despite the widespread
use of lasers for the welding of high-value-added components,
little fundamental understanding of laser/material interaction
exists. Without this fundamental understanding, optimization
models cannot be applied to mitigate vaporization problems. 

Sandia plans laser-spot-welding experiments to
quantify the effect of laser-pulse parameters on weld-pool
dimensions and liquid-metal expulsion propensity. In addition,
we intend to refine previous laser-weld-characterization
techniques and to develop new approaches for quantifying the
temperature field in laser spot welds, primarily through
careful measurement of alloy-element vaporization rates.
Development of these analysis techniques provides a needed
foundation for model prediction of laser-weld pool
vaporization. 

In a collaboration with Pennsylvania State University
(PSU), we will also use in our research a transient, three-
dimensional (3-D) model that PSU developed for the
calculations of mass transfer, heat transfer, and fluid flow. We
need computer-model analysis to fundamentally understand
laser-induced vaporization. We expect that a new
understanding of the process on a microscopic level will
ultimately allow us to modify the process or to define a
window of safe operating parameters so the adverse effects of
vaporization in laser welding can be alleviated. 

The project began with the development of a laser-
beam spotsize-measuring technique employing Kapton film of
varying thicknesses. The film was mounted in a 35 mm slide
and exposed to focused single-laser pulses at several positions
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around the lens focal plane. We measured the average of the
major and minor diameter of the burnt-through hole for
various beam energies and durations. We fit the variation in
beam spotsize with focal position to the laser-beam-
propagation equation to determine the minimum spotsize
diameter. We also used the Prometec Laserscope to measure
laser spotsizes under similar laser conditions. The Laserscope
measurements were also fitted to the beam-propagation
equation. We found that 75µ Kapton film yielded very similar
spotsize values to the Laserscope, although the Kapton film
had slightly more precision error. For both techniques the bias
error of the measurements is unknown since no standard
measurement technique exists for calibration. Kapton is much
more practical for spotsize measurement with spot-welding
lasers than the Laserscope since the Laserscope must be
synchronized at a 25 Hz laser-pulse frequency.

We completed screening experiments to quantify the
degree of vaporization from laser spotwelds on small samples
of 304L stainless steel. In these experiments, we varied laser-
pulse energy from 3 J to 9 J and spot diameter from 0.38 mm
to 0.75 mm. We made vaporization-loss measurements using a
Mettler MT5 microbalance with 1 µg precision. Early on, we
found that mass loss per pulse was similar for tests made with
either 5, 10, or 15 spotwelds per sample. Since multiple welds
on these sample specimens are straightforward, all subsequent
tests included 15 pulses per sample. The use of Kapton film to
measure spotsize enabled an accurate determination of the
beam intensity required to produce vapor loss as well as metal
spatter. We found the onset of metal spatter to clearly
invalidate some of the vapor-loss measurements; nonetheless,
the precise determination of the spatter threshold should prove
to be beneficial to analytical models of the process. We found
that pulse energy clearly affects the magnitude of vapor loss.
Measured vapor losses ranged from 11 µg for 3 J pulses to 70
µg for 9 J pulses. The effect of spotsize on vaporization was
less pronounced.
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Mechanics and Tribology of MEMS Materials
M. T. Dugger, J. R. Michael, J. A. Ohlhausen, S. V. Prasad, T. E.
Buchheit

Micromachines have the potential to significantly
impact future weapon-component designs as well as other
defense, industrial, and consumer-product applications. For
both electroplated LIGA (acronym for the German term
Lithographie, Galvanoformung, und Abformung, for
lithography, electroforming, and molding) and surface-
micromachined (SMM) structural elements, the influence of
processing on structure and the resultant effects on material
properties are not well understood. The behavior of dynamic
interfaces in present as-fabricated microsystem materials is
inadequate for most applications, and the fundamental
relationships between processing conditions and tribological
behavior in these systems are not clearly defined. 

Sandia intends to develop a basic understanding of
deformation, fracture, and surface interactions responsible for
friction and wear of microelectromechanical systems (MEMS)
materials. This will enable needed design flexibility for these
devices, as well as strengthen our understanding of material
behavior at the nanoscale. The project goal is to develop new
capabilities for submicroscale-mechanical and tribological
measurements and to exercise these capabilities to discover
fundamental knowledge of material behavior at this size scale.
We will develop novel microforce and displacement sensors
using SMM technology and new methodologies for isolating
local variations in mechanical response of MEMS materials.
Understanding the nanomechanics of surface contact is
expected to result in new fundamental contributions to
theories of interfacial adhesion as a function of topography.
The ability to quantify friction over a wide range of pressure
and velocity conditions and in controlled environments will
enable fundamental understanding of the effect of environment
on friction and surface durability. Increased understanding of
MEMS mechanics and tribology developed in this project will
permit performance and reliability of advanced MEMS
components to be predicted with a sound scientific basis.

(1) We attributed the low-friction coefficient and high
wear-resistance observed for SMM devices coated with
tungsten (W) to a surface layer of tungsten trioxide (WO3),
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and adsorbed organic contamination formed within a few days
of atmosphere exposure. 

(2) We performed a series of investigations on silane
films coating polysilicon from which we derived the following
new conclusions: (a) Films that previously exhibited changes
in friction response upon rubbing in lateral-force microscope
experiments could be made resistant to those changes by
annealing. (b) Unannealed silane films with high coverage that
did not exhibit changes in friction response upon rubbing in
lateral-force microscopy experiments could be made to exhibit
frictional response changes by increasing the interfacial
velocity between the probe and the sample surface. These
observations are consistent with our model describing the
origin of observed changes in friction response with rubbing
on these monolayer films. 

(3) We developed a procedure to quantify wear
damage in SMM friction contacts. The procedure involves use
of a focused ion beam to extract and orient a worn sample
from the micromachine friction test device for imaging in the
atomic-force microscope. 

(4) We quantified adhesion measurements between
LIGA surfaces using nanoindentation methods with a specially
constructed LIGA-adhesion probe combined with new
programming in a nanoindenter. We showed that the unique
morphology present on LIGA-sidewall surfaces can result in
significant adhesive forces between the sidewall and a flat
surface. 

(5) We continued improvement in SMM pull-tab
tensile test methodology through upgraded specimen designs
and use of new 25µ cylindrical sapphire probe.

(6) We have begun experimenting with first-generation
fracture-toughness and force-measurement designs in an effort
to expand the material-properties measurement capabilities of
MEMS devices.
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Dynamics of Metal/Ceramic Interfaces
K. F. McCarty

The goal of this project is to understand how
metal/ceramic interfaces form, evolve, and accommodate the
stress that can lead to delamination and failure. In this project
Sandia emphasizes the use of advanced microscopies such as
scanning-tunneling microcopy (STM) and low-energy electron
microscopy (LEEM) to observe interface formation in real
time. These techniques are used to measure the interfacial
work of adhesion, determine the mechanisms and kinetics of
interface formation, and develop an understanding of how
stress is or is not accommodated. We emphasize the model
ceramics of sapphire and titanium dioxide.

We used LEEM to selectively image the different
surface phases that form as the nickel aluminum (NiAl) (110)
surface undergoes oxidation at low temperature. We exposed
the clean surface to oxide (O2) at 325°C and then imaged it at
progressively higher temperatures using LEEM. Although a
relatively uniform film results, oxide-free regions (pinholes)
develop when the initially amorphous oxide crystallizes. This
oxide film consists of one type of alumina that has two
orientational domains on the substrate. Selective imaging of
the domains just after crystallization shows that nuclei of both
domains are present at high density. With time and
temperature, the domains coarsen greatly, as do the oxide-free
regions (pinholes). By reducing the length of the domain
boundaries, the coarsening reduces the energy. We wrote and
submitted to an archival journal a manuscript summarizing
these results.
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In Situ Characterization of Soft-Solution
Processes for Nanoscale Growth
N. S. Bell, D. R. Tallant

The study of novel materials and structures with
dimensions in the nanoscale (less than 100 nm) regime is an
important emerging field of materials science. The small size
of these materials results in quantum confinement and surface
contributions that translate into novel optoelectronic
properties with applications that are still being realized. Many
synthesis techniques for nanomaterials are based on soft-
solution processes, which include sol-gel, hydrothermal,
solvothermal, micellular or organic-templating routes, and
electrochemical methods. These processes involve the
precipitation of ionic species or metalorganic molecules into
nanoparticles or nanostructured networks. To exercise a high
degree of control over these processes, a capability to follow
development of supersaturation, surface processes, and
formation of a precipitating system in situ is critical. In this
project, Sandia is studying the superposition of different
measurement techniques to characterize dynamic colloidal
systems in novel ways. These studies will probe the chemical
interactions during reactions and the organizational
characteristics developed in the resulting colloids.

We investigated using Raman spectra to follow the
precipitation reaction of zinc (Z) oxide produced by
hexamethylenetetraamine (HMT). In studying the system, we
found that the base-producing chemical HMT did not
decompose as expected, based on a survey of the literature.
The reason for the stability of the HMT is unknown, and
further examination of the literature is under way. A
possibility is the formation of a Z-HMT complex that
stabilizes the HMT and reduces the supersaturation of the Z in
the solution; both effects are detrimental to the synthesis of
the desired Z oxide. The main conclusion of the study was
that observation of precipitation is possible if the Z ions can
be made to precipitate efficiently. 

We undertook the precipitation of silver (Ag)
nanoparticles to both reproduce published methods and
develop new techniques. We chose four formulations from the
literature, and all were successfully reproduced to form Ag
nanoparticles with the reported particle-size properties. We
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performed new synthesis using variations in conventional
surfactants composed of carboxylic acids, and these surface
species show variations in maximum-absorption wavelength
in ultraviolet-visible (UV-vis) spectroscopy. Theoretical
treatment of the surface states is available in the literature, and
treatment of the current synthesis methods is being considered
using the Mie theory. We are also discussing issues with the
National Institute of Standards and Technology (NIST) for
characterizing the optical properties of nanoparticles. Present
characterization techniques include UV-vis spectroscopy and
atomic-force microscopy (AFM) imaging of deposited
nanoparticle layers.

We synthesized polystyrene. This published procedure
stated that the size distribution would be under 5 percent, as is
required for particle self-assembly. Our studies investigated a
number of reaction variables and found that the system is
remarkably stable and insensitive to reaction conditions.
However, the breadth of the particle-size distribution is larger
than reported in the paper, and a more focused study of the
technique is required to find the proper synthesis conditions.
Observations of the polystyrene particles under dialysis show
iridescent effects expected from a monodisperse suspension.
The reason for the development of this behavior is unknown.
Possibly the optical model used in the Coulter LS 230
particle-size analyzer is not optimized for this polystyrene
material, and the optical properties may need to be
independently determined. If necessary, we can perform
particle-size separations by sedimentation to refine the current
material. We identified a scientific corporation as a source for
monodisperse silica in place of the latex in case absolute
surety is required. 

The addition of the acoustic spectrometer was desired
for study of colloidal stability in the precipitation reaction, but
clearly, the theoretical modeling used in the instrumentation is
not adequate to follow behavior below 1 percent by volume
solids in the solution. Therefore, we adapted our research
approach to examining the effect of solution-reaction
components to a synthesized-nanoparticle system rather than
an in situ system. Nanoparticles at a concentration sufficient
to provide signal in the instrument are being synthesized and
collected. We will investigate these materials by titration of
additional reduction reagent and source solution to provide the
first observation of colloidal-stability properties of
nanomaterials and how component concentration during 
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synthesis affects colloidal stability. These observations will be
related to the observable effects on particle synthesis by
varying reaction conditions. 
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Determination of Critical-Length Scales for
Corrosion Processes Using
Microelectroanalytical Techniques
K. R. Zavadil, F. D. Wall

A key factor in our ability to produce and predict the
stability of metal-based macro- to nanoscale structures and
devices is a fundamental understanding of the localized nature
of corrosion. Corrosion processes where physical dimensions
become critical in the degradation process include localized-
corrosion initiation in passivated metals, microgalvanic
interactions in metal alloys, and chemistry in adsorbed water
films in atmospheric corrosion. 

Sandia is focusing on two areas of corrosion science
where a fundamental understanding of processes occurring at
critical dimensions is not currently available. We are studying
the critical-length scales necessary for passive film breakdown
in the inundated aluminum (Al) system and the chemical
reactions and transport in ultrathin water films relevant to the
atmospheric corrosion of Al. We require techniques that
provide spatial information without significantly perturbing or
masking the underlying relationships. Al-passive film
breakdown is governed by the relationship between areas of
the film sampled and its defect structure. We will combine
low-current measurements with microelectrodes to study the
size scale required to observe a single initiation event and
record electrochemical-breakdown events. We will correlate
the resulting quantitative measure of stability with metal-grain
size, secondary-phase size, and distribution to understand
which metal properties control stability at the macro- and
nanoscale. Mechanisms of atmospheric corrosion on Al are
dependent on the physical dimensions and continuity of
adsorbed water layers as well as the chemical reactions that
take place in this layer. We will combine microelectrode
arrays with electrochemical sensing and electrostatic-force
microscopy to monitor the chemistry and ion transport in
these thin layers. These measurements will be the basis for
calculating oxidant-partition coefficients and ion mobilities.
We will use the techniques developed and information derived
from this work to understand and predict degradation
processes in electrical and structural components.
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We developed an electropolishing technique for
reproducibly preparing high-purity Al-wire surfaces for
electrochemical testing. We found electropolishing to be most
effectively performed at 0ºC in a bath containing 20 percent
perchloric acid, 5 percent glycerol, and 75 percent methanol.
We assessed the pitting susceptibility of Al microelectrodes
(25µ diameter) in terms of a pitting potential (E-pit) as a
function of polishing time. E-pit distributions did not vary
significantly for polishing times between 20 sec and 120 sec;
however, the longer polishing times produced more
reproducible results as assessed using optical microscopy.

To facilitate development of the electropolishing
technique, we fabricated electrode arrays from both 125µ and
500µ diameter Al wires. For each wire size, we assembled 10
arrays, each containing 10 electrodes. We used the arrays to
establish baseline pitting behavior of the 125µ diameter
electrodes and, at the same time, to validate two
multipotentiostats that will be used throughout this project.
We determined that the potentiostats yielded E-pit values that
converged to the same distribution when 30 datapoints were
collected from each system. This indicates that fewer than 30
points may be insufficient to fully characterize E-pit
distributions. 

We are developing a capillary-based electrochemical
cell to test small areas of macroscopic electrodes that are not
available in wire form (e.g., Al single crystals). In a previous
research effort, we assembled a system that could test reduced
areas on the order of 100µ–1000µ in diameter. The target for
this research is to be able to isolate and investigate 10µ–50µ
diameter regions. Thus far we have prepared capillary cells
down to 2µ in diameter.

We designed, fabricated, and demonstrated a
microelectrode array for use as a proximal pH detector for use
in ultrathin water layers. We used conventional
microelectronic fabrication techniques to develop closely
spaced (2µ interelectrode spacing) planar arrays of
microelectrodes ranging from 1µ to 20µ in diameter. Water is
allowed to wet the array surface through adsorption of H2O
from the vapor phase by incorporating the array into a
gaseous-flow cell where the relative humidity and O2 content
can be controlled. We used electrochemical-impedance
spectroscopy to determine the formation of a continuous water
layer at the array surface by measuring a frequency-dependent
impedance decrease between adjacent electrodes. We
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accomplish O2 detection in these thin water films by
monitoring the pH transient at a sensing iridium-oxide
(IrO)–modified electrode as a function of applied potential at
an adjacent platinum (Pt)-generator electrode. Reduction of O2

produces hydroxide ions, and the resulting pH change can be
correlated with O2 concentration. These results show that
chemical information relevant to corrosion processes can be
obtained under atmospheric conditions. The intent is to refine
and use these tools to explore atmospheric-corrosion
mechanisms. 

We are refining our approach to improving the stability
of the chemical sensor and to integrating imaging capability
with array use. We demonstrated that electrodeposition of IrO
onto Pt and gold (Au) from a basic oxalate solution followed
by vacuum annealing can produce a stable film that maintains
an established potential versus pH response through indefinite
wetting and drying cycles. These films can be deposited to
thicknesses of 50 nm with this same stability. We designed
and fabricated a second-generation array to maximize the
degree of planarity in the sensing region of the array. We will
use electrostatic-force microscopy to map the spatial
distribution of the water layer formed with adsorption to aid in
understanding how O2 and hydroxide (OH)-transport laterally
in these films.
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Nanoscale Mechanics in an Instrumented
Transmission Electron Microscope
A. K. Schmid, D. L. Medlin

The importance of microsystems to defense and
commercial technologies will grow rapidly. The great majority
of the research and development effort has been placed rightly
on understanding how to design and manufacture these
systems. Although the processing technologies have matured
considerably, many open questions remain about the
reliability of microsystems, particularly after extended periods
of dormancy. Many envisaged microsystems rely on
mechanical actuation to function. These actuations produce
mechanical deformations and wear at length scales
considerably smaller than in conventional systems. Whether
the mechanisms of deformation and friction at the small-
length scales of microsystems differ from conventional devices
needs to be investigated. 

In this work, Sandia is addressing the reliability of
microsystems by studying how materials deform and respond
when they are contacted and rubbed at the nanometer-length
scale. We are designing and constructing specialized test
equipment that will allow the nanoscale response of contacted
and sliding materials to be directly observed during operation
in a transmission electron microscope (TEM). We will use
these new instruments to study the nanometer-scale
deformation, friction, and wear of the materials used in
microsystems manufactured by LIGA (acronym for the
German term Lithographie, Galvanoformung, und
Abformung, for lithography, electroforming, and molding
[process]), and surface-micromachining (SMM) processes.

We designed the prototype of a nanomechanical-
positioning apparatus to perform nanoscale mechanics in a
TEM. The device consists of inertially driven friction stages
that permit the submicron-motion control that is necessary for
indentation. Furthermore, the profile of the device fits the
available space within the TEM sample area. We made the
parts for the prototype and partially tested several components
successfully.

Key to the success of this stage of the project is the
fabrication of reliable friction surfaces that allow motion and
stability once motion has stopped. We tested several candidate
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materials, including tungsten carbide and alumina, and
stainless steel and alumina, to find the optimum combination.
To drive this motion, we used piezoceramic materials in a tube
configuration. The drive shaft in this case runs down the
length of the tube. Motion is achieved by voltage profiles
applied to the piezo to cause an alternating sequence of high-
acceleration expansion or contraction followed by slow
relaxation. In such a profile, sliding is achieved during the
high-acceleration phase while a no-sliding contact is
maintained during the slow-relaxation phase. In this way,
motion is achieved in steps that are of submicron size.
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LIGA Microsystems Aging: Evaluation and
Mitigation
C. H. Cadden, N. Y. C. Yang

LIGA is the acronym for the German term
Lithographie, Galvanoformung, und Abformung, which
translates to lithography, electroforming, and molding
(process). Deploying LIGA structures in Defense Programs
(DP) applications requires a thorough understanding of
potential long-term physical and chemical changes that may
occur during service. While these components are generally
fabricated from simple metallic systems—such as copper (Cu),
nickel (Ni), and Ni alloys—the electroplating process used to
form the systems creates microstructural features that differ
from features in conventional (e.g., ingot metallurgy)
processing of such materials. Physical changes in
nonequilibrium microstructures may occur from long-term
exposure to temperatures that permit atomic and vacancy
mobility. Chemical changes, particularly at the surfaces of
LIGA parts, may occur in the presence of gaseous-chemical
species (e.g., water vapor, high-explosive [HE] off-gassing
compounds) and contact with other metallic structures. 

Sandia is characterizing LIGA materials currently
being produced at Sandia-Livermore. These materials include
pure Ni along with nickel-cobalt (Ni-Co), and nickel-iron (Ni-
Fe) alloys. We will use this baseline characterization as a
reference point as we monitor changes that occur in LIGA
structures over extended time periods in environments similar
to those envisioned for DP applications. Finally, we will
investigate conformal coating systems as needed to combat
environmental degradation occurring at LIGA surfaces.

We selected four LIGA part geometries for our
characterizations. Used individually and in pairs, these
components will provide both mechanical and structural
information regarding the effects of long-term thermal and
environmental exposure in selected weapons environments.
These geometries are also appropriate for evaluating candidate
protective-coating systems. Production of these test parts is
under way.

We designed and constructed test chambers that will
contain groups of LIGA specimens for controlled temperature
and environmental exposures. LIGA specimens are loaded in
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fixtures that maintain specific orientation and, where desired,
controlled contact between a particular LIGA surface and
another metallic surface. These contact surfaces consist of
both LIGA/LIGA and LIGA/stainless-steel (SS) combinations.
After assembly, fixtures are loaded into a SS vessel. The
vessel is filled with the desired gaseous composition, and the
vessel is subsequently sealed. 

We conducted microstructural characterization of
electrodeposited-Ni test parts. These studies focused on
differences in structure obtained with and without a saccharin
addition to the sulfamate-electrolyte bath used for
electroplating. Results show major effects on metallurgical
characteristics (i.e., the film texture, grain structure, and
hardness of the electrodeposited Ni). Additionally, subsequent
annealing treatments also produced different responses,
resulting in differences in grain growth and hardness loss.
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Science-Based Processing of Field-
Structured Composites
R. L. Williamson

Over the past few years, a new class of materials has
emerged called field-structured composites (FSCs) that pose
interesting and novel process-control challenges. FSCs are
anisotropic particle composites produced in electric or
magnetic fields that exhibit highly anisotropic properties due
to the chain or sheetlike structures that form as a result of the
induced dipolar forces between particles. The field-structuring
gives tremendous control of material properties, and the
potential for practical applications is great if feedback can be
used to tailor material properties to meet specific needs.
Recent research at Sandia shows that these materials have
colossal thermoresistance, piezoresistance, magnetoresistance,
and chemiresistance, making FSCs very promising as sensors
if reliably produced with a desired resistivity. These materials
pose nontrivial feedback-control challenges, due to strong
history effects, diverging timescales, and nonlinear dynamics.
Our goal is to meet these challenges by developing science-
based process control, using newly discovered methods of
achieving feedback in these materials. 

The major goal of the FSC work was to construct a
triaxial magnetic-field apparatus and use the apparatus to
control the conductivity of an FSC along one axis. The core
idea was that a rotating field produced by two coils could
cancel the structuring effect produced by the stationary field
of the third. By adjusting the relative strengths of the
alternating and static fields, we envisioned that one could
control the conductivity along the stationary-field axis.

We completed the design work and constructed the
apparatus. We carried out structuring/destructuring
experiments using 50µ diameter nickel (Ni) particles in
mineral oil to investigate the structures that form under
triaxial field conditions. A pure rotating field causes vigorous
stirring of the mixture when the stationary field is switched
on. Though the net-induced dipole interaction in the triaxial
field system can be made to exactly cancel, strong local field
effects survive and cause stirring. We investigated other,
nonrotating alternating field schemes and observed novel,
complex, 3-D structures. For example, we observed a lattice
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of sheets intersecting at right angles with the lines of
intersection along the stationary field axis and made video
recordings of these structures.

We performed experiments to characterize the open-
loop conductivity response of Ni/gold (Au) particles in oil in
the triaxial field environment. With both rotating and
stationary fields applied, the sample was vigorously stirred
and conductivity between electrodes low. With the rotating
field turned off, conductivity increased significantly in a
manner roughly proportional to stationary-field strength.
Turning off the stationary field had little affect, as did
subsequently cycling the rotating field on and off. However,
cycling the stationary field on and off caused the conductivity
to decrease by four to six orders of magnitude, providing
strong evidence that the system was effectively destructured
by this sequence. We observed this chain of events to be
reproducible, but the behavior is, as yet, not completely
understood.

The results show that the field dependence of the
conductivity is much more complex than originally thought. It
is clear that a simple feedback system would be incapable of
producing and tracking a target conductivity under these
conditions. The problem of how to control conductivity in this
system is currently under consideration. Certainly, the above
cycle may be repeated to produce the target conductivity, but
we feel that improved methods will be found once basic
understanding of the phenomenon is achieved.

The second part of the work studied field-structured
plasmas (FSPs). In this study, we constructed a uniaxial
magnetic-field device and mounted it into an existing arc-
generating device to study the problems associated with
controlling the structure of a metal-vapor plasma. We tuned
the magnetic-field strength to determine the parameters
necessary to confine the plasma under the cathode. We imaged
the arc using a high-speed framing camera. We observed
plasma focusing at arc gaps of 1 cm and 2 cm, and at field
strengths of 50, 100, 170, and 230 Gauss. The focusing effect
is enhanced by higher field strengths and shorter arc gaps.
Macroparticle ejection by cathode spots was not significantly
affected by field strength.
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Exploration of New Multivariate Spectral
Calibration Algorithms
D. M. Haaland, L. E. Martin, C. M. Wehlburg, D. K. Melgaard, M.
H. van Benthem

Sandia previously developed a powerful new
multivariate calibration algorithm that has the ability to
correct many of the outstanding limitations of traditional
quantitative multivariate spectral calibrations, such as
minimizing the numbers of calibration samples and
maintaining calibrations in the presence of drift. While
investigating the limitations of this new proprietary
prediction-augmented classical least squares/partial least
squares (PACLS/PLS) hybrid algorithm, we developed a
family of potentially better algorithms. These new algorithms
have the ability to be rapidly updated during prediction
without recalibration. This rapid updating feature is a
significant advantage over our previous hybrid algorithm that
can impact weapons projects and industrial problems where
spectral quality control and/or process monitoring is desired.
We demonstrated the new algorithms to improve the
quantitative hyperspectral image (HSI) analyses of aged
materials. Because we developed and implemented a family of
four new algorithms, we need to understand the relative
merits of these new multivariate algorithms, to better
understand the properties and relative performance of the new
methods compared to traditional multivariate calibration
methods, and to explore a variety of potential applications
using the new algorithms. For example, the new algorithms
may be able to (1) improve the qualitative information in the
derived pure-component spectra of complex samples, (2)
rapidly update multivariate spectral calibration models for
changes in starting products for commercial process
monitoring or quality control, and (3) improve HSI analyses
from many sources, including remote sensing.

We submitted a provisional patent application
extending the PACLS algorithm to the concentration-residual-
augmented classical least squares (CRACLS) to the U.S.
Patent Office along with a second provisional patent
application describing the entire family of augmented CLS
methods. In addition, we received a final office action on the
hybrid patent from the U.S. Patent Office, prepared a
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response, and the claims were accepted. We also successfully
licensed the pending patents to Thermo Nicolet Corporation.
Also, a research paper describing the new family of ACLS
algorithms was submitted for publication in Vibrational
Spectroscopy.

We investigated the ability of the new algorithms to
improve our ability to transfer multivariate spectral
calibrations between spectrometers. We entered into a
collaboration with Dow Chemical Company since they had
independently obtained a set of near-infrared (NIR) spectra of
a set of multicomponent organic liquid samples using
spectrometers from four different manufacturers. They used
these data to evaluate the current standard method of
transferring calibrations between spectrometers, namely,
piecewise direct standardization (PDS). We performed an
evaluation of our hybrid algorithm and a subset recalibration
method using the Dow datasets. We performed this evaluation
blind to the Dow PDS results. The results presented to Dow
demonstrated the superiority of our hybrid algorithm to both
the subset recalibration method and the PDS method. In every
case for each analyte and for every instrument used as a
secondary spectrometer, the hybrid method outperformed PDS
and subset recalibration. The predictions on the secondary
instrument were also comparable to the calibrations generated
on the same spectrometers, indicating no loss of prediction
ability when the calibrations were transferred from the
primary to secondary spectrometer. Early indications suggest
that the outlier detection capabilities of the hybrid method are
superior to those of the PDS algorithm. These excellent results
led Dow to request information related to licensing our patent-
pending algorithms.

We initiated the development of a new procedure to
improve the determination of the optimal model size. The new
ACLS algorithms are less prone to overfitting than traditional
multivariate calibration methods such as partial least squares
(PLS) and principal component regression (PCR). However,
the lack of overfitting makes them less amenable to optimal
factor selection. Therefore, we had to develop a new factor-
selection method that will be optimal for our new ACLS
methods. Our approach is to use the standard CLS model to
predict the factor-analyzed residuals generated from the CLS
spectral residuals from all calibration samples. Those factors
that are most detrimental to the standard CLS model are the
most important factors to add in the ACLS algorithm.
However, too many added factors can degrade the net-analyte
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signal (NAS) and lower prediction performance. Therefore,
factors are ordered relative to the product of the introduced
error and the NAS. These ordered factors are then added in a
sequential fashion to the ACLS model using cross-validation
methods to select the optimal number of factors to augment
the CLS model. We programmed and are testing the algorithm
to implement this idea. The same method can be used for
factor selection in updating the ACLS models in prediction
using repeat or subset samples.

We initiated comparisons of the predictive
performance of the new ACLS methods among themselves
and with traditional multivariate calibration methods using
simulated data to understand and quantify the relative
performance of the various methods. We generated simulated
datasets based on real data to test and compare the relative
performance of the algorithms. The simulations include ideal
spectral noise, correlated spectral noise, concentration errors,
and different amounts of these various noise sources.
Preliminary prediction comparisons indicate superior
prediction ability for the ACLS methods in the presence of
correlated spectral noise.
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Microsystems and Engineering Sciences
Applications (MESA)

The “New Architectures for
Micro-Total-Analytical Systems”
project leverages Sandia’s unique
capabilities in electrokinetic
pumping and microfabrication to
establish a new technology—high-
performance liquid chromatography
(HPLC) in miniature. While HPLC
remains the preferred macroscale
analytical technique, its adaptation
to an integrated microscale device
has proven elusive because of the
lack of a miniaturizable high-
pressure pump. Sandia’s miniature
pumps can be integrated on-chip,
and several improvements to HPLC
can be realized through

microfabricated sample injectors and
chip-based separations media. It is
our goal to achieve better separations
than currently possible using an
integrated microdevice. This
research will bolster Sandia’s efforts
in the national security mission area
of chemical/biological weapons non-
proliferation and its efforts in
biotechnology. Two patent dis-
closures have been filed.

The Microsystems and Engi-
neering Sciences Applications
(MESA) investment area is working
to create a delivery system
comprising the facilities,
infrastructure, and supporting
network of capabilities needed to
provide microsystems-based
solutions, products, and services in
support of Sandia’s national security
missions. This MESA delivery system
will include personnel and facilities
from many different parts of Sandia,
and will incorporate all of the
elements needed to meet
specifications, cost requirements,
and schedules for the delivery of
reliable, microsystems-based
solutions for Sandia’s customers.
This research will involve supporting
commercial and university
relationships.
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New Architectures for Micro-Total-Analytical
Systems
P. C. Galambos, J. A. Irvin, E. F. Hasselbrink, Y. Fintschenko, M.
Okandan, S. Montague, T. J. Shepodd, D. J. Bennett

The goal of this project is to leverage Sandia’s unique
capabilities in electrokinetic pumping and microfabrication to
establish a new technology, high-performance liquid
chromatography (HPLC), in the field of micro-Total Analysis
Systems (µTAS). While HPLC remains the “gold standard”
macroscale analytical technique, its adaptation to an
integrated microscale device has proved elusive because of
the lack of a miniaturizable high-pressure (> 3000 psi) pump.

Recently, Sandia demonstrated a capillary HPLC
system that utilizes its proprietary electrokinetic pumps
(EKPs), which are capillary-sized pumps capable of
delivering over 9000 psi pressure. Since these pumps can be
integrated on-chip, and several improvements to HPLC can be
realized through microfabricated sample injectors and chip-
based separations media, it is our goal to achieve better
separations than possible with macroscale HPLC using an
integrated device. The design will incorporate EKPs, sample
injector, separation media, and detection on a single chip.
Besides EKPs, three Sandia technologies are essential
components of this goal: (1) microfabrication of high-aspect-
ratio insulating microstructures, to engineer optimal
separations media and EKPs; (2) Sandia-proprietary sample
injection technology technical advance (TA) to prevent
parasitic dispersion during sample injection; and (3) the
integration of electrodes into microfluidic channels, and the
development of a robust electrochemical detection scheme. At
the same time, this research will bolster Sandia’s efforts
toward its national security mission in the area of
chemical/biological weapons nonproliferation, and its efforts
in biotechnology. Furthermore, it is hoped that the research
will create new applications for Sandia’s microfabrication
technology.

We attained porous polymer EKP pressures of 0.11
psi/V and are attempting to increase this pumping pressure to
1 psi/V by reducing pore size. We are also attempting to
control the variability of pore size to achieve more
reproducible pump pressures. We fabricated EKPs using a
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modified SUMMiT (Sandia Ultraplanar Multilevel MEMS
Technology) process that incorporates SiN films as the pump
walls and uses polysilicon (poly-Si) wires to bring electrical
signals to the pump electrodes. These SiN layers are included
with the standard SUMMiT poly-Si layers to make a variety
of structures. One of these structures uses a deep oxide cut to
make electrical connection through poly-Si “wires” to the
electrodes used to apply voltage to the EKP. These electrodes
are photolithographically defined and, therefore, may be
placed anywhere in the pump channel. Close spacing between
electrodes allows the same field strength to be applied with a
lower voltage. 

In the initial EKP fabrication, we encountered
problems with the oxide deep cut, and all of the electrical
lines were shorted together. We corrected this problem with a
modification to both the process and the design in the second
build. We plan to perform electrical tests of the on-chip
SUMMiT EKPs utilizing the glass manifolds fabricated at
Sandia-California. 

We initially attempted standard EK and materials tests
to characterize streaming potential, streaming current,
conductivity, flow rate, bacterial endotoxins test (BET),
mercury porosimetry, and maximum pressure. The envelope
of pump performance, however, is determined by only two
quantities: neo/k gives the pressure/voltage ratio of the pump,
and neoA/F gives the flow rate per unit electric field. Hence,
flow rate, max pressure, and a simple test of Darcy coefficient
k provide all three coefficients required to characterize pump
performance. Furthermore, we found that while values of neo
and F vary by factors of 2 to 4, values of k vary by up to two
orders of magnitude. Accordingly, the Darcy coefficient can
be measured as a preliminary screening tool to identify
promising formulations.

In our initial testing, we pumped water and blood
through silicon nitride (SiN) channels. We also experimented
with aqueous solutions on poly-Si electrodes to determine
what types of solution additives and voltage signals are
needed to avoid gas bubbles generated by electrolysis. We
determined that a 5 percent polyethylene glycol (PEG)
aqueous solution reduces electrolysis, such that a 1 MHz
alternating current (AC) signal (200 V peak-to-peak across a
2µ or 4µ electrode gap) does not cause electrolysis bubbles. 

Sandia National Laboratories LDRD Annual Report 2001 541

In our initial testing, we

pumped water and blood

through silicon nitride (SiN)

channels. We also

experimented with aqueous

solutions on poly-Si electrodes

to determine what types of

solution additives and voltage

signals are needed to avoid

gas bubbles generated by

electrolysis. We determined

that a 5 percent polyethylene

glycol (PEG) aqueous solution

reduces electrolysis, such that

a 1 MHz alternating current

(AC) signal (200 V peak-to-

peak across a 2µ or 4µ

electrode gap) does not cause

electrolysis bubbles. 



Sandia National Laboratories LDRD Annual Report 2001 542

Refereed
Hasselbrink, E. F., E. B. Cummings, and M. T. Blom.
2001. “Dispersion in Electroosmotic Flow Through
Periodic Media.” Paper presented to the Gordon
Research Conference, Oxford, England, 29 July.

Okandan, M., P. C. Galambos, S. Mani, and J.
Jakubczak. 2001. “Development of Surface-
Micromachining Technologies for Microfluidics and
BioMEMS.” Proc. Society of Photooptical
Instrumentation Engineers (SPIE), Microfabrication
Conference, Microfluidics and BioMEMS 4560 (San
Francisco, CA, October): 21.

Okandan, M., P. C. Galambos, S. Mani, and J.
Jakubczak. 2001. “Surface-Micromachined Cell
Manipulation Devices for Transfection and Sample
Preparation.” MicroTAS 2001 1 (Monterey, CA,
October): 156.

Shepodd, T. J., E. Franklin, J. Hotaling, R. Jensen, and
Z. Prickett. 2001. “Polymer Electrokinetic Pumps: A
Cast-to-Shape and Conduct as Cast Option for Moving
Fluids.” Paper presented to the Gordon Research
Conference, Oxford, England, 29 July.



26770

Interconnection Technology for Next
Generation of Integrated Microsystems
R. Chanchani, D. J. Rieger, S. Samora, T. A. Fischer, G. R. Sloan,
R. D. Briggs, K. M. Norman

True microsystems of the future will require denser
interconnection technologies to facilitate integration and
miniaturization of electronics, optics, and
microelectromechanical systems (MEMS) in a single package.
Various high-density interconnection (HDI) technologies,
which exist in the industry, interconnect electronics only and
do not offer the flexibility and integration capability that
microsystems require.

Sandia is developing an HDI-substrate technology that
will facilitate integration of a broad range of microsystems for
future Sandia applications (e.g., the next-generation synthetic-
aperture radar [SAR], for microtags and advanced fuzing
circuits). This high-density substrate technology consists of
multilayers of thin-film–deposited benzocyclobutene (BCB)
dielectric with copper conduction on a variety of substrates.
Also within this interconnect structure, we will embed passives
like resistors, capacitors, and inductors.

(1) We completed developing a baseline process on a
4-inch silicon (Si) wafer to build up a multilayer circuit with
the following features: 

(a) Five copper (Cu)-conductor layers and four BCB 
dielectric layers, 

(b) 2µ thick Cu conductors patterned with the lift-off 
process, 

(c) 5µ thick BCB dielectric, and 
(d) 100µ pitch line interconnect and 35µ diameter vias.
A test vehicle structure (test vehicle I), specially

designed for the BCB/Cu process development, has 4000+
daisy-chained via test structures in the inner layers, and on the
top surface, it has 1000 input/output (I/O) pads for four
integrated circuits (ICs). Diagnostic test ICs were flip-chip–
attached to the test vehicle. One of the four ICs has a daisy-
chain structure interwoven with the BCB/Cu structure. We
determined the success of the process by (1) the continuity 
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test of 4000+ via test structures, (2) successfully flip-
chip–attaching four ICs on the substrate, and (3) the continuity
of the assembled daisy-chain die.

(2) We are currently developing the following
enhancements to the baseline processes: 

(a) Reduce via size from 35µ to 25µ and 30µ, 
(b) Determine the feasibility of fabricating thicker 

BCB dielectric layers from 5µ in the baseline process to 20µ.
(We included this task, which was not in the original proposal,
because the initial simulation of radio-frequency [RF] circuits
indicated that 20µ thick dielectric may be needed for RF
applications. BCB used for 5µ thick layers is photodefinable,
whereas the BCB that will be used for 20µ thick layers is 
nonphotodefinable. Thus, a considerably higher level of effort
will be needed for process development.) 

(c) Develop multilayer structure on alumina ceramic 
base substrate instead of Si wafer. Alumina ceramic having a
different thermal characteristic than Si requires new sets of
process parameters. We are currently investigating
experiencing some issues with inadequate adhesion of BCB to
ceramic.

(3) We completed the design of test vehicles required
for the development of processes for embedded passives.
There will be three test vehicles, one each for resistor,
capacitor, and inductors. 

Sandia National Laboratories LDRD Annual Report 2001 544

We completed the design of

test vehicles required for the

development of processes for

embedded passives. There will

be three test vehicles, one each

for resistor, capacitor,

and inductors. 



Nonproliferation and Materials Control

The “Thin-Skin Deployable
Mirrors for Remote Sensing
Systems” project is working to
develop an innovative space-based
telescope system. Expensive large-
aperture optics are critical for
improving sensitivity and resolution
of space-based telescopes needed
for DOE nonproliferation missions.
Deployable optics can resolve the
conflicting needs between large
operational apertures and the
necessity to minimize costs. This
project is pursuing a novel mirror
design and shape control approach
for deployable mirror systems.
Deployability and shape control are

integrated directly into the mirror
material by making it out of a thin-
skin “smart material.” Two technical
advances have been filed as a result
of this research. This work has the
potential to support a wide range of
national security applications.

The Nonproliferation and
Materials Control investment area
examines advanced technologies for
improving the physical security of
weapons and special nuclear
materials. This research focuses on
creating innovative solutions to new
national security challenges, includ-
ing (1) developing global virtual
presence capabilities, (2) enabling
agile response to intelligence
challenges, (3) developing tech-
nologies for the protection of our
nation’s strategic nuclear resources,
(4) preparing innovative responses
to biological and chemical threats,
and (5) improving international
cooperative threat-reduction
capabilities.
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A Real-Time Decision-Support Framework to
Guide Facility Response to Abnormal Events
J. E. Brockmann, L. D. Brandt, K. K. Murata, S. P. Gordon, D. M.
Edwards, F. Gelbard

Adverse consequences to facilities that are subject to
abnormal environments can be dramatically reduced if timely
and appropriate mitigation actions are taken. Success in
damage limitation requires the real-time fusion of data from
diverse sources. An information and decision framework is
required to evaluate these data, assess the probable impacts,
and develop a decision and control strategy. The framework
must develop graded facility responses appropriate to the
quality of information available and the predicted
consequences of the event and prospective mitigation options.

This project will provide the technical basis and
prototype information tools for guiding facility response in
threatening environments. Sandia will develop a decision
framework that propagates prediction uncertainty, addresses
decision risk measures, incorporates temporal updating, and
links disparate information. Robust predictive models able to
utilize sparse sensor data to predict transport and
consequences will be developed. We will construct an
integrated decision tool and evaluate it initially against a
realistic reference facility. The initial prototype will provide a
proof-of-concept and indication of the performance of the new
technologies. The tools will be refined and evaluated against
more diverse facilities and more general environments as the
final step in the research.

Successful completion of this research will provide key
results supporting development of information and decision
systems that improve safety and security of virtually all of the
key facilities in the nation. The work will provide a technical
foundation for several emerging areas of importance to
Sandia, including a broad range of infrastructure protection
programs. The work is particularly applicable to the
development of protection systems for chemical/biological
attacks on civilian infrastructure targets, a growing area of
national interest. The research is structured specifically to
provide Sandia with a demonstrated technological base and
fundamental tools to address these problems.
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We originated methods for analysis of sensor data that
will enable operators to place a limited number of sensors at
near-optimal locations in a building to determine the source of
a release and the concentrations of the release in building
locations without sensors. This information is crucial in
guiding the response, such as HVAC (heating, ventilation, air
conditioning) flow alteration or evacuation routes, to a release
of hazardous material within a building. We learned several
lessons, such as the questionable utility of single or
unassociated sensors to give adequate information to
determine a response, the importance of quickly determining
the source location to make predictive calculations of
contaminant concentration, and the importance of being able
to position sensors to give this information. We identified the
importance of the flow matrix through the building to make
the above determinations and improved the calculational tool
used to generate the flow matrix. We examined how to modify
the algorithm used to determine sensor placement and source
location to accommodate material deposition during transport.
We developed a fast-running transport module (given the flow
matrices in the building) to implement the rapid calculation of
source term and unsensed room concentrations from real-time
sensor data.

We developed a method for generating a building
model for use with the calculational tool KCNBC from
electronic blueprints that significantly speeds the model
generation over doing it by hand. This improvement will
reduce the cost in generating building models for calculation.

Our work has demonstrated the effectiveness of
isolation of separate HVAC systems within a given building in
reducing the spread of hazardous material throughout the
building. This project demonstrated the significant role played
by countercurrent flow through opened doorways and
recirculation through the HVAC system in mixing material
through a given HVAC system.
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Physical Model–Based Fusion of Sensor
Array Data
I. R. Shokair, C. F. Melius, C. Springer, D. C. Roe, N. M. Berry

This project is aimed at development of analysis
methods and computational models for detection of chemical
species of interest in the presence of background
contaminants, using array separation methods. One of
Sandia’s main objectives is the development of algorithms that
utilize all useful available information to enhance detection
(lower detection limits) while maintaining very low
probabilities of false alarm rates. We developed such
algorithms for independent multiple-channel analysis followed
by a fusion algorithm to combine the individual channel
results and make a final decision on a given species detection
as well as estimate the probability of a false alarm. For each
channel, we developed a process of hypothesis testing to
calculate the probability of the following: (1) detected peak is
a result of background subtraction errors, (2) shape of
detected peak does not match database shape, and (3)
detected peak time is incorrect due to instrument variability
and is a result of an adjacent peak. These hypotheses are used
to calculate the false alarm probability for a detected species
in a separation channel.

We applied the analysis algorithms to an extensive set
of experimental measurements, using capillary zone
electrophoresis (CZE) and capillary gel electrophoresis (CGE)
separations. 

For a given channel, once the Adaptive Background
Suppression-Peak Detection (ABD-PD) algorithm has
detected a peak, a process of hypothesis testing is carried out
to calculate the probabilities that (1) the detected peak is part
of the background signal, (2) the detected peak does not have
the correct shape, and (3) the detected peak time is incorrect
because of instrumental variability (i.e., due to an adjacent
peak). The analyses of these three alternate hypotheses result
in a probability of false alarm for the detected species in a
separation channel. The F-test (ratio of residuals) is used to
compare different hypotheses. A contaminant species with the
same retention time and peak shape as a species of interest
cannot be analyzed as a possible alternate hypothesis, and
can only be distinguished by multiple orthogonal separation
processes. 
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We extended the analysis algorithms to use either
dependent or independent residuals for multiple-channel
separations. For the analyzed data and most anticipated
separations, we found that independent channel analysis is
considerably more practical because of data variability and the
possibility of overlapping peaks with unknown contaminants
in a channel. Thus, we treated each channel as an independent
sensor with its data analyzed individually. We then used a
fusion algorithm to make a final decision on the detection and
calculation of an overall probability of false alarms for
detected species. 

We applied the analysis algorithms to an extensive set
of measurements of unknown samples containing varying
concentrations of four biotoxins: ricin, ovalbumin, botulinum
toxin, and Staphylococcal enterotoxin B (SEB). We used two
separation channels: CZE and CGE. Some of the samples also
contained unknown aerosol contaminants. Some of the initial
datasets were used as training sets to obtain database
information such as peak times and shapes, as well as to
establish ranges of variability for use in the hypothesis testing
process. 

The results of analysis of the CZE data were excellent
and resulted in correct detection in most cases with very low
false alarm rates. Analysis of the CGE data was somewhat
problematic because of large variability of retention times due
to irreproducibility of the separation channel parameters.
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Controlling Information: Its Flow, Fusion, and
Coordination
T. M. Berg, R. G. Hillaire, N. M. Berry

This project investigated information, from
fundamental properties and definitions to optimal
information-handling algorithms for sensing applications, for
application to robot collectives. Sandia borrowed the concept
of Fisher information from statistics and optimal filtering and
applied it to the problem of engineering information-driven
sensor systems to extend results, first in distributed optimal
filtering, and then in distributed collectives of robots. Fisher
information is a useful engineering definition because it
provides mechanisms for handling information overlap,
redundancy, and reliability in distributed information-
gathering systems. As we tie our Fisher information
engineering results to recent results using Fisher information
to derive physical laws, we open up new areas of research that
should be particularly fruitful for controlling very large
numbers of robots.

We used Fisher information to extend the state of the
art in the optimal filtering of distributed sensor data and to
develop the engineering trade-offs. The trade-off list is long
and includes local sensing node complexity, global optimality
measures, communication requirements, node connection
requirements, memory, latency, computation, survivability and
redundancy, initialization complexity, intrusion vulnerability,
and adaptation requirements. 

Using these results, we improved a distributed Kalman
filter for tracking that allows full decentralization of all
system assets.

To more effectively engineer robotic collectives or
swarms, we began attacking the problem of understanding
how information determines the group macrobehavior that
results from local rulemaking across large numbers of actors,
particularly when these robotic actors can sense their
environments and interact with it in various ways. 
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Characterization of Underground Facilities in
an Urban Environment
M. D. Ladd, M. W. Holzrichter, G. J. Elbring, D. L. Faucett, B. P.
Engler

It is well known that rogue nations may conceal
facilities for the manufacture and storage of weapons of mass
destruction (WMD) by placing them in urban areas. The
ability to characterize and monitor these facilities is an
important national concern. Because of the multisource and
high-noise nature of urban environments, such sites pose
special challenges for unattended sensors. Current programs
such as the Hard Target Defeat Program address the
nonurban, two-dimensional (2-D) monitoring domain.

The intent of this project was to develop and apply
novel adaptive signal-processing methods and sensor
deployment configurations to permit the characterization of
concealed facilities in an urban environment. In particular, we
explored seismically monitoring a suspect facility from
adjacent building basements. We investigated characterization
of the source vibrations and the use of advanced signal-
processing techniques such as the application of adaptive
array techniques to cancel out noise signals based on source
location. The system developed in this research provides a
new capability for the urban environment. We have directly
addressed the nonproliferation and materials control need to
covertly collect information that can characterize proliferation
activities. This project also addressed the emerging threats
need to characterize difficult targets.

Our activities focused on an iterative process for
applying adaptive beamforming to field data, analyzing the
results, and refining those algorithms to yield adaptive array
beam-forming algorithms that can, to a significant degree,
isolate the target signal from strong interferers and
background noise. In this way, we achieved as much as a 27
dB improvement in the signal-to-interferer ratio. Our
algorithms, based on the maximum likelihood and minimum
variance approaches, relied heavily on the statistical properties
of the signal and were less dependent on physical models of
the signal environment, which was fortuitous because analysis
showed that the seismic medium as well as the placement of
the sensors on the inside of an underground concrete vault
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result in a complex wavefield that is resistant to physical
modeling. The complex wavefield, along with staffing
constraints, resulted in our not finding a solution to the
problem of estimating the location of the source of the target
signal from the signal recorded by the array. Similarly, the
application of polarization processing to data from a triple-
component array did not yield results significantly better than
results from a single-component array. This result, too, is
attributed to the complex nature of the recorded wavefield.

In addition to algorithmic development, we established
factors affecting sensor fidelity, such as timing accuracy and
separation tolerances in deployment layouts. We studied novel
deployment strategies including the use of three-dimensional
(3-D) seismic arrays in neighboring buildings. Validation of
algorithms used both simulation and field data.

Our research resulted in the following:
(1) A system study for a recording system for seismic

monitoring of WMD activities in an urban environment. The
study outlines the hardware and software options for the
recording system, and

(2) A paper, to be published in the Proceedings of the
2001 Society of Photooptical Instrumentation Engineers’
Aerosense Conference, reporting the results of the application
of an early version of the adaptive beamformer.
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Nanosat
W. T. Wallace, R. J. Shul, D. L. Armour, T. R. Christenson, S. H.
Kravitz, D. J. Johnson, B. C. Brock, T. J. Kim, R. M. Axline, D.
Ingersoll, A. P. Sylwester, A. A. Allerman, W. C. Sweatt, J. A.
Nevers, J. L. Schoeneman, S. B. Rohde, C. A. Reber, H. C. Shen, A.
J. Smiel, G. R. Schuster, R. A. Williams, J. A. Rawlings, J. H.
Mulkern, A. M. Harris, G. B. Haschke, E. J. Gurule, D. Cruz, W. K.
Schubert, C. E. Sandoval, C. B. Webb, S. F. Piekunko, D. H.
Doughty, J. W. Weston, J. R. Klarkowski, S. A. Casalnuovo, S. G.
Rich, M. J. Rightley, M. Armendariz, M. E. Warren, S. F. Terwilliger,
D. W. Palmer, M. L. Pedroncelli, M. R. Daily, J. C. Chavez, M. K.
Lau

A paradigm shift in satellite systems is occurring
based on the use of small, inexpensive satellites to replace
functions performed by large, expensive satellites. These
“nanosatellites,” or “nanosats” (i.e., less than 10 kg), would
be used in a variety of applications. These applications range
from constellations of several hundred nanosats covering the
globe to closely knit clusters of nanosats flying in formation
and acting cooperatively for imagery, surveillance,
intelligence collection, or threat detection, to single nanosats
used for satellite inspection and anomaly resolution.

Numerous U.S. government agencies (e.g., Department
of Energy, Central Intelligence Agency, National
Reconnaissance Office [NRO], Defense Intelligence Agency
[DIA], Air Force) have documented the need for small-
satellite technology to meet future requirements for 
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surveillance of potential proliferants of chemical/biological
weapons (CW/BW), for threat/missile detection, and for
tracking/impact prediction.

For nanosat systems to be affordable and reliable,
satellite and launch costs must be drastically reduced.
Nanosat development will require a wide range of enabling
technologies (e.g., miniaturization, multifunctional integration
of satellite systems). Successful implementation will bring the
microsystems revolution to space.

Sandia has more than 35 years’ experience in
developing space-based national security solutions. This
experience directly supports nanosat development. Sandia
also has state-of-the-art silicon (Si), compound semiconductor,
and packaging facilities for microcircuits/photonics,
microelectromechanical (MEMS) devices, and advanced
battery technologies directly applicable to nanosat
development. Other applicable areas include distributed
processing, high-speed communications, and materials/
fabrication technologies. These capabilities, plus the ability to
integrate multidiscipline product development teams, provide
the basis to successfully develop nanosats for future national
security missions.

To date, we have focused our efforts on the design,
prototyping, and miniaturization of critical nanosat satellite
systems, using microcomponents and fabrication technologies.
These systems and activities included laser communications,
attitude and position determination elements, structural
battery, advanced packaging, sparse-aperture applications
study, and a nanosat deployment study. The systems identified
above do not represent all nanosat systems (e.g., other systems
would include propulsion, up- and downlink communications,
thermal control, and structural elements); however, they do
represent those systems that are critical to the success of a
nanosat.

• Laser communications system. Our goal is to
demonstrate a portable, full-duplex, auto-tracking, high-data-
rate (1 Gbs), wide (45°) field of view, 1.5µ wavelength, and
miniaturized laser communications system. Two small
enclosures house the combined transmit/receive prototype
hardware. We designed and fabricated prototype hardware
including the optics train, laser elements, electrooptic
processing electronics (i.e., optical and high-speed digital),
encryption/decryption electronics, and interface electronics
(i.e., analog/digital). In addition, one enclosure included a
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joystick to demonstrate that a communications lock could be
maintained while the laser optics head was moving (to
simulate satellite movement in space). The unit was at least a
factor of 10 smaller than our previous half-duplex
demonstration. We are integrating and testing all hardware
elements. 

• Attitude control. Our goal is to demonstrate a mini
three-axis reaction wheel assembly with the following
performance characteristics: slew rate 2° per second,
positional accuracy 0.1°, automatic software control, and
miniaturized electronics to allow for a volume of less than 20
cubic inches. We met each of these goals. We measured the
maximum slew rate at 19° per second. We measured
positional accuracy at less than 0.1°. We successfully
demonstrated automatic software control algorithm
development. We designed and fabricated the electronics
(including a processor, interface, and motor control [analog]
boards) for all three motors. Three 2.5-inch-diameter boards
with dense packing of parts on both sides were fabricated,
populated, and stacked with a distance between boards of less
than 1/4 inch. We fabricated a reaction wheel assembly
housing measuring 3.75 inches in diameter by 1.825 inches in
height, with a volume of 20.16 cubic inches. 

• Position and attitude determination. Our goal is to
demonstrate a space-capable, carrier-phase global positioning
system (GPS) receiver (for attitude determination) that is low
power (less than 1 W). Activities concentrated on developing
a low-power hardware solution with a GPS radio frequency
(RF) front end and a low-power microprocessor to process
raw navigation data. We also focused on developing carrier-
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phase post-processing algorithms and software to compute
relative position between multiple GPS antennas, and then on
using the relative position information to calculate attitude.
We successfully integrated the RF front end and micro-
processor, and demonstrated that they can track eight GPS
satellites simultaneously and obtain both position and carrier-
phase information. The measured power was 1.5 W. We
developed carrier-phase software. In tests of multiple receiver
sets (four receivers), both position and attitude accuracies met
theoretical predictions. 

• Structural battery. Our goal was to design and
demonstrate a structural lithium (Li)-ion battery based on Si-
wafer processing techniques. The design consisted of four
wafers (two outer and two inner, patterned in a honeycomb
pattern where the Li-ion battery material resides). To avoid
wafer breakage, we glued Si wafers together using a screening
process. We successfully demonstrated this gluing/screening
process. We tested for compatibility between glues (epoxies)
and electrolyte. We made a honeycomb pattern using a Bosch
etcher. We plated large gold (Au) current collectors and Au
vias on the outer two wafers. We are completing the assembly
of all battery elements. 

• Advanced packaging. Our goal is to demonstrate
high-density integrated circuit (IC) interconnect wafer
stacking (i.e., no printed circuit boards) with MEMS heatpipe
cooling of active components. The four-layer stack included a
lens assembly, analog photodiode array, digital
microcontroller, and MEMS heatpipe. The stack responded to
laser signals and tracked movements of the laser (it also could
serve as a simple sun sensor for satellite applications, or as an
auto-tracking loop for laser communications). Activities also
included software development of simple tracking algorithms. 

• Sparse-aperture applications study. Activities
involved updating and documenting the results of the study. 

• Nanosat deployment study. Our goal was to develop a
concept of operations for a reconnaissance nanosat. We
developed the operations approach and the conceptual nanosat
design to support this approach.
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High-Speed 2-D Hadamard Transform
Spectral Imager for IR Applications
J. C. Wehlburg, C. M. Wehlburg, D. M. Haaland, J. W. Daniels, D.
A. Smith, N. G. Rackley

A technical need exists for staring infrared (IR)
imaging systems capable of real-time, high-speed imagery in a
large number of spectral bands. Existing spectral imaging
technologies do not support these rates where mechanical
scanning mechanisms are too slow. Techniques that employ
electronic scanning methods and two-dimensional (2-D) focal
planes are required. In addition, techniques that support
changing spectral sampling on-the-fly are able to match
changing target and background conditions, particularly when
optimization of signal-to-noise ratio (SNR) is desired. Finally,
under certain noise conditions, spectral multiplexing
techniques have the potential of increasing the SNR and
decreasing the sample rate for a given measurement.

Two-dimensional Hadamard transform spectral
imaging approaches have the potential of achieving all of the
above requirements. Recent advances in micromirror array
technology have allowed the possibility of realizing these
designs. The micromirrors allow electronic switching of light
between optical systems necessary to realize the Hadamard
encoding matrices without significant loss of light. Since these
devices are electronically programmable, they allow the
system to be spectrally reconfigured in microseconds. Under
nonphoton noise-limited conditions, Hadamard techniques
achieve a (N0.5) SNR advantage over nonmultiplexed
approaches, where N is the number of spectral samples.

This project will develop a prototype staring
Hadamard Transform Spectral Imager operating in the 1.25
µm–2.5 µm spectral region using commercially available
micromirror arrays. Successful completion of the project
would require demonstration of the technique at high scan
rates and the electronically tunable features required.

Sandia’s goals for this project are to (1) finalize the
optical design, (2) procure the optical, electrical, mechanical,
and data-acquisition (DAQ) components, (3) continue
simulation development as the optical model develops, and
(4) finalize the mechanical design.
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The optical design is nearly complete. We made some
changes in the design to improve the efficiency of the optical
system. The people using the Texas Instruments digital
micromirror device (DMD) as a selection device to limit the
field of view for an astronomical telescope agreed to let us
use, for the radiometric model of our system, a stray-light
model that they developed for the DMD. 

We will have to acquire and integrate the electrical and
DAQ components, but the mechanical and optical components
are on hold, awaiting finalization of the optical design. We
continued to evolve the simulation and, as more information
about the optical design is determined, are integrating the
changes into the simulation. The mechanical design has been
started, but is waiting on the optical design.
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Induced Molecular Markers for Pathogen
Detection: Microincubators for Rapid Toxin
Expression
J. S. Schoeniger, R. Behrens, Jr., J. V. Volponi, G. H. Kruppa, J.
Hong, J. S. Brennan

Existing fielded technologies for detection of
biological warfare (BW) agents rely primarily on antibody-
based affinity assays to sensitively detect and identify agents.
Programs such as the Department of Energy (DOE) Chemical
and Biological Nonproliferation Program (CBNP) have
identified the development of synthetic ligands that bind to
BW agents in a manner suitable for affinity assays as an
outstanding need for improving BW detection systems.

This project focuses on new technologies for mapping
the binding site of ligands on target proteins and for the
synthesis and rapid measurement of affinity constants of
small-molecule ligands for BW agent proteins. Project goals
are to implement bioanalytical methods that provide an
infrastructure for the development of high-affinity ligands that
can be used for the detection of biological agents. The work
involves development of technologies to enable new
approaches to ligand development that, if successful, will
expand Sandia’s ability to deliver synthetic ligands for BW
agent detection. 

We demonstrated capabilities to enable synthesis of
ligands. We are screening ligand libraries to determine if they
bind to target proteins and where they bind on the target
protein. We demonstrated the use of combinatorial chemistry
for the creation of new affinity ligands for biological agents.
We demonstrated sophisticated mass spectrometry (MS) and
fluorescence anisotropy methods for analysis of noncovalent
complexes that are useful for the screening of binding of
potential ligands to protein targets. We implemented the
infrastructure for mapping ligand binding sites on proteins
using proteolysis, liquid chromatography (LC), and Fourier-
transform (FT) MS for the analysis of photoaffinity ligand
adducts.

• Ligand synthesis. Through a collaboration with North
Carolina State University, we demonstrated the use of
combinatorial peptides for the discovery of affinity ligands for
detection of biological agents, specifically Staphylococcal

Sandia National Laboratories LDRD Annual Report 2001 562

This project focuses on new

technologies for mapping the

binding site of ligands on

target proteins and for the

synthesis and rapid

measurement of affinity

constants of small-molecule

ligands for BW agent proteins.

Project goals are to implement

bioanalytical methods that

provide an infrastructure for

the development of high-

affinity ligands that can be

used for the detection of

biological agents. 



enterotoxin B (SEB). SEB was 13C radio-labeled using
reductive methylation, incubated with combinatorial bead-
based peptide libraries, then spread on photographic plates and
exposed. Beads were harvested corresponding to spots on the
developed plates where labeled SEB bound to the beads.
Repeated screenings revealed low-affinity peptide ligands
followed by the discovery of a high-affinity ligand (better than
micromolar) of a similar amino acid composition but different
sequence order than the group of low-affinity ligands.
Additionally, we established a synthetic chemistry laboratory
at Sandia-California for the synthesis of novel cross-linkers
useful for development of high-affinity bidentate ligands
starting from peptide monomeric ligands.

• Ligand screening. We implemented electrospray/MS
of noncovalent protein-ligand complexes using our FT-ICR
(ion cyclotron resonance) instrument. We showed that we can
detect both small-molecule protein complexes and protein-
protein complexes over a wide mass range from about 30 to
200 kD. (These complexes are among the largest masses of
complexes ever detected using FT-ICR.) We integrated this
with a microautosampler that will allow the high-throughput
screening of soluble combinatorial libraries. Additionally, we
completed our fluorescence anisotropy instrument and
demonstrated that it is capable of discriminating a range of
fluorescent molecules from free fluorescence through 3–70 kD
fluorescent dextrans. This instrument will allow the
identification of noncovalent complexes in solution and
measurement of their affinity complexes.

• Ligand mapping. We implemented a variety of
proteolysis/LC/MS methods that allow the identification of
modified peptides. We also partially characterized two
photoaffinity labeling reagents (perfluoro azidobenzenes, and
diazerenes) in terms of their soluble photoreaction products
and synthesized known peptide ligands to tetanus toxin.
Experiments are under way to synthesize photoaffinity
versions of these peptide ligands and to define the binding site
of the ligand by identifying which peptides in the protein are
modified upon ligand binding and ultraviolet-induced
photoconjugation.
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Self-Assembled, Tamper-Detection Seals
W. R. Even, Jr., I. G. Waddoups, P. M. Dentinger, E. B. Cummings,
W. R. Cordwell, C. E. Lee, B. A. Simmons

Tamper-indicating devices (TIDs) contribute to
consumer assurances related to food and medicine quality,
validate the accuracy of electric-power meter readings, and
assist in the control and accountability of special nuclear
materials (SNM). Due to a wide variety of applications and
TID technology losses to successful countermeasures, seal
implementation efforts require a constant stream of new and
innovative solutions to an ever-changing set of requirements.
Sandia’s work generates individually unique tamper-
indicating seals with the ability to be authenticated and reset;
optical activity is used as a covert authentication scheme. We
successfully demonstrated thermal resettability in a
preliminary seal. Initial research utilized a commercially
available polymer, polyethylene phthalate, as a thermally
resettable host. We incorporated metallized polyethylene
terephthalate (MPET) particles as guest particles to provide a
unique spatial signature and used sucrose as chiral species to
provide a covert optical rotatory signature. Initial selection of
this combination of materials allowed research in detection
methodologies to proceed independent of final materials
down-select; additional covert optical signature materials are
being investigated. In collaboration with Symbol
Technologies, we identified a detection scheme that could lead
to the integration of these seals with high-speed, commercially
available barcode scanners. This significantly reduces the
effort required to employ these seals and holds the potential
for resettable seals to be read in less than 1 sec at distances
up to10 feet. 

After testing many commercially available materials,
we selected a polyvinyltoluene/methylstyrene host material for
tag development while we pursue advanced materials with
improved stability and easier resettability. Commercially
available 90µ fluorescein-labeled polystyrene microspheres
will be the initial guest particles. Their fluorescence is clearly
imaged and distinguishable from the nonfluorescent tag image
at 1 m using the prototype tag reader. We successfully purified
these spheres and encapsulated them in the host material for
tag testing. We imaged and evaluated surrogate tags having a
range in particle concentrations, providing us with a target
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particle concentration. We structured the tag-reading software
and tag architecture to support multiple levels of security by
interspersing multiple types of particles that are
distinguishable when illuminated at different wavelengths
(e.g., a mixture of green and red fluorescent and black
absorptive particles). The flexibility embodied in this structure
minimizes technical risk while extending the mission space of
the tags. 

The central issue in developing a fieldable tag is the
ability to process images acquired at oblique incidence and a
range of distances, and rotations of tags that are illuminated
nonuniformly and are mounted on curved and otherwise
complicated surfaces (e.g., over a weld line or seam). We
invented a novel spread-spectrum method of distributing
fiduciary information across an image. This information
robustly allows correction of these imaging defects in spite of
superimposed particles. The technique also supports secure
information embedding and retrieval. We documented it in the
Sandia technical advance (SD-8326) for which we filed the
patent “Self-Registering Spread-Spectrum Barcode Method.”
This kind of barcode has a number of novel features: It can be
overprinted, damaged, and partly or mostly obscured without
loss in readability. Multiple datasets can be multiplexed on the
same barcode with access requiring the correct pseudorandom
encoding kernel. 

We are evaluating the security of our tag and barcode
methodology and assessing the susceptibilities and
weaknesses of our approach.
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Techniques for Improving and Exploiting MTI
Imagery
B. R. Stallard, L. A. Boye

The Multispectral Thermal Imaging (MTI) satellite,
developed by Sandia and Los Alamos National Laboratories,
was launched in March 2000. MTI images in 15 accurately
coregistered bands from 0.5 µm to 11 µm, with 5 m ground
sample distance (GSD) in the four short-wavelength bands
and 20 m GSD in the rest. A thrust of this development has
been the radiometric calibration of these bands. Sandia will
develop algorithms specific to MTI for producing land-surface
temperature maps with unprecedented accuracy from a
spaceborne sensor. In the thermal infrared (IR), the photons
arriving at the sensor carry convoluted temperature and
emissivity information that must be unraveled. We will
produce pixel materials maps from the spectra in the 0.5
µm–2.5 µm region. The emissivity can then be estimated and
the surface temperature and heat capacity calculated. Many
targets of interest are subpixel in the thermal bands. Lack of
data has limited demonstration of this approach with accurate
pixel coregistration over a wide spectral range. We plan to
improve the accuracy of the temperature map by using the
spatial content of the small GSD bands of MTI, and higher-
resolution images from other platforms, to enhance the
effective spatial resolution of the thermal bands. Temperature
maps will provide information useful for DOE nonprolifer-
ation programs, military intelligence, surveillance, crop
monitoring, meteorological and climate monitoring, forestry,
and ecology.

This work includes the enhancement of band co-
registration, the implementation of radiometric calibration,
and the correction of geometric distortion. This will result in
(1) improved data cubes capable of supporting advanced data
exploitation algorithms and (2) insight into the pre-processing
requirements.

One focus of this Sandia project was improved band-
image-to-band-image registration for the data cubes from the
MTI satellite. We produced and reported on adequate software
at the Society of Photooptical Instrumentation Engineers’
(SPIE) AeroSense Conference. We made further
improvements in this software with other funding, and we

Sandia National Laboratories LDRD Annual Report 2001 566

Sandia will develop algorithms

specific to MTI for producing

land-surface temperature maps

with unprecedented accuracy

from a spaceborne sensor. 



expect a robust product soon. Team members requested a
number of MTI special collections, resulting in the collection
of approximately 20 images pertinent to our work. In addition,
several high-resolution images were acquired and compared to
MTI imagery. Finally, we made progress in the application of
MTI images to change detection. This requires a careful
registration of the images taken in the same band but
separated in time. Full automation is not yet accomplished;
however, we now have a procedure for hand alignment to
about one-half pixel, followed by computer alignment to about
one-eighth pixel.
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Risk-Informed Proliferation Analysis
Development
G. E. Rochau, C. W. Morrow, Jr., D. S. Blair, T. T. Sype, G. D. Wyss,
P. E. Rexroth

Proliferation risk for fissile materials—along with cost
and safety—are the top three aspects surrounding future
global-energy options. Current methods for assessing
proliferation risk are lacking in quantitative rigor; this
shortcoming increases the difficulty of assessing proliferation
risk in national decision processes. National advisory groups
have endorsed developing a consistent and comprehensive
assessment methodology to address proliferation in global
civilian nuclear-energy systems. Keeping proliferation-
resistance development in balance with safety, environmental
impact, and the economy was cited as essential. Research and
development are needed to find quantitative methods that
achieve proliferation-resistance goals and lead to insights on
where more, as well as fewer, resistance measures for both
civilian and defense applications would be cost-effective.

Sandia developed a systematic “risk-informed”
methodology to assess proliferation implications by using
probabilistic risk assessment (PRA) techniques. Risk-informed
proliferation-analysis (RIPA) methodology provides a
framework to systematically characterize and quantify the
potential for proliferation risk by incorporating both PRA and
supporting analysis methods. These analytical techniques
include vulnerability analysis, influence diagrams, and event
trees as appropriate to the overall framework. The RIPA-
methodology outcome provides an estimate of proliferation-
consequence risk for a defined set of proliferator and system
configurations in terms of cost, time, detection, and success.
We developed a proof-of-concept model using flow charts to
describe the commercial nuclear-fuel cycle proliferation paths
leading to nuclear weapon construction.

We achieved all planned activities, which contributed
to the development of the RIPA methodology. 

(1) Define a RIPA methodology. We examined the
historical development of PRA to form the basis of RIPA. The
RIPA methodology builds on traditional assessment methods
to produce a new approach to proliferation-assessment
problems. Our approach uses deductive reasoning similar to
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that used for fault-tree analysis to construct an influence
diagram. The influence diagram encompasses all major
pathways that a proliferator might use to accomplish
objectives (including to conduct analyses, to defeat a
particular technological barrier, or to develop a complete
weapons program). The completed influence diagram can be
solved using techniques from event-tree analysis to gain the
complete set of possible proliferation pathways represented in
the diagram. When the scenario is defined, we can compute
scenario characteristics by combining the characteristics of the
underlying step options. Using proliferator objectives (e.g.,
desired number of weapons, production rate), we can compute
the cost and time required to accomplish those objectives by
using the options defined in the scenario. We can also estimate
the likelihood that the scenario can be accomplished and
without being detected (if a covert program is required). This
process can be repeated for all option combinations, resulting
in scenarios either for a selected proliferation pathway or for
all such pathways generated above.

(2) Define the characteristic metrics of proliferators.
To avoid classification issues, we examined the various
options for proliferators and limited our options to those
defined in current regulations. However, we learned that all
proliferation analyses are performed within the context of a
specific proliferator. In general, characteristics that define
proliferator intent must be specified initially to limit the
analysis.

(3) Identify relevant factors and parameters. We
identified the factors and parameters associated with each step
of the proliferation path. In general, each part of the process—
from obtaining nuclear material to fabrication of a weapon—is
parametrically evaluated for cost, time, detection, and success
potential. Additionally, we looked at process rates and options.

(4) Describe RIPA methodology implementation. The
RIPA methodology can be implemented at any level of detail.
The initial requirement is a process flow sheet for achieving
proliferator. This sheet generally includes material and/or
technology acquisition, fabrication steps, and options. The
methodology includes options for theft and purchase of
process components and materials. The methodology also
includes the traditional vulnerability assessments and
response-force actions. We diagram these components in an
influence diagram to begin the analysis. We combine specific
data with the influence diagram in a specially developed
computer code, PINON, to generate and evaluate all
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proliferation scenarios. Proliferator characteristics are fed into
PINON to limit the number of scenarios. We present the
results in tables of cost, time, detection, and success potential
for each scenario.

(5) Apply the RIPA methodology to a test problem. We
chose diversion of plutonium from the once-through nuclear-
fuel cycle to demonstrate the methodology. The demonstration
examines the scenarios and generates plots of data to evaluate
the most likely scenarios for decision makers.
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Development of a Microoptic Gyroscope
R. D. Kinney, W. J. Zubrzycki, E. B. Duckett, J. T. Spooner, G. A.
Vawter

Sandia uses gyroscopes for a spectrum of weapon-
system–related applications. Technological progress in some
important Sandia application areas depends on the
availability of smaller, more-rugged gyros of the moderate-
accuracy class. Examples include future joint-test assemblies,
which will require inertial systems with volumes of a few
cubic inches and that can withstand the rigors of reentry. 

The need to minimize instrumentation impact on
weapon-system dynamics drives the requirement for small-
device volume. Yet accuracy must be sufficient to allow post-
flight reconstruction of the trajectory without resorting to
using expensive range assets such as radar stations. On the
drawing board are small micro synthetic-aperture radars
(SARs), which will require very small inertial sensors of at
least moderate accuracy.

Because of superior ruggedness and reliability as well
as lower cost, most gyros in use today are optical gyros.
Suitable microoptical components (such as lasers) that could
be applied to a microoptical-gyro concept are lacking. This
lack has thwarted attempts to miniaturize optical gyros.
Recent progress in photonic integrated-circuit (PIC) optical
technology at Sandia opens a door to a practical and accurate
resonant microoptic gyro (RMOG). Sandia has been a leader
in developing necessary components such as semiconductor
lasers, low-loss waveguides, PICs, and improved frequency
modulators. These advances give Sandia a tremendous
advantage toward developing a microoptic gyro. 

The project goal is to further develop and apply
technologies toward the development of a microoptic gyro.
The gyro performance will be aimed at tactical-grade
applications such as battlefield munitions, SARs, and micro-
unmanned aerial vehicles.

We developed a breadboard resonant fiber-optic
gyroscope (RFOG). 

Our accomplishments include a model for two RFOG
concepts based on first-principles, selection and ordering of
the commercial off-the-shelf (COTS) components for a
breadboard demonstration of an RFOG built from commercial
components, testing of the components that were received,
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and preliminary design of the custom feedback circuitry. A
supplier was unable to deliver a key component in our original
breadboard design, so we modified our design and are
currently still one COTS component short of all the required
components to build the breadboard.
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Synergistic Merging of Multispectral
Transient Radiometry (MSTR) and
Multispectral Imaging (MSI) Technology for
Enhanced Global Situational Awareness
Through Accurate Geolocation
D. S. Strong, R. D. Wickstrom, R. L. Schmidt, E. N. Reckase, J. L.
Smith, R. E. Pepping

Accurate characterization of strategic intelligence sites
is a critical and challenging problem. Sandia proposes
exploring the synergistic exploitation of multispectral
transient radiometry (MSTR) and multispectral-imaging (MSI)
data to attain absolute geolocation to subpixel accuracies
(potential improvement by more than two orders of
magnitude). We will develop registration techniques that
exploit emissive-multispectral signatures coupled with
reflective signatures and will perform multispectral
registration based on a number of simultaneous spectral
bands. These techniques have potential to significantly
outperform traditional techniques for scenes with low-
intensity signatures, for which operations on a single spectral
band are insufficient. Fusion of the resultant data addresses
critical national-security challenges, including
nonproliferation, surveillance, and global-situational
awareness.

A dwelling MSTR affords an impressive broad-area
search and surveillance capability for important targets and
an ability to characterize transient events, but with limited
spatial resolution. An MSI affords orders-of-magnitude of
improved spatial resolution, in addition to high-fidelity
spectral signatures. However, MSI sensors cannot dwell and
have a comparatively small field of view (FOV). For global
virtual presence, an innovative combination of the two
technologies could yield information necessary for very
accurate geolocation and scene/site characterization (e.g.
battle-damage assessment [BDA]).

With expertise and ready access to MSTR and MSI
systems, Sandia is uniquely positioned to exploit the combined
phenomenology. To enhance geolocation, an MSTR could
detect the site of interest (e.g., smoke stack, exploding bomb,
fire) and cue the MSI, which would then—through thermal
and spectral signatures—locate the target to higher accuracy.
A proof-of-principle demonstration could be in BDA: The
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MSTR detects and locates the transient event, the MSI could
be cued from coarse MSTR-geolocation information, and the
MSI could assess and feed back the accurate target
geolocation to the MSTR. The MSI could provide additional
spectral and thermal site characterization.

Sandia has achieved all planned milestones.
Significant accomplishments include orchestrating collections
between an MSI and an MSTR, calibrating and correcting
each dataset for various sensor artifacts, and developing
algorithms and software to orthonormalize the data to
facilitate downstream processing.

In support of these efforts, we conducted a thorough
review of traditional MSI research for applicability to
registration of scenes collected in thermal bands. We produced
a summary report. This research has led to three candidate
techniques that are being adapted and applied to the MSI and
MSTR datasets. The registration techniques are multispectral
normalized correlation (MSNC), multispectral principal
components, and multispectral feature registration. Based on
our research, we believe that these novel and unique
techniques show promise.

Initial application of the MSNC technique to two
selected datasets showed results consistent with expectations.
The first dataset, which was of high contrast (considered to be
less challenging), involved the MSTR system detection of a
set of transient events. We performed MSNC between the two
systems and demonstrated an order-of-magnitude
improvement in geolocation accuracy. This level of
geolocation accuracy is required for detailed BDA. 

The second case (which we consider more stressing)
involved a nearly full-cloud–covered scene. In this case we
applied MSNC across six different spectral bands
simultaneously. Although there was insufficient information in
any single band to perform the registration, exploiting the
multiple spectral bands simultaneously made the registration
possible.
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New Glass Technology for Enhanced
Architectural Surety
S. J. Glass, C. S. Newton, R. G. Stone, E. K. Beauchamp, C. S.
Watson, M. G. Vigil, S. S. Kamat

Glass is extremely sensitive to any defect that produces
a stress concentration. The size of the worst defect normally
controls glass strength. The worst defect and, therefore, glass
strength can vary considerably from sample to sample. The
implications of this behavior are that glass fractures
catastrophically at stresses that are considerably below the
theoretical glass strength; the failure-stress variability is
unacceptably high (approximately 25 percent). 

A new, two-step ion-exchange process—which results
in a high-compressive stress just below the glass surface—
overcomes the strength-variability and catastrophic-failure
problems for glass. In this engineered-stress profile (ESP),
glass cracks initiate only at high stresses, and cracks
subsequently arrest. Strength distributions for ESP glass are
very narrow, and the glass fragments are small. The process
has been used for both specialty-glass compositions and soda-
lime silica glass (PPG).

Project goals are to understand the behavior of ESP
glass in architectural-surety applications and to provide
engineers and architects with a glass having less lethal
behavior under blast and other dynamic loading. The long-
term impact of the project is to provide a new generic
approach to improve glass reliability and modify its 
fracture behavior.

Sandia made laboratory-size and large-scale (15-inch
by 15-inch) samples of ESP glass from a commercially
available soda-lime silica glass and a sodium-aluminosilicate
glass (Corning) by using the two-step ion-exchange process.
The large-scale samples were made in a manufacturing
facility, and their properties were very similar to those of
laboratory samples. This demonstrated that the double-
exchange process can be scaled to sizes that are representative
of glazing applications. We measured the strength, strength
variability, and multiple-cracking behavior for both glasses.
Tests that measure the glass strength after the surface had
been abraded or modified with indentation flaws showed that
ESP glass is insensitive to normal surface damage. 
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We developed a technique to quantify the density of
surface cracks that form prior to failure. We measured the
loading-crack densities for samples tested at various loading
rates in strength tests. We made finite-element calculations of
the effects of various crack densities on crack shielding. We
predicted the forces to propagate the final crack for various
crack densities and compared them to the experimental results. 

We designed and built hardware to test lab-scale ESP
glass samples under blast-loading conditions. We calculated
the predicted failure pressures and the scaling behavior of the
explosive charges. This was done to estimate the blast
parameters needed to cause glass failure. We tested samples
with three different charge sizes as a function of the explosive
standoff distances. We used the initial tests to estimate the
pressure and pressure-impulse loads to cause failure of large-
scale tests conducted for the U.S. Air Force. We used
subsequent tests to compare the blast-failure pressures and
behavior of one of the ESP glasses to annealed glass of the
same composition. The differences in the blast-failure
pressures between the ESP and the annealed glass are similar
to those found in static-pressure tests. 

We also investigated new processes to produce ESPs
including field-assisted ion exchange and a combination of an
ion exchange and thermal treatment. Both processes provide a
faster means to make glasses with the desired stress profiles.
The processes may also provide the opportunity for greater
control over the stress profiles. The field-assisted ion
exchange produced very high stresses in the surface of the
sample to which it was applied. Because of the asymmetry in
the stress profile, we had to evaluate and use new
measurement techniques for samples processed using this
approach.
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Compact UV Laser Source for Chemical and
Biological Sensing
D. A. V. Kliner

Sandia is developing a compact source of tunable
ultraviolet (UV) radiation for high-sensitivity detection of
trace species. This work emphasizes biological-warfare (BW)
agents. Our research exploits recent advances in fiber lasers
(originally developed for telecommunications) to possibly
make instrumentation that is significantly smaller, more
efficient (less power-consumptive), and less expensive than
current technology allows. Specifically, we are developing a
pulsed, near-infrared (NIR) (approximately 1020 to 1120 nm),
ytterbium (Yb)-doped fiber laser, which will be frequency-
quadrupled to the UV (approximately 255 to 280 nm) spectral
region. Based on a pilot study, UV powers of several
milliwatts are attainable.

The proposed laser is well suited to detect BW agents
by using laser-induced fluorescence (LiF) of tryptophan, for
which 266 nm radiation (frequency-quadrupled Nd:YAG laser)
is often employed. 

The proposed system offers several advantages: 
(1) Access to the peak of the approximately 280 nm

tryptophan-absorption band 
(2) Tunability, for avoiding interferences
(3) External triggering, allowing the repetition rate

and timing of the optical pulses to be synchronized to external
sources (e.g., to detect individual bio-aerosols). 

Furthermore, the fiber laser may be frequency-
quintupled to gain access to the 220 nm absorption band of
tryptophan (a factor of approximately eight larger than the
266 nm absorption) as well as absorption bands of the amino
acids tyrosine and phenylalanine.

Previously, we worked on a fiber-based silicon oxide
(SiO) sensor for the National Aeronautics and Space
Administration (NASA). The present research, which
significantly leverages the prior work, will position Sandia to
apply this revolutionary new technology to BW-agent
detection. Moreover, the unique combination of physical and
spectral characteristics of the fiber-based laser system will
enable development of a new generation of lightweight,
rugged, fast-response (real-time) chemical sensors for a wide
variety of applications.
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We developed a polarization-maintaining, double-clad,
Yb-doped fiber, which maintains the linear-polarization state
of an incident-seed beam (unlike conventional optical fibers
that scramble the polarization). We developed this fiber in
collaboration with a specialty fiber company. The fiber has
been thoroughly characterized; we measured the polarization
beat length (i.e., the birefringence), the absorption spectrum
for light propagating in the inner cladding (i.e., pump light),
and the mode field diameter. We tested both single-mode
(SM) and multimode (MM) versions of the fiber (the latter
being appropriate for scaling to high peak and average powers
using a distributed-mode filtering technique that we developed
recently).

We constructed high-power amplifiers using the above
fibers. The SM amplifier had a continuous-wave output power
of 1.1 W (limited by the available pump power), and the MM
amplifier provided 3.5 W. For both amplifiers, we measured
the threshold, slope efficiency, and polarization-extinction
ratio. For the MM amplifier, we also measured the small-
signal gain spectrum and the M2 value (a measure of beam
quality).

We developed a Q-switched, Yb-doped, double-clad
fiber laser. We obtained an output peak power of 2 kW at
repetition rates of up to 5 kHz. This laser used a bulk Pockels
cell for Q-switching, which limited the maximum repetition
rate. The pulse duration was 5.5 ns. Tunability of more than
40 ns was provided by a dichroic filter in the cavity. The gain
fiber was pumped with a 975 nm diode using the technique of
V-groove side-pumping, thus providing efficient coupling of
the pump light into the inner cladding, leaving the fiber ends
unobstructed and permitting compact packaging of the
amplifier.
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Advanced Digital Detectors for Neutron
Imaging
F. P. Doty, D. A. Chinn

Neutron radiography is an important nondestructive
evaluation (NDE) method that provides unique information
valuable for Sandia’s mission in nonproliferation and
materials control. Also, neutron radiography has important
applications addressing airport security, protein structure,
corrosion detection, and medicine. Neutrons probe deep inside
massive objects to detect small defects and chemical
composition, even through high-atomic-number materials such
as lead. This project applies Sandia’s recent advances in
semiconductor radiation-detection materials to develop the
first direct digital-imaging detectors for neutron radiography. 

Current approaches are limited to scintillator-based
systems relying on externally coupled photon-detection
schemes that seriously limit the performance; performance is
limited because of the inefficiencies inherent in photon
generation and transport to the detector and because of the
classical trade-off between spatial resolution and stopping
power in scintillator systems. Sandia’s approach relies on new
solid-state sensor materials that convert neutrons directly to
electronic signals through reactions

B10(n,a)Li7 and Li6(n,a)T. 

Charges generated in the conversion process are
sensed directly in the conversion material, eliminating the
losses associated with scintillators and resulting in large
improvements in both quantum efficiency and spatial
resolution. 

Currently, the focus is to address fabrication issues in
the candidate materials. We fabricated the most promising
detectors on pyrolytic boron nitride (hBN) from the vendor
Advanced Ceramics. We received and tested samples of four
distinct types of hBN. Other materials tested include borates,
lithium fluoride, and organic materials. Synthesis of lithium
tetraborate films by a gel-casting technique was successful,
and the structure was verified by x-ray diffraction (XRD).

We evaluated both as-deposited and annealed contacts
for electrical performance. In addition, we evaluated
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compatibility with standard microlithographic methods for the
more promising materials. The most significant process
advance is annealed titanium/gold (Ti/Au) on hBN. Annealing
produces a linear behavior and removes asymmetry observed
in reverse bias, indicating ohmic behavior. This is important to
ensure uniform electric-field distribution throughout the
device volume. 

We evaluated prototypes with thermal neutrons
produced by a nuclear reactor, using standard nuclear
electronics. We evaluated performance of the various detector
types fabricated to date and eliminated or ranked approaches
according to efficacy.

We currently are performing detailed evaluation of
application-specific integrated-circuit (ASIC) compatibility.
Because of the low capacitance and extremely low leakage
currents in hBN devices, extremely low noise performance is
achievable, and compatibility with existing ASIC technology
is expected.
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Microfabricated Acoustic Spectrum Analyzer
W. K. Schubert, D. R. Adkins, T. A. Friedmann, M. A. Mitchell, C. L.
Willison, M. A. Butler, R. J. Shul, L. F. Anderson, D. C. Graf, J. P.
Lucero

Sandia will develop a microfabricated acoustic-
spectrum-analysis (MASA) chip for covert and remote
monitoring. Full acoustic-spectrum analysis and even voice
recognition can be accomplished by using a small microphone
and extensive post-acquisition data processing. However, this
slow, power-hungry process is difficult to miniaturize and
implement in limited-access, hostile- or covert-environment
situations. 

This project will develop the basic technology to detect
and recognize audible sound with a single chip. The
envisioned MASA chip comprises a miniature microphone for
pick-up, a frequency-mixing system to shift the signal to
higher frequencies, and an integrated array of passive-
resonant elements used to separate the frequency-shifted
signal into its primary components. Each resonant element in
the array will be tuned to detect sounds in a particular narrow
frequency band. Through careful choice of sensitivity bands,
the technology should be able to identify preselected (target)
sounds having characteristic spectral features in the chosen
frequency ranges. Pattern-recognition (PR) methods could be
applied to the array response to discriminate between various
sounds and to trigger an appropriate reaction; this capability
could eliminate the extensive computational requirements for
full-blown spectrum analysis. Even speech recognition should
be obtainable with an adequate number of array elements.
(Twenty bands are used in some telecommunications
technology.)

The particular challenge in this application is to
achieve adequate sensitivity at audio frequencies with
resonators small enough to facilitate an array on a single
chip. Success in this venture should provide critical building
blocks for miniature acoustic-sensor systems capable of both
covert and remote monitoring.

Sandia has made significant technical progress in all
major project areas. We met all major milestones and achieved
the key proof-of-concept demonstration for the MASA
project. 
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The micrograph in the left panel shows a
fundamental-mode flexural plate-wave
(FPW) device. The 2 mm diameter FPW
membrane is 0.5 micron thick. The right
panel shows a surface-micromachined
xylophone comprising a composite bar
(amorphous diamond coated with gold)
suspended by thin arms above polysilicon
capacitance plates. Both devices are driven
by a Lorentz force arising from the
interaction of an AC current with a static
magnetic field oriented perpendicular to
the current in the plane of the device.



Microresonators (modeling, design, fabrication, and
testing). We designed, fabricated, and tested prototypes of the
two basic types. The first type of resonator is the fundamental-
mode flexural plate-wave (FPW) resonator. These membrane
devices have shown outstanding performance (bandwidth of 5
Hz at a resonant frequency of 50 kHz) when run in vacuum.
This is more than adequate to resolve closely placed target
frequencies. 

The second type of resonator is the microxylophone.
We designed, fabricated, and tested several generations of
xylophones. We used both surface- and bulk-micromachining
techniques and investigated a variety of material
combinations. We measured the acoustic performance using
an optical method. We used design-of-experiment methods to
investigate the effects of various design parameters on the
xylophone-performance characteristics and used the results to
guide later design iterations. Second-generation
microxylophones incorporated a capacitive-readout scheme
that requires that the xylophone structure be suspended 1µ to
2µ above a fixed polysilicon-capacitor plate. This close
spacing led to unexpectedly large damping effects not seen in
the first-generation devices at atmospheric pressure. We
verified operation under vacuum conditions using the optical
readout scheme mentioned above, but were unable to
demonstrate a capacitance readout scheme. These results
indicate that the surface-micromachined xylophones will have
to be vacuum-packaged to achieve narrow bandwidth. We
demonstrated arrays of 14 resonators on a single die and could
easily increase this number by a factor of two or three. 

We also developed designs and submitted them
through the Sandia Agile MEMS (microelectromechanical
systems) Prototyping, Layout Tools, Education, and Services
(SAMPLES) program in Sandia’s Ultraplanar Multilevel
MEMS Technology (SUMMiT V). Some wafers will be
removed part way through processing to investigate methods
for incorporating strain-gauge readout structures on top of the
xylophone bars. 

We developed finite-element (FE) analysis and
equivalent circuit models for the various versions of the
xylophone microresonators. These models allow us to
investigate the effects of various design variations and
material combinations on the operation of the devices. The
equivalent circuit models suggested methods to adjust the
bandwidth and resonant frequency of the devices through
external circuit elements. 
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Electronics. We designed and fabricated all major
electronic subsystems in breadboard form. These included the
input section using a commercial hearing-aid microphone
from Knowles Electronics, frequency-shifting stage, the
resonator-drive section, and the readout stage. The latter two
sections are specific to the type of microresonator used (FPW
or xylophone). All sections functioned as expected for the
FPW version and were used in the proof-of-concept
demonstration. The capacitance-based readout electronics for
the xylophones did not work properly due to excessive
parasitic capacitance in the interconnection circuitry. We are
investigating methods to reduce the parasitic contributions
through die-level hybrid integration of the readout electronics.
Furthermore, we are investigating strain-gauge (impedance-
based) readout methods for the xylophone resonators. This
method should be simpler to implement electrically but is
more difficult to fabricate.

Proof-of-concept demonstration. We successfully used
the FPW version of MASA for a proof-of-concept
demonstration. The system readily indicated the presence of
the target sound generated by a touch-tone phone. 

Intellectual property. We submitted two technical
advances (TAs) as a result of work on this project. The first
TA addresses the general MASA concept. The second TA
deals with the methods of tuning the bandwidth and resonant
frequency of the xylophone microresonators.
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Enabling Analytical and Modeling Tools for
Enhanced Disease Surveillance
D. E. Kataoka, A. P. Zelicoff, M. W. Koch, M. M. Johnson, S. A.
McKenna, M. W. Trahan, T. J. Sa 

Early detection, identification, and warning are
essential to minimize casualties from a biological attack. For
covert attacks, sick people are probably the first indicator. An
enhanced medical-surveillance system that synthesizes
distributed health-indicator information and rapidly analyzes
the information can dramatically increase the number of 
lives saved.

Current surveillance methods to detect both biological
attacks and natural outbreaks are hindered by factors such as
distributed ownership of information, incompatible data-
storage and -analysis programs, and patient-privacy concerns.
Moreover, because data are not widely shared, few data-
mining algorithms have been tested on and applied to diverse
health-indicator data. 

This project addresses both integration of multiple
data sources and development and integration of analytical
tools for rapid detection of disease outbreaks. Sandia has
developed an enterprise model that integrates security and
access control and that can be used as the framework for
communicating between distributed data and analytical tools.
This work includes construction of interfaces to various
commercial database products and to data-analysis
algorithms under development. The outbreak-detection
algorithms now under development can handle large
quantities of data and incorporate multiple data sources. We
are testing two approaches to determine applicability to
different data sources of varying levels of detail. The first
approach is a pattern-recognition (PR) technique that
searches for space-time data clusters that may signal a
disease outbreak. The second approach combines a predictive
agent-based model (that tracks the interaction and health of
agents that represent subsets of the population) and a genetic-
algorithm technique (that detects outbreaks by comparing the
prediction to field data or epidemiological databases). Using
multiple techniques will result in reduced false alarms and
greater probability of detection.
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We obtained several health-indicator databases on
which to test our algorithms. The first were publicly available
weekly morbidity reports from France. The second were
obtained through partnerships with health and military
agencies. These databases include daily 911 and emergency-
room-diversion data for several California counties and patient
data refined by date and zip code for all California hospitals.
In addition, we have agreements to gain access to extensive
U.S. Air Force health data and syndromic data from other
Sandia work.

We developed two data-mining techniques for
outbreak detection. The first technique extends a mechanism
for finding clusters in aggregated time-series data to detection
in space and time. From the French data, this new space-time
clustering approach has detected influenza epidemics;
detection occurred with high sensitivity and specificity up to
four weeks earlier than conventional approaches. Further
testing with more refined datasets is under way. The second
technique combines exposure, disease epidemiology, and
human-behavior models in an agent-based model to predict
outbreak manifestation. We developed a methodology to test
predictions against actual data or epidemiological databases.
We tested prediction of influenza and encephalitis outbreaks
against a biological-threat disease database. Testing versus the
hospital database is under way.

We developed the enterprise model that will enable
platform-independent communication between distributed data
and analytical tools. Software validation and verification has
been completed. The software framework includes need-to-
know security implemented through distributed role-based
access control. We also developed software interfaces to
integrate the databases.
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26566

Microtransceiver for Tag, Beacon, and Data-
Exfiltration Applications
K. W. Plummer, S. J. Leslie, K. T. Stalker, T. A. Fischer, D. Ingersoll,
C. W. Ottesen, V. C. Hindman, R. Chanchani

Sandia will develop a low-power communications
device with long-range capability. The device will emphasize
advanced mechanical-packaging techniques to allow
miniaturization and integration of necessary device
electronics, power supply, antennae, and external interfaces.
The electronics design will emphasize power-saving
techniques for useful field lifetimes; the design will use
advanced battery technologies. A unique communications
scheme will be developed for efficient single- and multiple-
access communications through the chosen platform. Design
emphasis will be toward an existing platform requiring as few
as possible platform updates and/or modifications, including
the need for a custom receiver. 

Initial efforts will focus on the following: technology
identification and development, communications-scheme
development, platform evaluation and selection, and designing
and building a brassboard module to test the design
methodology and theories prior to miniaturization and
integration.

We identified a communications platform that was
readily accessible and miniaturization circuitry to implement
the desired communications scheme. 

We designed a brassboard prior to designing
miniaturized electronics that could prove difficult to
troubleshoot. The board concept was to test as many
communications schemes and circuits as possible by using
reprogrammable logic and hardware jumpers. The brassboard
will be capable of a variety of analog and digital
communications schemes; we will implement a direct digital-
synthesizer and digital-communications hardware.

We identified and outlined various benefits and
shortcomings of several packaging schemes such as low-
temperature co-fired ceramic (LTCC), microwave HDI (high-
density interconnect), and benzocyclobutene (BCB)/Cu. Based
on the analysis, we proceeded with development of BCB/Cu
technology at Sandia. This technology has two major
advantages over the other technologies: (1) certain types of
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antennas can be integrated with the electronics substrate, thus
eliminating one mechanical interface, and (2) using “chips
last” techniques, the prototype-miniaturized devices can easily
be tested and reworked.
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26567

Extensibility of Knowledge-Based Human
Agent Simulation
J. C. Forsythe, L. G. Nicholson, M. K. Snell, J. F. Jones, II, N. G.
Brannon, P. G. Xavier, C. A. Wenner 

This project advances capabilities for modeling and
simulation of human-decision processes. The product pertains
to assessment, training, and selection for Department of
Energy (DOE) security as well as the Department of Defense
(DoD), National Institute of Justice (NIJ), and other
applications. Earlier work provided a framework to simulate
human behavior; simulations were based on theories of
naturalistic decision making and incorporated various organic
factors (e.g., arousal, emotion). Previously, this framework
had only been demonstrated for a single decision in a well-
delineated situation. 

The project focused on two advances: (1) the general
simulation capabilities needed to be extended to accommodate
situations where separate team members make a series of
interrelated decisions, and (2) an efficient and systematic way
to acquire and model knowledge for new application domains
that need to be developed. In general, the objective was to
transform the framework developed earlier into a practical
tool to simulate human behavior.

The application emphasizes close-quarters battle
(CQB), specifically interior tactics for assault against a
barricaded adversary/suspect. The above developments are
demonstrated using a commercial simulation, MicroSaint.
This prototype demonstration illustrates how, when the
knowledge attributed to individual combatants differs in the
association of ideas and beliefs, opposite decisions occur
concerning the use of deadly force.

• Acquire and model expert knowledge using UNM
knowledge-network approach. Initially, we planned to select a
single application to model expert knowledge. We selected
CQB and, specifically, interior tactics.

We developed knowledge models for the CQB
application. Here, working with background materials and
subject-matter experts, we identified key concepts. Then,
based on relatedness estimates obtained from subject-matter
experts, pathfinder analysis derived a knowledge network. In
these knowledge networks, concepts are represented as nodes
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with associative relationships between concepts expressed as
links between respective nodes. The links between nodes may
vary in strength reflecting the differential relatedness of
concept pairs.

• Develop methods for deriving from experts the
patterns of cues associated with recognition of familiar
situations. For the CQB application, we used a method to
identify situations that emphasize the actions implicit to a
situation. This method appears viable because the method
readily accommodates procedural situations, the nesting of
situations within situations, and the interpretation of
ambiguous situations. 

• Implement the above in pattern-recognition (PR)
algorithms that model decision making. We developed
concepts in which cues from the environment and pre-existing
knowledge provide a basis for PR. PR differentially assesses
cues based on supporting or disfavoring specific conclusions,
as well as—where appropriate—sufficiency versus necessity.
Provisions exist for top-down influences. Specifically,
recognition of a specific context differentially weighs cues
favoring interpretations of ongoing events that are consistent
with contextual knowledge. 

• Implement subject matter expertise in a knowledge
network that mimics neural assemblies of the brain. The
initial framework emphasized a computational representation
of knowledge that was motivated by current understandings
from neuroscience. Specifically, the framework merged ideas
from the oscillating-systems theory of cognitive processes
within the brain and naturalistic decision making. However,
the initial implementation was computationally intensive and,
for this reason, impractical for most applications. We
substantially redesigned this framework to enable practical
application and implemented it using the commercial
simulation MicroSaint. 

• Test simulation. Utilizing the simulation developed in
MicroSaint, testing involved proving out the simulation with
different scenarios that involved one versus two agents and
differing stimulus events.

• Demonstrate the above for security/law-enforcement
domain. The testing scenarios demonstrated the simulation
applied to the security/law-enforcement domain. Specifically,
we modeled scenarios from CQB. The scenarios involve
clearing a room that could contain either obstacles,
adversaries, and/or nonhostiles.
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26568

Secure Authenticated Sensor Packs
T. J. Draelos, R. A. Gonzales, R. C. Schroeppel, C. L. Beaver, R. D.
Miller, H. A. Smartt

Public-key data authentication is a vital surety
mechanism for multilateral arms-control/material-monitoring
agreements as well as for applications with secure-
communications needs. However, the computational burden of
cryptographically strong public-key algorithms limits their use
in power- and size-constrained environments. Often the origin
of the sensor data is the best place to generate an
authentication tag (or digital signature) from a security
standpoint and the most computationally limited and
physically constricted setting. An ideal technology for
cooperative monitoring would be an integrated sensor and
public-key authentication subsystem. This subsystem would
also allow the best opportunities for tamper protection
because of the small size and low power dissipation. 

Sandia has expertise in efficient public-key data-
authentication techniques that use elliptic-curve (EC)
hardware implementations and in sensor systems for
cooperative monitoring. Thus, Sandia is well positioned to
provide an important module to support sensor authentication.
Using EC arithmetic in cryptographically strong, well-known
digital-signature algorithms for public-key data authentication
allows smaller key sizes and, therefore, less computation
without a reduction in security. An authenticated sensor
subsystem might address such issues as radiation, motion,
temperature, and humidity, as well as have applications with
biological, chemical, imaging, and seismic sensors. 

A need exists for strong public-key cryptography for
sensor-data authentication in low-power environments. Sandia
has made significant progress toward meeting this need. Our
research investigated sensor issues, and we worked to design
the authentication subsystem as well as to implement the
design using VHDL, the very high-scale integrated-circuit
(VHSIC) hardware description language. The challenge is to
satisfy the computational demands of cryptographically strong
public-key algorithms in power- and size-constrained
environments. Utilizing ECs in a specially selected digital-
signature algorithm will provide public-key data
authentication, nonrepudiation, and source identification with
smaller key sizes. Therefore, less computation is required and
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with no reduction in security. Custom-designed hardware will
provide further opportunities to reduce the size and power
dissipation of the digital-signature device while supporting
integration with multiple sensors. 

Based on discussions with microelectromechanical
systems (MEMS) designers, we decided to produce an
independent authentication module to authenticate general
sensor data. In other words, we deemed integration with a
particular sensor on a common substrate to have no advantage
over integration of discrete devices (sensor and authentication
module) in a larger system. With a flexible interface
accommodating most if not all potential sensors, a discrete
authentication module would be the most useful and diverse.
Imaging, seismic, and gamma-spectra sensors are of particular
interest for compatibility purposes. 

We began designing the authentication module and
implemented in VHDL the digital-signature algorithm using
EC operations. We selected the Optimal El Gamal digital-
signature algorithm for authentication based on cryptographic
strength and ability to support EC operations. Implementing
this algorithm will allow variable key sizes to accommodate
cryptographic strengths equivalent to the digital-signature
algorithm with a 1024-bit public key and also support key
sizes two and three times larger.

We worked to design and optimize the necessary EC
operations. These optimizations include the following:

• Collapsed hierarchy and reorganization of
variables/operations. Hardware design/implementation
features brought improvements in size, speed, and power.

• EC square root without multiplication. Speed
improvement.

• Field towers. EC multiply and divide speedup.
Allows flexibility in key sizes (1x, 2x, 3x), where x=89 bits.

• Finite-field quadratic solution. Order-of-magnitude
reduction in number of gates needed to solve a quadratic
equation, resulting in size, speed, and power improvements.

• Point halving. Speedup of the most expensive digital-
signature operation (nP) by a factor of three.

• Sliding window. Speedup of the EC point
multiplication (nP) by at least a factor of two with a slight
memory-storage requirement for precomputed values.

We worked to develop support software to test the
necessary EC operations and to perform the circuit design,
simulation, and validation in VHDL. This is a process of 
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migrating algorithms from software to hardware. Initial results
of the circuit simulation are very promising.

• Speed. 24 msec to generate a digital signature.
• Size. 140,000 gates.
• Power. Unknown because of a lack of power models

for the complementary metallic-oxide semiconductor 7
(CMOS7) process. However, we expect power consumption to
be less than 500 mA during digital-signature generation.

We began the preliminary design of the authentication
module to support interface with sensors and microprocessors.
In addition to the EC digital-signature algorithm, the
authentication module will include memory erasure upon
activation of a tamper input and power-management circuitry.
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26569

Remote Monitoring of Difficult, Real-Time
Targets Using Video SAR Technique
T. P. Bielek, B. K. Bray, J. A. Hollowell, D. G. Thompson, M. T.
Gardner, W. J. Bow, B. E. Mills

Monitoring and interpreting real-time activities at sites
where access is difficult, remote, or denied is a primary issue
for addressing both emerging threats and nonproliferation
situations. Synthetic-aperture radar (SAR) has proven to be an
effective means of remotely monitoring such sites due to its
day/night, adverse-weather capabilities. Traditional SAR
works well for stationary objects but is limited in its value for
scenes that change quicker than a period of tens of seconds.
Thus, SAR does not provide the situational awareness needed
against scenes with dynamic content, such as moving targets,
usually missing them completely. This limits the usefulness of
SAR on a battlefield. An ideal sensor would not only be
day/night, all-weather, as is SAR, but also would provide the
continuous situational awareness needed against stationary as
well as moving targets.

This project investigates a new technique invented at
Sandia called VideoSAR, which would enable the forming of
high-resolution SAR images at video rates—many times a
second (about 100 times higher rate than traditional SAR).
This technique exploits the human eye’s sensitivity to motion
and provides users with improved awareness and MASINT
(measurement and signatures intelligence) signatures of scene
dynamics. The fast image-update rate allows users to
determine when moving targets started moving, when and
where they stopped, and potentially which direction they are
headed and how fast they are moving. Also, the position and
identity of moving targets could potentially be determined
more accurately from their shadows. While a shadow
associated with a moving target would be hard to discern in a
static image, it would be much more noticeable in VideoSAR,
as it would be moving relative to stationary objects. MASINT
signatures from ship motion and wave dynamics may also
potentially be exploited. We believe VideoSAR represents a
revolutionary approach to future SAR imaging.

(1) We developed MATLAB software for the
overlapped-subaperture algorithm (OSA) to automatically
process SAR-phase history data in a VideoSAR-like way
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(highly overlapped apertures separated by a few tenths of a
second).

(2) We changed the motion compensation scheme in
the current SAR software from sampling the phase histories
on a Keystone grid to a polar grid. This avoids the need to
identify the center of the aperture while the phase histories are
being collected. We also added a continuous-circle-phase
history-collection mode.

(3) We conducted three data collections aboard the
Twin Otter aircraft at 1 m, 1 ft, 6 in., and 4 in. range
resolutions in a spotlight mode over squint angles of 30° to
150°. The data collections involved a two-and-one-half-ton
truck repeatedly driving through a four-way stop. 

(4) We conducted two data collections at 1-foot-range
resolution in a continuous-circle mode. One collection
involved a MAZ-543 moving along roads, through gates and
intersections, and performing a simulated missile launch. The
second collection involved a T72 tank maneuvering in a dirt
field.

(5) We processed the collected-phase history data into
highly overlapped SAR images with aperture separations of
0.5 sec, 0.333 sec, and 0.2 sec at azimuth resolutions of 1 m, 1
ft, and 6 in. In the processed images, moving targets are
clearly visible from their shadows.

(6) We are studying the processed complex SAR
images for image exploitation and automatic target
recognition (ATR). As many as four more data-collection
flights are planned based on input regarding targets of interest.

(7) We began analyzing ways to optimize the OSA for
processing highly overlapped apertures. A savings of 20
percent can be achieved with minor changes to the current
algorithm and no degradation of image quality. We can
achieve larger savings with varying degrees of image-quality
degradation.

(8) The current OSA was benchmarked on the latest-
generation commercial parallel-processing boards. A 1-foot-
by-3-foot resolution image at 3.8 nautical miles can be formed
on a single node in just under 4 sec. 
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26570

Adaptive Computer Intrusion Detection
E. A. Walther, B. A. Ingram, D. D. Hollis, C. M. Wray

All life responds to changes in internal state. Whether
the cause is hunger, thirst, or injury, living systems have
homeostatic mechanisms that detect and respond
appropriately to change. In contrast, computer systems are
oblivious; they have no generic mechanisms to detect or
correct internal perturbations. Process homeostasis (pH) is a
LINUX 2.2-kernel extension created to rectify this
shortcoming. By observing changes in short sequences of
system calls, pH can detect general changes in program
behavior. When pH determines that a process is behaving
unusually, pH responds by slowing down the process system
calls. At a bare minimum, delays give a user time to decide
whether a given action should be permitted. If the anomaly
corresponds to a security violation, though, delays can help
minimize damage and can even stop attacks in progress.

Sandia developed an intrusion-detection system for the
RedHat LINUX 2.2.19- and 2.2.16-kernel systems. The
intrusion-detection system can identify previously unidentified
attacks. This system identified the silent attacker—the one
who tries to remain hidden because finding the intruder in the
first place is the problem, as well as a buffer-overflow attack.

pH is able to effectively use conditions. This captured
behavior allows pH to detect anomalies with a low rate of
false positives. Also presented are data showing that pH can
detect simple configuration errors and can respond effectively
to buffer overflows, TROJAN code, and kernel-security flaws. 

pH has minimal impact on the runtime of the operating
system, which incurs a general performance penalty of only a
few percent.

pH is a prototype system that can detect and respond
to changes in program behavior. This change in behavior may
be due to an attack by an intruder, TROJAN code, or a new
invocation of the program. pH monitors system calls in the
kernel. It uses short sequences of systems calls to describe
normal behavior for a given host-based system.

We implemented pH using RedHat LINUX for the
2.2.18 and 2.2.19 kernels. We generated normal profiles on
several hosts. These profiles are characterized to determine the
variability across hosts and users. We examined heuristics for
determining when a given program profile had enough
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training data to declare that it was ready to go “normal.” If a
program does not have adequate training data that are
representative of its behavior when the program is running
without intrusions (i.e., nornal behavior), the program will be
delayed in such a manner that it not only effectively locks up
that program but, depending on what program it is (e.g., the
bash shell), it can effectively also lock out the user.

Our analysis focused primarily on characterizing
attacks, characterizing normal profiles for different hosts and
users, and evaluating heuristics to determine when a program
profile had enough training data to adequately describe
program behavior. We did not emphasize evaluating the delay
mechanism.

We showed that this system can follow buffer-
overflow attacks and an attack that is classified, which were
previously unknown to the system.

pH is not intended to be a stand-alone intrusion-
detection system. It is designed to provide a level of
protection at the kernel level that would be integrated into a
system that might include firewalls, network scanning, and
virus protection.
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26571

Link Analysis Using High-Performance
Computing
E. A. Walther, M. W. Trahan

Sandia will analyze the applicability of a community-
developed link-analysis process to determine its applicability
to mining massive amounts of data to extract knowledge. This
approach has been successfully applied to problems where the
goal was to determine the linkage between persons when the
connection in the database is not direct. We are interested in
determining whether this approach can benefit from the added
computational power available with multiprocessor machines.
We will also determine the level of effort required to
implement a version of the algorithm that would run on a
massively parallel (MP) machine.

The amount of time required to perform the link
analysis is significant. The current implementation philosophy
has been to solve the speed problem in hardware. We believe
that the run time of the algorithm could be significantly
enhanced by implementing a version of the code using
message-passage interface (MPI) that could run on an MP
machine.

The Computational Plant (CPlant) machine was used
to set a sorting record. Similarity between the sorting problem
and the link-analysis problem leads us to believe that this
approach would be successful. The CPlant architecture and
scalability of the machine make it possible to consider
algorithmic approaches that were not feasible to run on serial
machines, but could not be used by other applications that
could not afford Accelerated Strategic Computing Initiative
(ASCI)–sized machines.

In addition, we plan to evaluate the methodology to
see how it can be applied to data sources used by our analysts
and customers. This methodology has the potential to be
applied to a diverse set of problems such as tracking export-
controlled items, finding connections between terrorist groups,
and performing network analysis of computer linkages.

We analyzed a community-developed link-analysis
process for the ability to extract knowledge from massive
amounts of data. We analyzed community-developed code to
determine whether parallelizing the code using MPI would
facilitate data mining. We parallelized the current code using
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10 processors and threading. Threading is a way to implement
concurrent programming. If multiple processors are available,
the concurrent program can be run in parallel. The advantage
that threading has over multiprocess programming (of which
using MPI is an example) is that threading shares the process
resources and, therefore, has the potential for better
performance.

Our initial approach considered implementing the code
in parallel using MPI. This current code runs fast enough that
data-mining techniques now drive data usefulness. Questions
still remain about the scalability of this approach, but
examining that aspect of the problem was not part of this
effort.

We explored and created prototypes for several ways
of mining link-analysis data using 3-D representations. We
used the Flatland virtual environment to display data
representations. Flatland is a highly configurable research
environment developed at the University of New Mexico
Albuquerque High-Performance Computing Center.

Link analysis of interacting entities is of growing
importance for government and industry. (For example,
monitoring the flow of goods and services between companies
can be useful to detect and correct potential health-related
issues such as foot-and-mouth disease.) The data collected
from such transactions are typically in tabular form with
listings such as “entity A and B interacted at time T with value
V.” The best mathematical form to capture structure and
patterns in this type of data is called a graph and is usually
drawn as circles with connecting arcs. The circles represent
the entities, and the arcs represent the interaction. Static flows
through such a graph structure are usually coded as arc colors
or widths, and the state of the entities is coded as circle
diameter or color. Unfortunately, as graph complexity
increases and time-varying behavior is added, this
representation of link data can rapidly become confusing. 

We created prototypes for two new representations of
temporal-graph structures that are embedded in 3-D virtual
environments. Early experimentation with these
representations on calibration datasets shows promising
results. Using one of the representations, we found an error in
the simulated dataset. Remaining research issues include (1)
how to make transitions between how current users analyze
the data and this mathematical representation of the data, (2)
what other representations are of value to the user, and (3)
how best to generalize the data model.
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Currently users who do this kind of analysis
predominately use textual-based information. They find
possible links manually and must keep track of things with
paper and pencil. Our representations show all possible links
between entities (in graph parlance, possible paths). The
visual representation simultaneously shows undiscovered
paths and interest along with noise. Analysts need to be
trained to use the tool that finds their paths of interest.
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26572

Coating Chemical Preconcentrators to
Improve Chemical Agent Collection
C. L. Rhykerd, Jr., R. Kottenstette

Sandia has an interest in trace chemical-agent
detection in the parts-per-billion (ppb), parts-per-trillion
(ppt), and parts-per-quadrillion (ppq)-ranges. Field-ready
prototypes in this sensitivity range require that a sampler and
preconcentrator be integrated into a detection system
(probably using microsensors). The preconcentrator manages
the mismatch between the sampler flow (L/sec) and the low
detector flow (mL/sec). Sandia has developed, patented, and
licensed a stainless-steel screen preconcentrator for
explosives; this preconcentrator improves system sensitivity by
10,000 times. However, preliminary data with a chemical
weapons simulant show that this metal surface is
inappropriate for chemical agents because of low efficiency of
adsorption and decomposition during thermal desorption. 

We plan to develop a preconcentrator subsystem to
enhance chemical-agent detection and to do so within
acceptable constraints. Coating the screen—to improve
collection and reduce decomposition—is a logical engineering
solution to this problem. Potential coating candidates include
sol-gels (including silsesquioxanes), polymers, and carbon
nanotubes. Successful coatings must be robust during
temperature cycling to 200°C to 300°C and must adhere well
to the substrate. A detection system is available for these
evaluations, and we will continue our effort to leverage newly
developed materials. We evaluated uncoated screens and sol-
gel– and nanocarbon (NC)–coated screens.

Capitalizing on Sandia’s strengths in sample
collection, preconcentration, and materials, our success will
lead to improved chemical-detection systems with enhanced
capabilities (including sensitivity, portability, cost, and speed).
This impacts applications in chemical-agent detection,
explosives detection, drug detection, and environmental
monitoring.

Sandia’s accomplishments are as follows:
• We obtained uncoated and sol-gel–coated screens.
• We reviewed methods and, as a result, gave more

attention to screen temperature after two sol-gel–coated
screens were destroyed. We chose two carbons for coatings

Sandia National Laboratories LDRD Annual Report 2001 602

Sandia has developed,

patented, and licensed a

stainless-steel screen

preconcentrator for explosives;

this preconcentrator improves

system sensitivity by 

10,000 times. 

Photo of preconcentrator screens used in
this study. From left to right: uncoated
screen, sol-gel–coated screen, and NC
carbon-coated screen. Quarter shown for
scale. To left of quarter, screen viewed on
edge.



along with an NC, and a Lawrence Livermore National
Laboratory (LLNL)–coated Suppelco-manufactured carbon.

• We collected data on uncoated and sol-gel–coated
screens.

• We obtained an NC carbon-coated screen. 
• We conducted NC carbon-coated screen experiments.
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Ultralow-Power Spread-Spectrum
Transceivers for Microtags to Improve
Security During Critical Operations
R. W. Brocato, J. R. Wendt, R. C. Beckmann, S. A. Casalnuovo, M.
B. Murphy, E. J. Heller, G. D. Omdahl, B. H. Rose

This project addresses microsystem security by
developing an ultralow-powered radio-frequency (RF)
receiver architecture for microtag applications. The new
receiver design will enable inexpensive microdevices to
control personnel access or to continuously track personnel
movement during operations, as well as to monitor and track
critical items or materials, and to apply smart sensors that
detect, communicate, and process data, or take action.
Currently, no commercial-receiver capability exists to meet
low-power requirements for microtagging in security-related
applications. Such receivers are not expected to become
commercially available because of incompatible market
demands (i.e., cost versus performance). Through this project,
Sandia will advance our capability toward a wireless-
communication-interface standard for microsystems. 

This microsystem-based wireless RF communication
receiver differs from commercial offerings by having a smaller
size, reduced energy consumption, and the integration
capability to meet unique application-specific features. Project
emphasis is on realizing an ultraminiature, short-range (less
than 1 km), energy-efficient, spread-spectrum receiver. We
envision an energy-consumption improvement of two orders of
magnitude. We applied Sandia’s success in surface acoustic-
wave (SAW) devices on gallium arsenide (GaAs) to develop a
SAW correlator-receiver. This miniature RF-communication
technology will provide robust data transport to identify,
control, monitor, and track by time-of-arrival to multiple fixed
receivers.

The enabling technology, SAW correlators, is passive-
matched filters constructed of charged finger pairs
(transducers) oriented relative to the phase pattern of the
time-reversed spreading code. When a spread-spectrum signal
is applied to the matched correlator, an output-correlation
pulse occurs at the symbol frequency. 

The initial challenges of this work are to prove that
reproducible/robust SAW devices can be made in the 2–3 GHz
range, to develop computer modeling that helps with design,

Sandia National Laboratories LDRD Annual Report 2001 604

Through this project, Sandia

will advance our capability

toward a wireless-

communication-interface

standard for microsystems. 



to determine the application-feature space for this technology,
and to learn to test wide-bandwidth receivers (10 to 20
percent).

We developed a process to fabricate SAW devices on
quartz and GaAs. The devices have fingers of feature size
down to 0.1µ. The process uses electron-beam pattern
definition on a polymethylmethacrylate (PMMA) resist for the
fine features of the SAW. More standard photoresist and liftoff
are then used to provide the larger metal features that connect
to the outside world. We then test several process variations to
optimize performance and yield.

Using this process, we examined three runs of SAW
filters with center frequencies in the 2.40–2.65 GHz range. We
characterized a range of bandwidths from 10 percent to 0.1
percent. The characterizations showed that this fabrication
process is very reproducible (less than 0.001 percent) and very
important for making communication systems where all the
transceivers must be well matched. The yield was brought to
above 90 percent. The measured results compared well with
literature results of lower-frequency filters (200–500 MHz)
and with computer simulations. 

Part of this effort addressed development of
simulations based on equations of operation for piezoelectric
devices. The equations were adapted to our geometries and
put in symbolic math solvers (MATHEMATICA and
MATLAB) to allow comparison of the computer
experimentation with SAW sample measurements. We
performed initial correlator simulations, but more refinement
is needed to turn this into a design tool.

We spent considerable effort determining the range of
parameters possible with SAW correlators and determining if
areas in the communication-application space were correct for
concentration. We noted close measurements of temperature
change in SAW performance above 100°C on both quartz and
GaAs. We made a small study of temperature-compensation
schemes. This study resulted in three paths: (1) quartz where
temperature stability and high yield dominate, (2) lithium-
niobium oxide (LiNbO) where insertion loss must be
minimized, and (3) GaAs where a monolithic circuit is
needed.

The ability to design and fabricate reproducible
correlators that function at a high frequency now validates the
rest of the proposed study. All knowledge was brought to bear 
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on building a variety of correlators incorporating a wide range
of phase-shift codes. We fabricated these on quartz and
LiNbO and are testing. 
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Detection and Exploitation of Spread-
Spectrum Waveforms
J. T. Cordaro, A. L. Schauer, T. S. Prevender, A. Martinez, J. J.
Mason, R. C. Ormesher

Modern communications systems often employ spread-
spectrum techniques to artificially broaden the spectrum of an
otherwise narrowband signal. Spread-spectrum waveforms
present a variety of advantages to the communications system
designer: These spectrums provide jamming immunity, enable
accurate time-of-arrival measurements, spread the signal
energy over a wider frequency bandwidth (which can make
the signal difficult for an eavesdropping adversary to detect),
and alter the basic structure of the waveform (which can mask
the underlying data format and content of the signal). 

Suppose we possess an adequately sampled time-series
recording of a radio-frequency (RF) receiver output. We
hypothesize that the time series contains noise and may
contain interference and one or more communications
waveforms that an adversarial entity has sent. The problem is
to detect and extract data from the adversary’s RF
communications.

Sandia will develop a suite of algorithms to
systematically analyze the recorded time series with a goal of
detecting spread-spectrum signals and extracting any
underlying data signal. We will develop algorithms for both
direct-sequence pseudo-noise modulation and for frequency-
hop modulation. Algorithm types will address hypothesis
testing, correlation analysis, and directed and random
searches. Algorithm effectiveness will, in each case, depend on
the amount of a priori knowledge of time-series content that
we possess. Initially, the project develops, simulates, and
characterizes extraction algorithms. Sandia has capabilities in
several enabling technologies that are relevant to this
problem: satellite systems, spread-spectrum communications,
radar, real-time signal processing, and systolic computing.

We directed most of our effort to finding methods to
detect wideband spread-spectrum signals. We reviewed the
open literature and believe the cyclic-feature detector is the
most promising type of algorithm. Detection methods that
exploit specific cyclic features of the signal are less
susceptible to interference compared to older energy detectors.
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In addition, this kind of detector can distinguish signals from
different emitters. The spectral correlation function (SCF)
provides information about cyclic features. We wrote a
MATLAB code that computes the SCF using a frequency-
domain (fast-Fourier-transform [FFT]–based) method. 

We applied the method to a few direct-sequence
spread-spectrum signals to test the code. Cyclic-feature
detectors can be implemented in several ways. For simulation
on a personal computer, the FFT approach is appropriate.
Preliminary work suggests that the frequency-domain method
may be appropriate for an eventual system implementation;
blocks of the necessary FFTs can be computed in parallel and,
thus, be placed on a parallel-processor machine. However,
because data rates for wideband signals are so large, we
cannot rule out a time-domain approach that computes cross-
correlation functions directly. Such a design would be realized
with special-purpose (systolic) hardware.
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26575

Small Power Direct-Conversion Microfluid
Systems Using Logistical Fuels
K. Wally, R. W. Crocker, T. N. Raber, S. F. Rice, B. C. Wu, M. F.
Wright, J. D. Taylor

Portable power supplies are critical to the prolonged
operation of miniature field devices such as unattended
ground sensors (UGSs), human-portable sensor packages,
small robot vehicles, and even soldier-power systems for
minimally manned warfare. Portable-power-supply
performance poses real operational challenges to the
intelligence community as well as to the departments of
Energy and of Defense. Existing electrochemical-battery
technology, including the best state-of-the-art rechargeable
batteries (with an energy density of 480 Wh/L [watt hours per
liter]), cannot meet the projected needs of most future field
applications.

Sandia proposes a radically different approach to
traditional battery design, namely, using liquid-organic fuel
for energy. The small power systems that we are working on
would use a common logistical fuel—methanol (or kerosene or
hydrocarbons [HCs]). The proposed concept is readily
scalable from human-portable power (less than 100 We [watts
electric] to micropower (less than 250 mWe [milliwatts
electric]) size. The systems would consist of a small-scale
hydrogen (H)-gas generator coupled to a commensurately
small proton-exchange-membrane (PEM) fuel cell producing
electrical power. The H-gas generator would be a
supercritical-water microreactor functioning as a fuel
reformer. This supercritical-water reformer (SCWR) is an
innovation that we recently studied and propose to develop.
The SWCR would reform methanol and water into H-rich gas
to fuel state-of-the-art PEM-H fuel cells. Such cells are easily
capable of direct-conversion efficiencies greater than 50
percent. Energy for the endothermic reformer comes from
product H or system-electrical output. We estimate thermal
efficiencies approaching 80 percent, yielding a 40 percent net-
conversion efficiency to electricity. Methanol provides 4,980
Wh/L chemical-energy density. With a 40 percent net-
conversion efficiency, nearly 2000 Wh/L of useful electrical
energy could be derived. This system would roughly quadruple
the performance that existing advanced batteries achieve.
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Reformer chemistry. In the SCWR, liquid-organic fuel
and water are fed into supercritical water (T = 400° to 700° C,
P > 3600 psi) where they readily reformed to H2 and CO2

(carbon dioxide). An illustrative chemistry for methanol is
shown below:

CH3OH + H2O <—>CO2 + 3H2

One deficiency of conventional reformers is that
carbon monoxide (CO) is not fully converted in the water-gas
shift: 

CO + H2O <—>CO2 + H2

The result is excessive CO in the product, a potential
poison for platinum (Pt)-based electrocatalysts in fuel cell
electrodes. With SCWR, the supercritical water environment
appears to enhance the water-gas shift, and CO concentrations
drop significantly, eliminating any need for a separate water-
shift reactor. 

Experiments. We conducted a series of experiments to
examine the feasibility of generating high yields of H from
methanol in supercritical water. The reactor was 4.64 m of
1.06 mm inside diameter (ID) by 0.0625-inch-outside-
diameter (OD) Inconel 625 capillary tubing coiled into 57
turns of 1-inch diameter. An electric furnace controlled by a
digital temperature controller heated the reactor coil. A second
identical coil outside the furnace acted as an air-cooled
condenser. A high-performance liquid chromatography
(HPLC) pump fed the reactor, and a pressure regulator
controlled the pressure. A sample bottle with an analog
pressure gauge took gas samples after the pressure regulator.
We analyzed these samples using a mass spectrometer. The
mass spectrometer was calibrated with known pressures of H2,
CO2, CO, and CH4 (methane), and the relative current
response ratios were determined. We then normalized results
to the total moles and reported them as mole fractions.

Experimental results. With reactor pressure maintained
at about 4100 psi, we fed a 5-weight-percent solution of
methanol through the reactor. We estimated conversion based
on the methanol concentration in the condensed and cooled
aqueous-liquid phase. The fractions of the C gases are
reported relative to a normalized-H yield of 1.00.
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These results suggest that H2/CO ratios greater than
50:1 can be achieved in less than one minute at a temperature
perhaps as low as 540°C. At lower temperatures, much of the
carbon appears as CH4 and CO. The high-temperature data
agree very well with the calculation for equilibrium chemistry.
The low- and intermediate-temperature data agree
significantly less well. Apparently, the reforming process at
intermediate temperatures (e.g., 550°C) in supercritical water
does not reach equilibrium for shorter reaction times. At low
temperatures, the experiment shows formation of a great deal
of CH4. Obviously, dataset does not reveal the chemistry
details, and no attempt has been made to account for possibly
beneficial catalytic effects associated with the Inconel reactor.
However, three main processes appear to control reforming in
supercritical water: (1) conversion of fuel to simple gases, (2)
competitive pathways to either CO or CH4 at low temperature,
and (3) subsequent conversion of CO to CO2 by the water-gas
shift reaction.

In additional tests, the reactor was brought up to
700°C and 4000 psi while pumping 0.6 mL per minute of
water. When at temperature and pressure, a 5- to 25-percent-
by-weight solution of methanol in water was pumped into the
reactor at 0.6 mL per minute until a steady state was reached
after about 15 to 20 minutes. In these initial conditions, the
reaction appears to have reached the expected
thermodynamic-equilibrium composition.

Conclusions. We demonstrated high-quality H (low in
CO) production from the reformation of methanol in
supercritical water in bench-scale laboratory experiments.
These tests confirm that the SCWR process is a viable route to
converting a HC fuel into H for use in fuel cells.
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High-Bandwidth Optical Data Interconnects
for Satellite Applications
D. K. Serkland, K. M. Geib, I. J. Fritz, J. F. Klem, K. R. Lanes, J. L.
Rienstra

Optical fibers are rapidly replacing electrical cables
as the medium of choice for the transmission of high-
bandwidth analog and digital (A/D) signals. Coaxial cables
cannot compete with the fiber’s high-bandwidth capacity, low-
attenuation coefficient, and immunity to electromagnetic (EM)
interference. Moreover, optical fibers are cheap, reliable, and
robust. Finally, for air- and space-based applications, optical
fibers also offer substantial savings in weight as compared to
traditional coaxial cables.

Sandia will develop high-bandwidth optical
interconnects for use onboard satellites, where stringent
requirements are imposed: radiation hardness, low power
consumption, small mass, etc. We have pioneered research on
several relevant technologies, such as vertical-cavity surface-
emitting lasers (VCSELs), electroabsorption modulators
(EAMs), and radiation-hard photodetectors. These gallium
arsenide (GaAs)–based photonic devices have many attractive
features for satellite applications, including small size, low
power consumption, and compatibility with integrated circuit
(IC) technologies. Moreover, these GaAs–based devices have
demonstrated immunity to radiation damage.

The goal of this project is to address the future needs
of focal-plane array (FPA) sensors by introducing high-
bandwidth optical interconnects to transmit FPA signals
within a satellite.

We first constructed an optical-interconnect test-bed to
evaluate the photonic-device (e.g., laser transmitter,
modulator, and photodetector) performance. We constructed a
simple test-bed consisting of a GaAs VCSEL transmitter, a
silicon (Si)-photodiode detector, and a low-noise receiver
circuit. Optical-receiver noise often limits the performance of
analog links operating near the shot-noise limit. To obtain the
best receiver performance, we selected a photodiode with
responsivity above 0.5 A/W and a transimpedance amplifier
having an appropriate balance between its input-current noise
and voltage-noise densities. The result is a receiver that can
achieve a signal-to-noise ratio (SNR) of 170 dB/Hz with less
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than 1 mA of photocurrent. Because the shot-noise limit for 1
µA of photocurrent is 155 dB/Hz, our receiver contributes
negligible noise to the data link.

We used the test-bed to measure the relative-intensity
noise (RIN) of our VCSEL transmitter, and we found that the
RIN was -131 dB/Hz. Based on our theoretical study, we
believe that this laser is suitable for analog transmission at 1
Msample per second, with 12 bits of resolution per sample.
We made design modifications that are expected to lower the
RIN of the VCSEL below -142 dB/Hz, which will make the
VCSEL suitable for analog transmission of FPA data at 10
Msamples per second.

The second task required demonstration of a
VCSEL–based analog link to transmit baseband FPA output
signals to a remote digitizer. We successfully replaced the
electrical link between a test FPA and a remote digitizer with
an analog optical link. The optical link worked well, adding
only minimal noise as compared to the direct electrical link.
Although noise from the test FPA dominated the
measurements, we estimate that 10.5 bits of resolution could
have been obtained with a noiseless FPA.

For the third task, we designed and implemented
correction circuitry on the receiver side, ahead of the digitizer,
to compensate for level shifts with ambient-temperature
changes. We determined that this function could be performed
adequately using software, by simply calibrating the “zero
level” out of the digitizer, without any significant reduction in
the SNR. A factor-of-two change in the overall link gain
would be required to produce a significant change in SNR,
and we do not expect such large changes to occur.

The fourth task required a theoretical comparison of
VCSELs versus EAMs for the performance of analog links.
We took a general approach, theoretically evaluating the
ultimate limits imposed by shot-noise on any optical link. For
FPA applications, where typically at least 12 bits of resolution
are desired, digital transmission can be scaled to higher
sample rates more readily than can be analog transmission.
For example, with 1 mW of shot-noise–limited optical power,
analog transmission at 100 Msamples/sec with 12 bits of
resolution is possible. With digital modulation, the same laser
could transmit over 10 Gsamples per second, with 20 bits of
resolution per sample.

Our study also met the original objective of the final
task—to evaluate EAM performance in optical links. We
concluded that, because of the high optical absorption of
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EAMs, a high-efficiency VCSEL transmitter delivers a larger
SNR for a given power dissipation on the array. Based on this
conclusion, we decided against pursuing EAMs for low-power
analog optical links in upcoming work.
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Development of Robust Algorithms for
Analysis of Remote Material Spectra in the
Presence of Practical Error Sources
M. M. Moya, D. M. Haaland, E. V. Thomas, M. R. Keenan

Sandia chemometrics researchers have developed new
techniques that promise to improve the robustness,
performance, and utility of satellite-based hyperspectral
imaging (HSI) for applications in nuclear nonproliferation,
chemical and biological weapons (CW/BW) detection, and
national intelligence. These applications require reliable
identification, characterization, and quantification of target
chemicals and materials. The performance of current spectral-
analysis algorithms suffers in the presence of background and
sensor noise, residual pixel calibration errors, sensor artifacts
and drift, and atmospheric correction errors. Spectral-shape
changes are complex, nonlinear, and time-varying. Sandia has
20 years of experience in developing multivariate algorithms
for quantitative and qualitative spectral analyses in the
presence of similar errors in the laboratory. The techniques
augment the target model with spectra that correspond to
these spectral-shape deviations. Chemistry laboratory
experiments demonstrated the ability to perform quantitative
spectroscopy without the need for calibration standards and
the ability to extract pure-component spectra of spectrally
active chemical species in heterogeneously mixed samples.
Now, we are adapting robust multivariate calibration to
identify and quantify materials in remote spectral sensing
subject to instrumental, environmental, and atmospheric
variations. We will evaluate the utility of new augmented
multivariate curve resolution (MCR) for extracting pure
components from mixed spectra. We will test prediction-
augmented classical least squares (PACLS) and PACLS with a
partial least squares post-processor for online calibration
augmentation and model updating. We expect that
incorporating these robust calibration techniques will
significantly improve the performance of the identification/
quantification algorithms. Developing the ability to identify
spectra in the presence of atmospheric, environmental, and
instrumental variations will interest a wide variety of
customers who hope to use remote spectral imaging to
recognize facilities, identify chemical and biological agents,
and detect man-made anomalies. 

Sandia National Laboratories LDRD Annual Report 2001 615

Sandia chemometrics

researchers have developed

new techniques that promise to

improve the robustness,

performance, and utility of

satellite-based hyperspectral

imaging (HSI) for applications

in nuclear nonproliferation,

chemical and biological

weapons (CW/BW) detection,

and national intelligence. 



We repaired and made operational the information-
efficient spectral-imaging sensor (ISIS). We tested and
verified the superior signal-to-noise ratio (SNR) of the
Hadamard data-acquisition mode over the multispectral-
acquisition mode. We implemented an efficient inverse
Hadamard transform. We devised and implemented an
improved spectral-radiance calibration procedure. We
designed a prototype material identification experiment with
100 samples of different fabrics, including military
camouflage. We designed spectral and spatial operational
parameters suitable for characterizing the fabric samples. We
devised methods for detecting and correcting spectral
artificats. We acquired and configured a multiuser and a
LINUX workstation, including significant memory, data
storage, and remote data access from both LINUX and
Windows environments.We also enabled both local and
remote log-on capability for flexible demonstration and daa
analysis. We developed HSI visualization tools for viewing
both spectral and spatial dimensions and to aid in identifying
spectral artifacts in both Hadamard and spectral domains.

We designed and constructed test panels that contain
sample patches of 97 different fabric types. We collected ISIS
data of the fabric panels and designed and implemented
automated image-analysis methods to segment fabric patches
from the background and to register arbitrarily rotated test
panels for fabric ground truth verification at arbitrary pixel
locations. We evaluated the ability of ISIS to sense fabric-to-
fabric differences. We selected five fabrics that demonstrate
significant spectral variability over the ISIS range. We
collected variability-analysis data from the five-fabric subset
to evaluate sensor variations of 1 hour, 1 day, and several
weeks. We performed and analyzed a statistically designed
experiment with the five fabrics, nine temporal images, and
over 150,000 total spectra to quantify the sources of variation
in ISIS measurements considering the following sources: (1)
pixel-to-pixel variation within a fabric patch, (2) fabric patch-
to-patch variation, (3) image-to-image variation, (4) fixed
material effects, and (5) fixed spatial location effects. We
designed a linear discriminant classifier and applied it to the
five test fabrics. We achieved over 90 percent classification
accuracy and found no performance degradation up to 49
days. We devised a strategy for subsampling patches to assess
the effect of varying SNR. We conducted experiments to
evaluate the effect of illumination level and began variation
analysis. We developed a general approach to applying

Sandia National Laboratories LDRD Annual Report 2001 616

We designed a linear

discriminant classifier and

applied it to the five test

fabrics. We achieved over 90

percent classification accuracy

and found no performance

degradation up to 49 days. 



constraints during alternating least squares (ALS). This is
needed to make effective use of MCR techniques for subpatch
or subpixel spectral unmixing. We designed and implemented
a fast, nonnegative least squares algorithm based on
orthogonal factorization. This enables more general
constraints and “preferences” to be applied during ALS and
MCR through use of penalty function approaches.
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Deployable Large-Aperture Optics System
for Remote-Sensing Applications
T. D. Henson, J. W. Martin, J. M. Redmond, J. C. Wehlburg

Large-aperture optics are critical for improving
sensitivity and ground resolution of future space-based
telescope systems, such as those needed to monitor global-
proliferation of weapons of mass destruction (WMD). Many
researchers are considering on-orbit assembly of conventional
rigid-optical mirrors to circumvent geometric limitations
imposed by launch vehicles; however, this approach does not
alleviate the tremendous cost penalty associated with the
added weight of the overall system. In stark contrast to such
incremental technologies, Sandia is developing a
revolutionary new enabling technology for large-aperture
optics. The key element of this research is an electron-
gun–controlled piezoelectric thin-film mirror that can be
compactly stowed for launch, deployed on orbit, and shaped
to optical tolerances.

Integration of numerous contributing technologies is
required to enable a thin-film mirror system for space-based
remote sensing. This system must have a deployment method
with quantifiable accuracy and a means of shape correction to
bridge the gap between the deployed shape and the mission
requirements. The corrective capability of the electron-
gun–controlled thin films is established through intensive
modeling and experimental investigation. Hard constraints on
the initial deployment accuracy to meet mission requirements
are emerging. 
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This report summarizes the research effort into the
development of enabling technologies for electron-
gun–controlled thin-film mirrors. We made progress in the
critical areas of mission-application development, optical-
sensing techniques, electron-gun excitation, and shape control
of thin-film mirrors, mirror-material issues, and packaging-
and-deployment concepts. Results show that, although this
field of research is in its infancy, many technological barriers
to realization of a deployable mirror are surmountable.
Continued research in this field is warranted based on the
potential for dramatically reducing system size and mass
while improving the resolution and sensitivity of future space-
based optical systems.

To establish quantitative goals for the technology
development of this research program, Sandia examined
several space-based remote-sensing applications. A motivating
and challenging light-detection-and-ranging (LIDAR)
application emerged because of current relevance to the
nonproliferation mission and the potential for improved ability
through increased aperture. Sandia recently completed a study
to determine the feasibility of using ultraviolet (UV) laser-
induced-fluorescence (LiF) technology to detect from a
satellite platform the signatures from biochemical
weapons–related activities. We made field measurements for
bio-aerosols and biosolids with Sandia’s UV-LIDAR van. We
developed a scientific model to determine the necessary
LIDAR parameters to make the same measurements from
satellite altitudes. This model shows that a space-based
LIDAR system with a 5 m deployable collecting aperture
could detect both bio-aerosols and biosolids from a low earth
orbit with laser energies as small as 30 to 40 mJ at 355 nm
wavelength with at least a signal-to-noise ratio (SNR) of 4.
This system could be launched on a small launch vehicle
(such as a Taurus) and would be very achievable with current
technology. In contrast, a LIDAR system with a reasonable-
size conventional-glass primary mirror (0.5 m diameter)
would require a high-energy laser (greater than 2 J) with
power requirements unrealizable in a current satellite system.

We conducted a literature search on optical-sensing
techniques. High-fidelity sensing techniques such as
interferometers or wavefront sensors are needed. Multiple-
wavelength heterodyne interferometry offers a dynamic range
of several orders of magnitude and subwavelength accuracy. A
Shack-Hartmann wavefront sensor, which is less complex than
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the heterodyne system, may also provide high-fidelity-mirror
figure measurements, but the total dynamic range is limited. It
may be useful combined with some other coarse sensing
system.

Determining the feasibility of deploying a thin-film
mirror to an acceptable initial tolerance depends largely on the
ability of the electron-gun system to correct for surface errors.
To quantify this capability, we measured displacement profiles
as a function of electron-beam energy and mirror back-
pressure potentials. The resulting estimated curvatures indicate
that relatively large curvature corrections can be implemented
with beam energies as low as 400 eV. Further experiments are
under way, but these initial results provide reasonable
estimates of the shape changes that can be initiated, and in
turn, help define the requirements for the deployment.

We devoted additional experiments and modeling
efforts to refine the closed-loop control strategy. We recently
achieved significant improvements in response time.
Furthermore, recent research shows that mirror-figure controls
are currently within the tolerances (700 nm root mean square
[rms] with 3.5µ peak-to-peak) of the LIDAR design currently
being exploited.

In collaboration with researchers at the Air Force
Research Laboratory (AFRL), we are exploring rigidization of
thin-film mirrors. Rigidized mirrors will yield a proportional
decrease in control authority, but will be less sensitive to
thermal and vibrational disturbances. Experiments with
different rigidization techniques are currently taking place. We
plan to conduct shape-control evaluation of these specimens.

Current mirror materials being considered are
embedded piezo ceramics, piezo polymers, and piezo
polyimides. Piezo polyimides are more stable in space
applications than the piezo polymers. Further consideration is
also being given to the probability of creases in the mirror
surface resulting from packaging and deployment.

We identified possible deployment mechanisms
through discussions with Sandia’s deployable targets
department. Articulated umbrella-like skeletons, inflatables,
springs, and embedded shape-memory alloy wires all offer
feasible solutions to the deployment problem. Umbrella-type
systems are capable of packed-to-unpacked diameter ratios of
1:10. Some less-efficient packaging designs have ratios of 1:2.
Mirror materials need to be further studied to verify their
ability to withstand each packaging strategy with little or no
permanent material deformation.
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MicroChemLab Technologies for Early
Detection of Pathogen Exposure
V. A. Vandernoot, R. Behrens, Jr., J. S. Schoeniger, J. V. Volponi, S.
A. Pizarro

Sandia is developing a faster means to determine
pathogen exposure. We need to discover if early biological
hallmarks coincide with the immune system ramping up and if
we can measure these hallmarks of immune activation in a
field setting. The earliest indicators of immune-system
activation include changes in the phosphorylation or levels of
key signaling proteins. We will selectively collect the
phosphorylated proteins from cultured immune cells by using
affinity-chromatographic techniques and separating the cells
by a variety of sensitive microscale techniques. We need to
determine if separation patterns or fingerprints of
phosphorylated proteins are indicative of the resting state of
cells and if these fingerprints change in response to
activation. This work could lead to the creation of a field
device for first responders and emergency-medical personnel
to track pathogen exposure. 

Cell culture and activation protocols. The first stage
was to create a cell-culture capability. We established three
activation protocols for T-cells (T lymphocytes), including
anti-CD3 (a protocol for T-cell activation), Staphylococcal
enterotoxin B (SEB), and phytohemagglutinin (PHA). We
implemented an enzyme-linked immunosorbant assay for IL-2
to provide an independent method to verify T-cell stimulation.
We found the assay to be sensitive enough to detect the
production of IL-2 in T-cells stimulated overnight with PHA
(typically 200 ng/mL in activated cells). The assay also
illustrated that our initial use of noncross-linked a-CD3 was
not fully stimulating T-cells. We are currently optimizing the
antibody stimulation with cross-linking reagents. 

Methods development. We optimized conditions for
harvesting and lysis of cells and the collection of total protein.
Cells were centrifuged, washed once with PBS (phosphate-
buffered saline) buffer, and lysed in buffer containing 1
percent Triton X-100 and protease and phosphatase inhibitors
to prevent proteolysis and dephosphorylation. We have
focused on the intact proteins from the cell lysates, but
preliminary work shows our ability to work with peptides
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from a model phosphoprotein and to characterize the metal-
ion affinity-chromatography (IMAC)–enriched species by
capillary-gel electrophoresis (CGE). 

Phosphoprotein enrichment and capillary
electrophoresis. We evaluated both IMAC and immunoaffinity
methods and found them useful for enriching phosphorylated
species. The phosphorylated proteins were too dilute to be
seen in the lysates directly, but were visible after enrichment.
Additionally, the bands were typically more numerous and
darker for those samples stimulated with PHA. 

Phosphoprotein fingerprinting. The total cytosolic-
protein extract from resting and PHA-activated T-cells was
separated by both capillary zone electrophoresis (CZE) and
CGE. There are distinct differences in the electropherograms
of resting cell and overnight-activated cell lysates. The total
protein extract in both resting and PHA-activated T-cells was
also enriched with respect to phosphoproteins using IMAC
and/or immunoprecipitation. In the CGE traces of the
phosphoprotein-enriched fractions, we found the first dramatic
evidence supporting the central premise of this proposal,
namely, the existence of differences in the phosphorylated-
protein signatures of resting and activated T-cells. Work is
under way to verify the reproducibility of these signature
differences.

Activation time course. We also observed the changes
in the phosphoprotein patterns as a function of time. We did
initial work on PHA–activated cultures on cultures stimulated
overnight. This is necessary to independently verify T-cell
stimulation by IL-2 production (greater than 6 hours for IL-2
transcription). Phosphorylated-protein-signature differences,
however, begin much sooner. We found clear indications in
both the lysates and the phosphotyrosine-enriched fractions of
differences in the protein patterns as early as 15 minutes. This
is extremely important to the ultimate “rapid diagnosis”
application of this work.

Alternative activation protocols. In addition to the
PHA stimulation, we began examining the effects of anti-
CD3, which stimulates T-cells through a different mechanism.
Some signature differences were seen in both the monoclonal-
and polyclonal-stimulated samples. In addition, the
preliminary data show patterns that appear to be different
from those obtained with PHA stimulation. This is significant
as it suggests the possibility of pathogen-specificity inherent
in the phosphoprotein patterns. Further work is needed to 
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verify these findings, especially in light of the observation that
the antibody stimulation is not yet optimized, as evidenced by
poor IL-2 production. 
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Intelligent Tracking of the Telepresent Rapid-
Aiming Platform
C. L. Nelson, J. J. Carlson, S. E. Eskridge, M. A. Martinez

The Telepresent Rapid-Aiming Platform (TRAP) is a
remotely operated weapon system. TRAP offers significant
force multiplication and enhancement by enabling near
instantaneous response to attackers, increasing targeting
accuracy, removing personnel from direct weapon fire,
providing immunity to suppressive fire, and reducing security-
force size needed to effectively respond. Test results have been
exceptional, and response from the Department of Energy
(DOE) sites and the U.S. Air Force is enthusiastic. Testing
shows that the TRAP performs comparably to a trained
marksman except for target-acquisition speeds, which are up
to three times longer. Currently, the platform is enslaved to a
remote operator’s joystick. Tracking moving targets with a
joystick is difficult, depending on target range, movement
patterns, and operator skill. Even well-trained operators
encounter difficulty tracking moving targets. A remote-
response platform modified from the TRAP system is installed
at Sandia. This installation supports an operational test and
evaluation with inert ammunition. With the enhancement of
intelligent tracking, the installation may form the basis for
significantly improving security-force response in terms of
effectiveness and numbers of responders.

We will develop automated, intelligent targeting
capabilities for the TRAP—capabilities that will integrate
machine-vision–based tracking with sensor- and model-based
control. These developments will offload low-level targeting
details, allowing an operator to focus on the immediate threat
before deciding whether to issue firing commands. Our
approach will integrate three-dimensional (3-D) video motion
detection (3DVMD) under development at Sandia. This
technology is already undergoing evaluations at several DOE
and Department of Defense facilities where the TRAP could
be deployed. We will use 3-D information in lieu of the
joystick to automatically manipulate the TRAP’s pointing
angle and keep the target within weapon sites. Video from the
3DVMD system would provide immediate assessment
capabilities for the operator to determine the appropriate
response.
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This project has been very successful. Because the
TRAP is not available on a full-time basis, we configured a
new platform that simulates the TRAP for algorithm
development. This platform consists of a modified paintball
gun mounted on a pan-and-tilt gimbal. The entire assembly is
mounted on a shooting bench that was especially constructed
to hold the TRAP. A video camera is rigidly mounted on the
gun barrel, and a solenoid controls the trigger mechanism. The
integrated video system, including the onboard camera and
firing mechanism, is controlled through a single personal-
computer platform.

We also made significant advances in algorithm
development. These include mathematical models for
projectiles under the influence of air resistance and models of
targets based on the known physical kinematic constraints. We
used a chronograph to acquire ballistics information, which
we subsequently used to determine projectile model
parameters. We optimized the model to provide the flattest
trajectory across the expected range of fire. We also developed
targeting solutions based on the mathematical models of the
projectile and target and on the optical characteristics of the
camera. These solutions provide the appropriate lead in pixel
coordinates required for a bullet to hit a moving target. We
developed calibration procedures for sighting and aiming. We
used these procedures to determine the line-of-sight (LOS)
pixel and the transformation between target position in camera
coordinates (delta-x and delta-y with respect to the LOS pixel)
and the corresponding position in pan/tilt coordinates (azimuth
and elevation).

Finally, we completed the off-board sensor installation.
We installed a 3DVMD system in a laboratory setting to
provide position and velocity estimates of detected targets.
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33323

Engineering Biomicrodevice Interfaces: New
Microfuel Cells for Harvesting Energy from
Biological Systems
D. A. Loy, C. J. Cornelius, D. Ingersoll, S. M. Brozik, S. H. Kravitz,
C. A. Apblett, M. Okandan, D. A. Schneider

The Biomicrofuel Cell Grand Challenge will develop
new compact power sources that can operate using fuels from
biological sources. This project addresses the need for new,
uninterrupted autonomous power supplies for sensor,
communication, microelectronic, and health (e.g., prosthetics,
pacemakers) applications where batteries are not acceptable
because of size constraints and the logistics for replacement.
Although microfuel cells have demonstrated clear advantages
over batteries in energy density, they still rely on fuels such as
hydrogen (H) or methanol that may be inconvenient for many
applications. 

Sandia will develop the technologies needed to
interface these fuel-cell microsystems with biological systems
as the renewable energy source. The challenges facing biofuel
cells include (1) design of a microfuel cell compatible with
biofuels, (2) selection of the optimum fuel(s), (3) engineering
the biological microsystems interface for harvesting fuel, (4)
identifying suitable electrochemical systems and long-lived
electrodes, (5) designing, preparing, and integrating new fuel-
and oxidant-selective membranes, and (6) biocompatibiliza-
tion of the components.

The technological impact is a revolution in power
supplies supporting the continued miniaturization of
microelectronic devices. The project will also yield significant
advances in membrane engineering, micropower systems, and
understanding of biomicrosystem interfaces.

Recent accomplishments include successful testing of a
bio-MEMs device with cells, design and construction of a
quartz microbalance–based device for highly parallel
membrane-permeability testing, construction and testing of a
static-volume membrane test apparatus for final membrane
testing, design of a new double-spiral fuel-cell architecture
based on embossed thermoplastics, preparation and
characterization of disulfide bridged polysilsesquioxanes as
latent polymer-electrolyte membrane materials and their
treatment with ozone, and preliminary testing of bipolar fuel
cells with carbohydrate fuels. 
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We performed extensive surveys of the literature for
work with microfuel cells and biofuel cells using Sci-Finder
and Net Search Engines. We identified commercial,
government, and academic competitors and compared their
technologies with this project’s objectives. These searches
indicate that opportunities exist for Sandia to have significant
impact in the microfuel-cell technology area and have
enormous impact in the biofuel-cell technology area. These
searches also identified a variety of government programs that
would easily provide follow-on support to apply technologies
developed in this project. 

Membrane materials are an enabling component to this
project. We directed our efforts toward construction and
testing of a static-volume-membrane test apparatus for
evaluating oxygen (O)-selective membranes, construction of a
quartz-microbalance array for highly parallel screening of
small quantities of membrane materials, and the preparation
and characterization of new hybrid organic-inorganic
membranes with latent sulfonic-acid functionalities.

We designed a new fuel-cell architecture to provide us
with a new technological platform for competing in the
microfuel-cell arena. The new design is based on a double
spiral of anode (fuel) and cathode (oxidizer) channels to
maximize surface area. The real innovation is construction of
the fuel cell by embossing the architecture into the polymer-
electrolyte membrane directly. This simplifies the
construction, with potentially significant impact on production
cost, of the device enormously and avoids the use of brittle
silicon (Si) platforms that other academic and industrial
groups are using. We fabricated embossing templates; efforts
are under way to fabricate fuel-cell platforms.

We made enormous progress in bio-MEMs designed to
increase the transport of cellular carbohydrates or other fuels
through cell membranes without cell lysis. We began
calculations to determine the design requirements for
electrophoretic harvesting of glucose directly through the skin. 

Literature surveys discovered that a Penn State
researcher recently validated the highly parallel approach to
fuel-cell electrode-material discovery and optimization. Based
on these results and others, we selected platinum (Pt)
ruthenium (Ru) as the preliminary candidate for the anode
electrocatalyst and Pt for the cathode. Preliminary studies with
Pt-based fuel cells with carbohydrates revealed no voltage
generation, underscoring the necessity for binary alloys at the
anode that are resistant to carbon monoxide poisoning. We
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have decided not to pursue the enzymatic-based systems at
this time. 

This initial effort allowed us to focus effort on a new
two-dimensional, heat-embossed architecture using Nobel
metal electrocatalysts. We have insufficient information to
permit down-selection with membrane materials and bio-
MEMs. Furthermore, we ascertained that, although a scientific
precedent exists for glucose-driven fuel cells, the technologies
and materials developed in this project will be sufficiently
innovative to provide a broad niche in fuel-cell technologies
for Sandia. 
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Embedded Self-Powered Microsensors for
Monitoring the Surety of Critical Buildings
and Infrastructures
K. B. Pfeifer, R. V. Matalucci

Predicting the performance of critical structures is
vital to not only ensure occupant safety and security during
naturally occurring and malevolent events, but also to
determine the life-cycle deterioration rate under normal aging
conditions to allow for efficient upgrades. 

For this project Sandia evaluated the feasibility of
applying integrated, remotely recorded microsensor systems to
assess the structural performance of critical infrastructure.
These measurement systems will provide forensic data on
structural integrity, health, response, and overall structural
performance in load environments such as aging, earthquake,
severe wind, and blast attacks.

The clear objective of this project is to develop the
ability to field a sensor that has neither wires protruding from
a building member nor batteries and that can be embedded
into a building member at fabrication. 

The health of critical infrastructure, as has been so
recently and tragically demonstrated by the events at the
World Trade Center in New York City, demonstrates the need
for systems that can autonomously measure the health of that
infrastructure. We investigated the application of “self-
powered” sensors to the problem of long-term detection of
infrastructure health by studying the feasibility of using
naturally occurring load-induced strains to excite a
piezoelectric generator and power a microprocessor-controlled
sensor system. That microprocessor can command and control
a system that makes a measurement and then save the data
from that measurement to a nonvolatile memory. Since the
strains induced by the event are transient, enough energy is
needed to activate the microprocessor, make the measurement,
and store the data before the strain event concludes. The data
are then read from the commercial-off-the-shelf (COTS)
radio-frequency (RF) tag by using a reader.

We showed that the application of piezoelectric
elements to harvest strain from beam elements in critical
structures is feasible and could be made practical. We showed
that microcontrollers can be operated by power produced only
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from strain and demonstrated the conversion and storage of
electrical energy produced from this strain. In addition, we
illustrated an approach to storing the data from the sensor to a
nonvolatile memory and how that data could be retrieved.
Thus, the placement of active sensors that do not require
external power or wires and are powered by harvesting the
stress applied to a building structure is a viable approach to
monitoring critical infrastructure.
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Photonic Lattice Coatings
T. J. Drummond, M. E. Warren, S. Y. Lin, R. J. Martinez, M. J.
Morrow, D. K. Kramer, J. G. Fleming

Sandia recently developed infrared (IR) optical-
bandgap structures known as photonic lattices (PLs). It has
been demonstrated that the regularity and spacing of the parts
can be designed to make the structure mirrorlike in particular
wavelength bands. Applications such as tagging and shielding
IR signatures have been described. The possibility of
developing a coating (such as an adhesive and/or paint) using
particulate PLs to achieve specific optical properties for both
tagging and shielding applications has been discussed but not
demonstrated. This project explores the feasibility of
producing and applying such a coating and performs initial
development. The uniqueness of this project is derived from
use of particulate properties of the PL structure, as opposed to
an extended solid. We developed a method to produce
appropriately sized PL particulates.

During the project, we designed a process to fabricate
PL particulates. While awaiting delivery of custom particulate
material, we attempted to create particles from a monolithic
PL. This resulted in the lattice disintegrating into its
component “strands” of silicon, and this effort was not
pursued further.
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Applicability of a Self-Referencing Shearing
Interferometric Vibration Detector
S. M. Stewart, C. L. Grotbeck, T. R. Nelson

This research explores a self-referencing laser-
shearing interferometer as a remote vibration-detection
sensor. Such a capability would provide new surveillance
discriminants for artificial ground-motion and target
identification. The approach uses optical shearography in a
common-path-amplitude interferometer to process vibration as
a differential-phase shift about baseband (homodyne)
recorded as a spatial-fringe pattern at the receiver.
Interference fluctuations produced by pairwise shearing of
vibrating and nonvibrating parts of the target scene in
adjacent pixels will sample the time evolution of the phase
coherence of the reflected wavefront, which is proportional to
the vibrational displacement. Because of vibration with the
stationary-reference pixel (local oscillator on the ground), the
phase shift is converted to lateral shear and detected by
photon counting in the imaging pupil. In essence, the
interference pattern obtained between original and displaced
wavefronts is an edge filter for direct imaging of the vibration
over the surface area. Because both signal and reference
beams sample a common propagation path, the technique
does not rely on source modulation and is self-compensating
for Doppler broadening and temporal speckle decorrelation
noise. Improved vibration sensitivity may be possible over
conventional heterodyne techniques if ambient-atmospheric
distortion does not disrupt signal fidelity and the optical-
transfer function.

We modeled variable operating-source radiometrics,
target reflectivity, vibration characteristics, and noise
mechanisms to study the lateral-shearing problem. Using an
experimental test-bed designed with Lambertian reflective
targets and variable-piezoelectric transducers, we exercised
salient features of a prototypical shearing measurement with
an effects-matrix that investigated the impact of multiple-
vibrational frequencies, sensor-platform motion, variable-
scene reflectivity, broadband illumination, and surface relief.
We conducted a parametric study of environmental variables
to establish carrier-to-noise ratio (CNR) performance metrics
for a photon-counting array detector. We incorporated results
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into phenomenology and atmospheric models for mission
analysis and assessment of system-performance thresholds in
realistic operational environments. We performed comparative
experiments to evaluate the merits of shearography versus
conventional heterodyne techniques for vibration detection.
We simulated the effects of atmospheric turbulence, speckle,
and scintillation on phase fidelity and the optical-transfer
function using a spatial-light modulator with adaptive
transmission and wavefront characteristics as a precursor to
future rooftop-propagation experiments. We developed
processing algorithms to extract unknown vibration signatures
from a noisy background.
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Small-Scale High-Performance Optics
C. W. Wilson, B. L. Spletzer, M. A. Kuehl, C. L. Leger, D. E. Small

Historically, high-resolution, high-slew-rate optics
have been heavy, bulky, and expensive. Recent advances in
MEMS (microeloctromechanical systems) technology and
micromachining have changed this. Specifically, the advent of
steerable submillimeter-sized mirror arrays and mass-
produced diffractive optic elements provide the breakthrough
technology for producing very small scale high-performance
optical systems. For example, an array of steerable MEMS
mirrors could be the building blocks for a Fresnel mirror of
controllable focal length and direction of view. When coupled
with a cadioptric parabolic mirror, the steerable array could
realize a microscale pan, tilt, and zoom system with no
moving parts (except MEMS elements) that provides full
charge-coupled device (CCD) sensor resolution over the
desired view area. Another example uses an array of
diffractive lenses that can be situated on or very close to the
pixels of CCD array to produce an essentially flat, very wide
angle lens.

A small-scale high-performance pan, tilt, and zoom
imaging system would have immediate application to a
number of fields, including microrobotics, medicine, and
several security missions. Dense arrays of MEMS mirrors and
independently steerable mirror arrays potentially applicable
to such a system are currently under development. Sandia
seeks to develop a demonstration system at large scale from
existing hardware where we can develop pointing and image
correction algorithms and software and investigate
performance requirements for small-scale systems. 

Our goal was to build a large-scale apparatus using
existing components and to demonstrate the steerable fovea
concept as well as to develop software to correct image
distortions at normal video-frame rates. 

We constructed the large-scale apparatus using the
camera and convex parabolic mirror from a conventional 360°
imaging system. We replaced the standard lens with a longer-
focal-length unit to provide a higher-resolution image of a
portion of the mirror. We constructed a frame that held the
camera and mirror such that the optical axis of the camera and
the axis of revolution of the mirror intersected at 90°. We
inserted a gimbel-mounted flat mirror at the intersection point.
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This steerable mirror allowed the field of view (FOV) of the
camera to be directed to any part of the convex-mirror surface.
The gimbel is controllable and the mirror position is readable
from a computer interface.

In the original 360° imaging system, the video camera
produced an image in which the outer edge of the convex
mirror just touched the top and bottom of the image frame and
the reflected image of the camera lens, centered in the image,
and covered almost 20 percent of the image height. With the
optical axis of the camera oriented vertically and the mirror
located above the camera, the annulus of image data between
the edge of the mirror disk and the outer edge of the lens
represented a view covering 360° around the vertical axis and
from 50° above to 60° below the horizontal plane. In a
previous effort we had dewarped this doughnut-shaped image
to produce a rectangular strip using a software pixel-mapping
approach. In the resulting image, all horizontal and vertical
edges are square. The pixel-mapping approach relied heavily
on the fact that the mapping did not change from image-to-
image to achieve video-rate dewarping. In the steerable fovea
system, the mapping would change whenever the mirror
moved. We decided to implement a texture-mapping approach
that would use graphics-card hardware to achieve the
dewarping. We projected the original 360° imagery onto
several geometric shapes, including a flat rectangle, the inside
of a cylinder, and the inside of a sphere. This last geometry
provided convenient means of panning, tilting, and zooming
in the image data. The narrow FOV data were also projected
on the rectangular surface. All dewarping was accomplished at
video rates.

We also began investigating the factors that influence
the optical performance (resolution) of the proposed system.
To this end we developed algorithms and a code to determine
the blur-spot size for various mirror shapes and optical
geometries. These tools not only allow us to analyze our
current system but will also help optimize the design of future
systems for desired characteristics such as reduced
astigmatism, constant focal depth, and matched sensor and
system resolution. 
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Other Communications
Leger, C. L. 2001. “Determining the Viability of
Curved Mirrors for Small-Scale High-Performance
Optics.” Presentation to the 6th Annual Student-
Internship Program Symposium, Albuquerque, NM,
8–9 August. 



34471

Terahertz Radiation Technology for MASINT
M. R. Ackermann, R. J. Simonson, F. J. Zutavern

Remote sensing—of the environment for earth
resources, for military and intelligence purposes—typically
relies on radio-frequency (RF) systems operating in the
wavelike portion of the electromagnetic (EM) spectrum or on
optical systems operating in the photonlike portion of the
spectrum. The systems, which can be either active or passive,
include simple RF receivers, radar, synthetic-aperture radar
(SAR), light detection and ranging (LIDAR), infrared (IR),
visible and even ultraviolet (UV) imaging, and nonimaging
detection devices. What lies in between the long-wavelength
IR systems and the short-wavelength RF systems is generically
known as the terahertz (THz) band. Until recently, this area
has been a largely unexplored region of the EM spectrum, as
developing sources and sensors was difficult, and atmospheric
absorption makes remote sensing difficult. However, with
advances in solid-state materials, short-pulse lasers, and
other technologies, sources and sensors for the THz band are
gradually becoming more practical. This project takes a look
at sources, sensors, propagation, and interaction physics, and
at the possibility of using THz technology to support remote-
sensing missions of interest to Sandia.

This project provides a first look at the THz-radiation
band and attempts to answer three questions: 

(1) What is the state of the art in generation and
sensing of THz radiation?

(2) What are the propagation and material-interaction
issues that would determine whether THz radiation would be
useful for application to remote-sensing missions?

(3) Where should Sandia begin to pursue THz
radiation for remote sensing? 

(For the purposes of this report, the THz band is
defined to cover the band of wavelengths from 3 mm to 30µ.)

Our ability to generate and sense THz radiation has
exploded in the past 10 to 12 years. Advances in quantum-
well (QW) semiconductor devices and ultrafast laser pulses
have led the way. New techniques are being demonstrated all
the time. Unfortunately, propagation physics has not changed
in the past 10 to 12 millennia. The atmosphere is not friendly
to THz radiation. In general, propagation is feasible in regions
at the longer-wavelength end of the band (200 to 300 GHz).
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Also, just past the short end of the band at wavelengths in the
20µ–30µ range are a number of attractive propagation
windows for active systems; however, these wavelengths are
slightly shorter than the THz band that we defined for
ourselves. The 20µ–30µ range gets into the very long
wavelength IR band. Although THz radiation overall looks
less than promising for most long-range remote-sensing
applications, a number of chemical interactions exist that
would make THz systems useful as laboratory diagnostic
tools. Finding out if these tools perform better than available
tools will require time.

Some likely niche areas in the THz world exist that
Sandia might explore. In many areas, we lead the nation or
have leading-edge technology that can be applied to
generation and sensing of THz radiation. One promising area
is our work on ultrafast laser pulses. Another area where
Sandia might find THz radiation of interest is as a diagnostic
tool for chemical and materials research. Yet, these areas
would be very application-specific. For long-range remote
sensing, we find very limited propagation windows.
Nonetheless, applications such as a ground-mapping THz
active-imaging system might be of interest; such a system
could be accomplished at an unused and difficult-to-detect
wavelength free from biological hazards.
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34472

Radar Tag for the Remote Monitoring of
Restricted Equipment
M. G. Vannoni, R. C. Ormesher, M. Gabbrielli, J. C. Bartberger

Accounting for heavy weapons (e.g., tanks) is an
objective of conventional arms control. Agreements such as
the Dayton Accords for Bosnia specify the relocation of heavy
weapons to specific storage areas. These sites are periodically
inspected by peacekeepers to verify that new weapons have
not been added, commitments to destroy weapons have been
met, and weapons have not been removed in preparation for a
resumption of hostilities. Relatively large numbers of
inspectors (and associated costs) are required for effective
monitoring. 

This project seeks to determine the feasibility of
integrating synthetic-aperture radar (SAR) from the
commercial RADARSAT satellite with radar reflector and tag
technology to create a new, unclassified system of monitoring
that will supplement on-site inspections anywhere in the
world. The goal of tag development will be to enable low-
resolution RADARSAT imagery to account for items that are
normally too small to detect. The operational concept is that a
tag that functions as a radar reflector is applied to treaty-
limited items during a baseline inspection. The tag amplifies
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the item’s radar cross-section, making it visible in low-
resolution RADARSAT imagery. A monitoring organization
can then determine, under all viewing conditions, whether the
treaty-limited items are present by comparing the signatures in
the image with the baseline inspection. A discrepancy between
the image and the baseline declaration would trigger an on-
site inspection. Tag integrity is essential and results from
design features that prevent a tag’s removal or substitution
without visibly altering the signature. 

This project will result in a feasibility analysis of the
operational concept, including a conceptual design and
operational procedures. The project leverages Sandia’s
experience in on-site inspection, tagging, tamper protection,
radar reflectors, and radar imagery analysis.

This project built upon previous Sandia research and
development (R&D) in radar-responsive tags and expanded
this R&D to the application of arms control by using a new
radar and platform. The RADARSAT tag system removes the
need to regularly conduct on-site inspections by enabling the
monitoring organization to determine, under all lighting and
weather conditions, whether the treaty-limited items are
present and their status. Major operational factors affecting the
conceptual design of the tag are the effect of multiple (perhaps
hundreds of) tags operating as a system in close proximity to
one another and the need to protect tags from tampering.

Specific conclusions of the project include the
following:

(1) A RADARSAT tag can create a visible signature in
the SAR image and has a minimum estimated data transfer of
100 bits per look. This enables the tag to transmit an
identification code, tampering status, and authentication code.
Other factors in the tag’s environment could be measured and
reported with codes using small numbers of bits.

(2) If the tags are spaced close to what the
RADARSAT-2 radar can resolve (3 m), the tags will overlap
in the image and become an indistinguishable bright mass.
Altering a tag’s signal can solve this problem. Signal delays
create range displacements, and small signal-frequency shifts
create azimuth displacements of the tag in the SAR image.
These range and azimuth shifts can artificially spread the
visual appearance of closely spaced tags to form a new, virtual
pattern of distinguishable objects in the image. 

(3) Tags placed in close proximity to one another can
cause the output of one tag to become the input to another,
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resulting in mutual coupling and degraded performance. A
number of techniques can be used to reduce the amount of
mutual coupling (e.g., choosing an appropriate antenna type,
synchronizing tag clocks, splitting the dwell time, delaying the
tag responses relative to one another). In practice, completely
eliminating the effects of mutual coupling may be neither
practical nor necessary. 

(4) The data-uplink rate per tag will degrade slowly as
the number of tags communicating with the satellite increases.
This is a complex effect resulting from a number of factors.

(5) The tag packaging can be protected from tampering
under a variety of scenarios using limit and motion switches
combined with signal authentication during long periods of
unattended deployment.
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34473

Evaluation of High-Altitude/Orbit-to-Surface
Sensor Delivery System
K. K. Pace, A. E. Hodapp, Jr., A. C. Watts, W. T. Hobson, S. G.
Beard, Jr., M. W. Kniskern

This project is classified.
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34474

Conceptual Design of Self-Adjusting Inertial
Inmate Restraints
J. T. George

Restraint methods used for the transport and/or
detainment of prisoners have become an increasing concern
for the safety and welfare of law-enforcement officers. There
are numerous instances of physical-restraint methods being
compromised and allowing escape or injury to police. There is
a clear need for more effective but still inexpensive restraint
approaches.

The inertial restraint system was conceived as a simple
answer to handcuffs and shackles. Unfortunately, inertia reels
tend to lock during sudden movements and unlock once the
activity has subsided. This may impede a prisoner’s movement,
but would allow continued unwanted behavior.

A new approach involves an automatic tensioning
system (inertia reel with locks) similar to those used in high-
performance military aircraft.

Automatic tensioners, activated by accelerometer or
kinetic-energy device signals, initiate a high-speed gas
generator to activate tensioner reels, thereby restricting
continued sudden or violent movement. In the automobiles,
locking tensioners can be overridden after violent movement
has stopped. Used as part of the inertial restraint system, the
tensioner reels would tighten straps about the waist,
immediately pulling the hands to the waist. Using shackles,
activation of the tensioning reels would bring the individual’s
ankles together and hold them firmly, thereby restricting all
but the smallest foot movements and allowing quick capture.
Activation of both the handcuff- and shackle-style restraints
would incapacitate the individual. An added enhancement
would be remote activation (similar to garage-door-opener
technology) initiated by escorting personnel. 

A programmable magnetic-strip-style “key,” similar to
hotel room keys, would activate and deactivate the system,
reducing the potential for illicit keys. Digital codes for
deactivation and removal of the restraints could be transmitted
via secure Internet channels to other jurisdictions for
transport. 

This work attempted to assess the potential for
developing a technologically advanced prisoner-restraint
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system that provides adequate safety for law-enforcement
officials along with the general public, provides humane
treatment for those detained, and does so in a fiscally sound
way. The study used the property of inertia as the basic
underlying concept for the alternative restraint system. We
evaluated two ideas, one simplistic and the other
technologically advanced.

Using mechanical-inertia reels as an aid in stopping
unwanted movement is perhaps the most simplistic alternative
to common handcuffs and shackles. Designed to stop all
motion above a preset limit, inertia reels have proved effective
for the aviation and automotive industries in preventing
trauma and death. Unfortunately, the simplicity of the
mechanical-inertia reel becomes a major drawback and casts
doubt on using this technology as an alternative restraint
system. Major hardware redesign would be required to prevent
compromise. The design of available, low-cost inertia-reel
systems lacks retraction mechanisms of sufficient strength to
overcome an individual’s muscular strength, and also lacks the
permanent locking devices that would preclude any further
movement after initial actuation.

Based on automatic-tensioning systems, a second
alternative for the advanced restraint design may be more
advantageous than using inertia reels. Automatic tensioners,
similar in function to inertia reels but dynamically actuated,
are typically activated by signals from electronic sensors. The
initiation signal is based on acceleration or movement levels
similar to those for mechanical inertia reels. The initiation
signal is electrical in nature. When the signal is received, a
small pyrotechnic charge would initiate and cause rapid gas
generation. The generated gas would drive take-up spools,
causing immediate retraction of excess restraint webbing. As
applied to inertia-activated restraints, the automatic tensioners
would respond to prisoner movements and result in rapid and
total incapacitation of the subject.

Many drawbacks are evident in using inertial reel
and/or automatic tensioners for advanced restraint designs.
Disadvantages range from high-level redesign and
development requirements to make the hardware functional to
hazards associated with prisoners being restrained through
explosively actuated devices. Indeed the recovery of
development costs through a saleable system may far
outweigh all other concerns. 
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34475

Miniaturized Sensor Technologies for Drug
Detection
C. H. Morgan, J. E. Parmeter, P. J. Rodacy, J. L. Barnett, C. D.
Mowry, L. M. Ford, S. F. Bender

Many applications of trace drug detection are of
utmost importance to the law-enforcement community.
Especially important applications include (1) lightweight
surveillance bracelets for personnel monitoring via analysis of
transdermal bodily secretions, (2) portal detectors for
noninvasive personnel monitoring at checkpoints, and (3)
hand-held detectors to provide portable personnel screening
with minimal invasiveness. The first application is geared
toward identifying drug users, while the latter two are geared
toward identifying drug carriers/smugglers. There is little
technology at present that is commercially available for any of
these applications. Current techniques for drug monitoring
rely heavily on laboratory analysis of breath and fluid
samples collected by compliance personnel; shortcomings of
current technologies include the high cost, invasive nature,
infrequent test periods, and ease of circumvention. The target
applications would benefit highly from the development of
relevant miniaturized sensor technologies.

Sandia will address some key drug-detection issues to
work toward making the above applications a reality. Other
work has developed a micro-GC/SAW (gas chromatograph/
surface acoustic-wave) device and micropreconcentrator for
the detection of chemical and biological agents, and a
macropreconcentrator for the detection of explosives. These
technologies are critical components of µChemLab™ and the
explosive-detection portal, two highly successful Sandia
programs of the last few years. Leveraging on this previous
work, we will use the funding received through this project to
perform preliminary investigations of using these technologies
to detect illicit drugs. 

To date, there has been no drug-detection work
performed with the micropreconcentrator and micro-GC/SAW,
and only some very rudimentary work has been done with the
macropreconcentrator. 

This report discusses work performed in several areas
that are applying novel approaches to the collection and 
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analysis of trace-drug material. The project demonstrated the
following key results: 

(1) extraction of residual methamphetamine, cocaine,
and heroin from seawater using solid-phase microextraction, 

(2) separation and detection of methamphetamine in
methanol solution by using a micro-GC that Sandia developed
and coupled with a flame-ionization detector, and 

(3) collection of methamphetamine vapor in a
miniaturized (1.5-inch diameter) version of Sandia’s screen
preconcentrator with near 50 percent efficiency. 

Further work in all of these application areas could
prove useful to a variety of potential customers with interests
in drug detection.

Seawater results. Heroin, cocaine, and THC
(tetrahydrocannabinal, a psychoactive compound in
marijuana) samples can be collected, analyzed, and positively
identified in 30 minutes at 100 ppb in 2.5 percent saltwater.
Using static sampling, we estimated a minimum detection
limit of approximately 2 ppb of THC, 4 ppb of cocaine, and
20 ppb of heroin. Using Environmental Protection Agency
(EPA) methodology and based on eight samples, the detection
limits are 61 ppb, 35 ppb, and 89 ppb for cocaine, THC, and
heroin, respectively, with 99 percent confidence. 

However, static sampling typically provides fairly poor
extraction efficiency because of diffusion limitations.
Agitation of the solid-phase microextraction (SPME) fiber
and/or extraction from flowing systems (e.g., pumped water)
typically provides at least a 10-times increase in sensitivity
(based on our experience performing explosives analysis in
seawater).

Microgas chromatograph (micro-GC) results. We
demonstrated the separation of methamphetamine from a
methanol solution using Sandia-developed micro-GC
technology. Specifically, we used a micro-GC with
polydimethylsiloxane coating and a total path length of 86 cm
in this separation; we performed the experiment isothermally
at 50°C and a flow rate of less than 2 cm3 per minute. In
limited additional experiments, separation of other drugs from
solution was not obtained using the micro-GC.

Minipreconcentrator results. We developed a
miniaturized version of the Sandia screen preconcentrator
(SSP) with the screen diameter reduced from 6 inches to 1.5
inches. This is, in effect, a reduced-scale version of the same
preconcentrator that is used in Sandia’s explosives-detecting
personnel portal. We evaluated this miniaturized
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preconcentrator for the collection of methamphetamine and
cocaine vapor. In the case of methamphetamine, we obtained
an average collection efficiency of 45 percent, which is very
similar to what we obtained with the larger model. In the case
of cocaine, preliminary results indicate an efficiency of only
approximately 20 percent. These results suggest that this
minipreconcentrator might be suitable as a front-end
collection system to be coupled with other Sandia
microtechnology. 
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34476

The Development of Polymer-Based
Antitamper Systems
T. A. Ulibarri, F. L. Lucero, K. Rahimian

Recent publications have highlighted the great need
for antitamper (AT) systems. The current cooperative weapon
development and foreign military sales environment
necessitates the use of AT techniques. Many of the current AT
techniques are extremely costly and difficult to manufacture.
Effective AT techniques that can be incorporated into a wide
variety of military systems must be developed. In addition,
electronic components developed domestically for
communications could require protection.

Recent developments in inherently conductive polymers
(ICPs) synthesis and characterization have led to a new class
of polymers that have unique properties that can be used for
AT applications. While these materials exist, their applications
are still under development. This project will investigate the
tailoring and application of these materials for use in AT
systems. Sandia will obtain and characterize samples of
commercially available ICPs. We will investigate the
chemistry of tailoring the response mode of these materials in
a literature search and in the academic and commercial
community. 

This investigation is a feasibility study of these
materials. The results of this project will establish whether
these materials are truly suitable for AT applications.

Completion of this study provided a greater
understanding of the chemistry and capabilities of ICPs. The
information gathered in this study allows us to hypothesize
specific applications directly related to our field of expertise.

We identified and cataloged commercially available
ICP products and systems. We identified ICP application areas
to be batteries, organic light-emitting diodes (LEDs),
capacitors, chemical sensors, corrosion protection, circuit
fabrication, microwave shielding, and more. Of the
commercial samples obtained, we determined basic electrical-
and environmental-response parameters. We assessed ease of
application and adhesion to common materials. We evaluated
common inspection methods, such as visualization through
optical and x-ray examination, and assessed durability and
lifetime. We retained samples for future assessment.
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We obtained information regarding the synthesis and
derivatization of ICP systems by attending the 8th
International Seminar on the Technology of Inherently
Conductive Polymers. Continued conversations with academic
and industrial researchers in the ICP arena also added to the
knowledge base that we have developed. As the field
continues to grow and more applications are developed and
commercialized, these contacts will prove invaluable. Some
methods that can be used to vary ICP properties are changing
the dopant identity and quantity, changing the polymer
substituents, changing the polymer molecular weight, and
altering the processing conditions during polymerization and
doping. 
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34484

Network-Enabled Firmware
T. Q. Thai, S. T. Jones, D. P. Ghormley

Please refer to classified report. 
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37690

Indications and Warnings in the Cyber
Domain
V. E. Echeverria, IV, D. A. Kernan, J. S. Duncan, R. M. Jansma, R.
P. Fleming

Results and findings are classified.
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41194

Cognition-Driven Augmented Analyst
J. S. Wagner, K. W. Larson, J. H. Ganter, R. D. Skocypec, T. M.
Berg, J. C. Forsythe, N. G. Brannon, H. H. Hirano, M. Strzyzewski,
P. C. Reeves, P. G. Xavier, K. W. Boyack, K. L. Hiebert-Dodd, S. E.
Jordan, N. M. Berry, P. L. Asprey, C. M. Pancerella

Merging data acquisition, data management, data
surety, computational modeling, algorithm development, and
data visualization with an emerging capability, cognitive
modeling, creates a new technology, termed cognition-driven
augmented analyst (CDAA), that will have significant impact
on national security. It changes the basic conceptualization of
human-machine systems through a refutation of the
assumptions on which nearly all technologies are being
developed today. Specifically, the focus today is on
machines—structuring tasks, massaging data, and generally
constraining what the user knows, what the user thinks, and
what the user can do. As a result, current technical
approaches intended to enhance human cognitive and
decision-making capabilities actually result in “disabling
people’s expertise.” Across technical and program domains,
increasing availability and access to data continually raise the
stakes as well as the potential payoff. If the solution could be
found in innovative user-interface displays, the problem would
have been solved by now. Instead, the solution lies in the
machine acting as a trusted peer, and sometimes idealized
mentor, to the human user. CDAA does this by focusing on the
human while optimizing and tailoring the power of the
machines, creating a human-machine symbiosis, or a creative
engine that leverages the instinctive capabilities of humans
with the computational power of machines.

We assembled the team and developed a work plan for
FY 2002.
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Pulsed Power Sciences

Recently, an innovative experi-
mental technique was developed that
allows the study of dynamic material
response to high pressures. The
resulting pressure-density infor-
mation generated with this method
is crucial for generating the equation-
of-state of a material, thus signif-
icantly reducing the cost and the
time for generating and validating
theoretical models of dynamic
material response. The “Isentropic
Compression Experiments on the
Saturn Accelerator” project will
extend the use of this technique to
the Saturn generator, which will
increase the accessibility to a broader

range of applications and further
reduce the cost of testing by another
factor of five. This research will
make the technology available to a
variety of Sandia weapon appli-
cations and supports new initiatives
requiring timely evaluation of
material properties.

The Pulsed Power Sciences
investment area researches concepts
and technologies for advanced
pulsed power systems and applic-
ations critical to important DOE
and national priorities. Pulsed
power research covers a wide range
of technology issues, including
mitigation of negative electromag-
netic effects on weapons, designing
large pulsed power, and the opti-
mization of the conversion of
electrical energy to x-rays with the
application of the x-rays generated
to radiation effects.
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28763

Use of Intense Ion Beams for Surface
Modification and Creation of New Materials
T. J. Renk, P. P. Provencio, G. A. Mann

Intense ion-beam treatment can be used to produce
improved surface properties and to create new metastable
alloys and thin films, all in a way that is scalable to large-
scale production. We will investigate the following areas: 

(1) Suppression of high-voltage (HV) breakdown of
metal surfaces that could allow for smaller-gap magnetically
insulated transmission lines (MITLs) in future pulsed-power
machines, and extend the life of neutron tubes (NTs). NT
studies suggest that the breakdown source is either entrained
dielectric material or mechanical polishing procedures that
leave residue. Ion-beam processing has already demonstrated
the ability to reduce or remove such contaminants and to
refine the grain structure. The goal would be an increase in
the surface breakdown strength to 1 MV/cm, in a process
scalable to large surface areas, and with microstructural
understanding.

(2) Improvements to the target film in NTs, either by
surface modification, thin-film creation, or both. The goal is
to reduce the outflow of helium (He) from the film, which
leads to premature target failure.

(3) Congruent deposition of barium titanate (BaTiO3)
thin films of high dielectric constant, which could lead to very
compact capacitors, Marx generators, etc.

(1) HV standoff enhancement. We treated two sets of
NT electrodes using the ion beam to modify the surface, and
we tested for enhanced HV-breakdown performance using a
test fixture previously developed for this purpose. We
compared the performance to other electrodes processed by
conventional means such as electropolishing and mechanical
polishing. The ion-beam–modified samples (using an argon
[Ar] beam) performed well, except for some unexpected gas
evolution from the sample that we subjected to the most ion-
beam pulses. Follow-up work was delayed by a breakdown in
the HV test fixture.

(2) We completed an experimental plan that includes
the source and target-film processing to improve adhesion and
increase regettering. (This work is detailed in the original
proposal, except that we added palladium [Pd] to the source
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film.) While waiting for erbium (Er) and scandium (Sc)
targets to arrive, we compared the microstructure of a
platinum (Pt)-metal film deposited by conventional sputtering
to the microstructure produced by the ion-beam–ablation
process. The microstructure is very different in the ion-beam
case, with fine grains and numerous dislocations. Both of
these effects may lead to improvements in the ability of Er
films to reduce He migration, a significant current concern. Er
and Sc film studies are planned.

(3) BaTiO3 thin films for high-density energy storage.
We collaborated with a materials chemist who has produced
an ablation target containing sintered BaTiO3. If the
stoichiometric ratio of this compound is preserved in the
deposited thin-film layer (congruent deposition), the resulting
dielectric constant will be 3,500. This could lead to
considerable improvements in energy-storage density for such
items as capacitors and Marx generators. In addition, we
produced a candidate target for superconducting yttrium
barium copper oxide (YBCO) films under other work.
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Low-Intensity Laser Triggering of Spark
Gaps
G. M. Loubriel, F. J. Zutavern, M. W. O’Malley

Extremely low energy (less than 1 mJ) laser-triggered
spark gaps have been demonstrated by injecting magnesium
(Mg)-aerosol particles into the gap. This result could
revolutionize optically triggered gas-switching technology by
enabling direct control of plasma-breakdown–based systems.
Examples of such systems are high-power spark-gap arrays
with remote optically isolated semiconductor or fiber-optic
lasers. This project seeks to demonstrate this effect and to
study the viability of using such a system to reduce laser-
energy requirements for future pulsed-power inertial
confinement fusion (ICF) drivers and other optically triggered
spark-gap systems. 

Sandia seeks a low-level effort because we have
suitable lasers and diagnostics (harmonic generation of 1.06µ
neodymium [Nd]:YAG or tunable Ti:Al2O3 with 100-
femtosecond to 10 ns pulsewidths, fiber-amplified or gain-
switched semiconductor lasers with pulsewidths as short as 30
ps under development), a variety of spark-gap housings, and a
generator for the Mg–aerosol particles. The plan is to suspend
a very low density (10E5 or 105/cm2) cloud of 100 nm size Mg
particles in an argon/silicon-fluorine6 (Ar/SF6) gas mixture
and then illuminate the gap with unfocused-laser radiation.
The effect of the laser is to generate seed electrons by
photoemission from the Mg particles, which then allows for a
multichannel discharge. Our unique contributions to this
research would be advanced spark-gap technology, short-
pulse laser technology (solid-state, semiconductor, and fiber
lasers), and a wide range of electrical and optical diagnostics
for modeling and optimizing optical triggering. Because this
is a nonlinear process, shorter, higher-power optical pulses
may decrease the optical-energy requirement and/or improve
triggering stability.

We researched several existing (nonaerosol) optically
triggered gas-breakdown systems and, in some cases,
discussed them extensively with other researchers. 

We acquired and assembled a pulse-charging test
system and diagnostics. We purchased an optically triggered
spark gap and are manufacturing an optically triggered spark
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gap with optical-diagnostic windows. The system is located
near a Q-switched Ti:Al2O3 laser that can be tuned and
frequency-doubled or -tripled to deliver 200–900 nm radiation
in 5 ns long pulses.

We devoted part of this project’s initial effort to
alignment and optimization for eventual frequency-doubling
and -tripling.

We are presently characterizing the optically triggered
spark gap without optical diagnostics by measuring risetime,
delay, jitter, and the required laser energy as we change
particle size, particle density, gas pressure, gas mixture, spark-
gap geometry, and optical wavelength. We will use optical
diagnostics and spectroscopy to characterize the gas mixture
and to analyze the breakdown emission and optical trigger
transmission.
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Enhanced Impulse Experimentation
Capability
V. Harper-Slaboszewicz, D. E. Wackerbarth, J. I. Greenwoll

Validation of cold x-ray impulse-response models at a
full-system scale is a key element of hostile-environment
certification for stockpile-refurbishment activities. Key
technical issues include the impulse-generation characteristics
of the materials and the propagation of the surface impulse
into the system, creating internal-shock environments.
Material-impulse-generation characteristics can be
determined in scaled experiments, and Z-pinch radiation
sources can play a critical role. 

A significant problem in these experiments is that
impulse-generation time can be quite long, and impulse from
debris created in the Z-pinch arrives before the completion of
the impulse generation at the surface. Impulse generation by
direct deposition into system materials of either x-rays or
particle beams (existing sources) cannot meet intensity and
uniformity needs over the range of interest.

In this project, Sandia investigates the use of Z-pinch
debris as an impulse-simulation source.

We performed an experiment on the Saturn accelerator.
The experiment shows that debris from a closed-can wire-
array Z-pinch source using a thin (8-mil wall thickness)
current-return can produces a reasonably uniform impulse
signal. This impulse is produced by material from the current-
return can moving radially with a narrow, angular distribution.
The available impulse-area product measured on this
experiment is about 1000 ktap cm2 in a cylindrical band about
2 cm wide. Scaling to Z, up to 10,000 ktap cm2 should be
available. At least half of the radiation energy from the Z-
pinch incident on the debris-source region is converted into
kinetic energy of the debris.

The most significant problem of the source in its
current form is that the impulse is produced by relatively large
particles; this situation results in low simulation fidelity
because the shock wave driven into the current-return can by
the radiation is attenuated by the time the wave reaches the
outer surface of the can. However, the use of a high-photon
energy-radiation source, in conjunction with a thinner current-
return can, should (according to initial calculations) allow the
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shock to be sufficiently strong to melt the whole current-
return can. This source requires considerable refinement to be
usable for impulse simulation, but the required enhancements
appear feasible.
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Z-Pinch Power-Plant System Development
G. E. Rochau, C. W. Morrow, Jr., A. R. Parker, G. L. Benavides, C.
L. Olson, R. E. Olson, K. W. Struve, S. A. Slutz, G. A. Rochau

The Z-Pinch Power Plant (ZP-3) is the first concept to
use the spectacular results at Z in a power-plant application.
While the initial concepts and calculations applying high-yield
fusion look very promising, there are significant technical
issues to be addressed. The highest-priority issues are system
studies for creating a definition of the system, integrated
blanket design for absorbing the fusion energy, cartridge
manufacture of all the recycled materials, and cartridge
installation/replacement to maintain a reasonable duty cycle.
An effective system design for ZP-3 requires an integrated
blanket, which can shield the permanent structures from the
high-energy neutron flux and the strong shock wave, breed
tritium (T), and in the process absorb the released fusion
energy. Through this technique, Sandia intends to minimize
the shock propagation by dispersing the energy absorption
over the volume of the blanket structure. The generation of
this energy requires a fusion fuel cartridge to couple the
repetitive pulsed power to a replaceable load using a
recyclable transmission line (RTL). Innovative engineering
will be required to economically manufacture the required
cartridge. The ZP-3 represents a fifth-generation nuclear
power source without the burden of long-lived radioactive
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waste or nuclear proliferation. As such, this system
description will provide a cornerstone for launching a concept
exploration initiative in fusion energy and potentially lead to
large experimental and pilot facilities. 

We addressed all four of our current scientific
priorities: integrated blanket design, cartridge manufacture,
system studies, and cartridge installation/replacement. Each of
these areas allowed us to complete one concept of a Z-pinch–
driven power plant.

• Integrated blanket design. We selected a preliminary
design of an energy-absorbing blanket comprising coolant jets
with intermittent voids. The approach allowed the x-rays to be
absorbed in the initial layer of coolant, and the voids reduced
the shock induced by the x-rays. In a similar fashion, the
neutrons from the reaction were absorbed in the jets of
coolant. The integrated design resulted in more than 90
percent of the fusion energy being absorbed in the coolant
within 2 m of the reaction with no detrimental shock to the
crucible (chamber) or radiation to reduce the crucible lifetime
to less than 40 years. 

• Cartridge manufacture. We examined the technology
available to manufacture the cartridge at rates up to 72
cartridges per minute. We selected carbon steel initially
because of the lack of mechanical information on the coolant
materials. We found that cartridges could be manufactured at
these rates using a four-step metal drawing technique without
challenging the state-of-the-art manufacturing capabilities. 

• System studies. We performed an initial system study
to look at system trade-offs to guide the future work. Study
results demonstrated that two major issues need to be
examined. First is the fusion yield per shot. We examined a
range between 1 and 20 GJ of yield. We expect 1 to 3 GJ with
today’s designs of inertial confinement fusion (ICF) capsules,
but this results in the need for 12 Z-pinch units to produce
1100 MWe at a shot rate of 0.1 Hz. As ignition is achieved,
new designs may be available that achieve 20 GJ and would
result in only one Z-pinch unit for 1100 MWe. The second
issue was pulse rate of the Z-pinch unit. We examined a rate
between 0.1 and 0.7 Hz. The acceleration of cartridges for
installation limits the pulse rate. We currently do not believe
that we can tolerate pulse rates higher than 0.7 Hz. A
reasonable challenge of 0.3 Hz results in 2 to 3 GJ units,
producing 1100 MWe. 
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• Cartridge installation/replacement. We examined the
complications of installing a human-sized cartridge every 
3–10 sec into an 800 K radioactive environment. We found we
could achieve the microTorr vacuum in the pulsed-power
system, robotically insert the cartridge, and remove it easily
within the system requirements. The micro positioning needed
exists in today’s industrial practices. We envision using
hydraulic robots to avoid radiation damage to electronics.

In addition to the four priorities, we also looked at the
capsules and how they would be fabricated and inserted into
the cartridges. We defined the manufacturing steps for
cryogenically layered beryllium (Be) capsules onsite at the
rate of 72 targets per minute. These targets include a tungsten
(W)-coated foam surrounding the capsule and cooled through
liquid-hydrogen (H) reservoirs in a dynamic Hohlraum
configuration.
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Recyclable Transmission Line Concept for 
Z-Pinch IFE
S. A. Slutz, C. L. Olson

The rep-rated Z-pinch inertial-fusion-energy (IFE)
power-plant concept is an ideal means to extend the single-
shot performance characteristics of the present Z machine
toward energy applications. This concept uses a recyclable-
transmission line (RTL) between the pulsed-power driver and
the Z-pinch/target load. In a previous project, candidate
materials for the RTL were tested in experiments on the
Saturn accelerator and were shown to be viable. 

In this project, Sandia investigates the low-mass limit
for the RTL. The lowest reprocessing costs should be obtained
by minimizing the mass of the RTL. Low-mass transmission
lines could also help reduce the cost of a single-shot facility
such as the proposed X-1 accelerator and make Z-pinch–
driven space propulsion feasible. We performed calculations
to determine the minimum RTL electrode mass to provide
sufficient inertia against the magnetic pressure produced by
the large currents needed to drive the Z-pinches. 

(1) We performed calculations to determine the
minimum mass required for the RTL for energy applications
and space-propulsion applications. The RTL-electrode mass
must have sufficient inertia to hold off the magnetic pressure
produced by the large currents. Analytical calculations show
the mass to be less than 1 kg. (This should be compared with
the mass of the transmission line on Z, which is about 5 tons.)

(2) We found the RTL thickness to be much less than
the resistive skin depth. This means that the RTL will be
resistive and that the power flow to the Z-pinch load may be
reduced. Therefore, experiments are necessary to assess the
thin-RTL candidate low-mass materials for motion and
resistive losses.

(3) We performed experiments on the Saturn
accelerator at the 10 MA level to test low-mass materials and
measure their resistive losses. We tested three thicknesses of
carbon steel (50µ, 100µ, and 250µ) and one thickness of
Mylar (20µ). The results indicate that the tested low-mass
materials should carry the required large currents very
efficiently.
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28771

Suppression of Electron Emission from
Conductors
D. J. Johnson, K. W. Struve, W. A. Stygar, J. L. McKenney, D. H.
McDaniel

This project will test surface-treatment processes on
304L and 316L stainless steel (SS) and anodized aluminum
(Al) for the purpose of suppressing electron emission over
large planar surface areas to improve the high-voltage hold-
off capabilities of the materials. The work with SS is relevant
to the vacuum transmission line near the final power flow
section on the Z accelerator. Improvements to voltage holdoff
with SS will allow smaller transmission line spacing and
lower inductance in the final convolute region. This reduction
results in higher currents to the Z-pinch load and more
efficient x-ray production. The work with Al is relevant to the
Al grading rings at the vacuum insulator stack on the Z
accelerator. Improved holdoff here will allow an upgrade to
the power transmitted across the vacuum interface.

Sandia developed a “crowbar” switch to eliminate
multiple reflected pulses from our 50 W cable pulser and
provide a controlled variable-width flat-top pulse. Testing
required the switch to operate over the testing range of 50 to
160 kV. We used a Physics International (PI) Marx switch,
with the gap increased from 1 cm to 2.2 cm and located in an
oil-filled container isolated from the test chamber by a
vacuum insulator. We achieved the variable-voltage operation
by varying the pressure from 0 to 65 psi gauge. A PT55
generator with 50 kV output triggered the crowbar switch with
a time jitter of 10 ns. The PT55 was timed to give a 125 
± 10 ns pulsewidth. 

We tested 17 cm diameter, 16 rms finish, 304L SS
electrodes with 3 mm gaps. The electrodes had Chang curves
to avoid E-field enhancement at the edges of surfaces. We
treated the test electrodes with the solvent cleaning, chemical
polishing (CPol), and hydrogen-vacuum firing (HVFF)
processes used for Z-accelerator hardware. The test procedure
involved starting at 55 kV and increasing the voltage in 3 kV
steps until a short-circuit breakdown occurred. This allowed
conditioning of the surface by exploding and removing small-
cathode whiskers at low voltages without causing a full
anode-cathode gap arc. The test results show a breakdown
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electric field of approximately 520 kV/cm for the baseline
solvent-cleaned 304L. The HVFF, CPol, and HVFF+CPol
processes reduced the breakdown field by approximately 10,
20, and 25 percent. These disappointing results will be further
checked along with the performance of the gold (Au) coating
used on Z-accelerator convolute hardware. We performed
most tests with a 304L anode that was diamond-polished
before each test. We observed that electrodes used as an anode
and sustaining melt marks could be cleaned and used as a
cathode with no degradation in hold-off voltage. The cathode
could also be reused successfully but only after cleaning to
remove the metal chips blown back from the anode during the
arcing. 

We contracted for treatment of forty-eight 12 cm
diameter SS electrodes with their intense pulsed-electron
beam to achieve better surfaces for electron-emission
suppression. Sandia will get these electrodes back for high-
voltage (HV) testing to confirm the factor-of-two increase in
voltage holdoff that the Russians report in the literature. The
Russians will treat 304L and 316L SS electrodes with surfaces
machined perpendicular and parallel to the axis of bar stock
and the surface of plate stock. This arrangement will allow
testing under the maximum and minimum of grain-boundary
edges that allow inclusions such as carbon (C) and sulfur (S)
to migrate to the surface and produce bubbles and craters
during the treatment process. This variation occurs because
grain boundaries in SS are elongated along the axis of the bar
and rolling direction of the plate. The craters are thought to be
a source of cathode “whisker explosions” that lead to election
emission and plasma formation.

We fabricated the 12 cm electrodes to be treated in
addition to twelve 8 cm diameter electrodes of each type HV
testing during optimization of the treatment process. We
designed and purchased Lucite shipping containers for the 12
cm diameter electrodes to allow shipping in an inert gas. We
did a preliminary design of a 300 kV linear-transformer driver
to allow E-fields to 1 MV/cm if our collaborators are
successful in improving our holdoff by a factor of two.
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28772

Solid-State Switch for Advanced Pulsed
Power
F. J. Zutavern, M. W. O’Malley

The next-generation driver for advanced pulsed-power
accelerators, Z-pinch, weapons effects, or radiography could
be greatly improved and simplified by the use of low-jitter,
low-inductance solid-state switches coupled to a very fast
prime-power stage. If successful, such a system would not
require the use of gas-breakdown switches and intermediate
storage capacitors or other pulse-forming lines. 

Sandia will build and demonstrate such a high-current
switch based on laser-triggered photoconductive
semiconductor switches (PCSSs). We will demonstrate the
capability to discharge a capacitor bank of 8 nF, direct-
current (DC) charged to approximately 200 kV through a
PCSS to produce currents of approximately 20 kA (with
trigger energy of 1 to 10 mJ). This bank will be composed of
eight 4 nF capacitors charged to 100 kV. Optically isolated,
low-inductance, high-current PCSSs will connect the
capacitors in series and parallel. PCSSs were previously
demonstrated to switch 220 kV at 8 kA [1] and 1 kV at 1 kA
[2]. For 210 kV/8 kA, we used six switches (each 3.4 cm long,
4 cm wide) in parallel to carry 8 kA for approximately 30 ns
at 10 Hz for greater than 10,000 pulses. The 1 kV result was
higher-current density, longer pulses (approximately 100 ns),
and DC holdoff. This result also demonstrated excellent
switch longevity (greater than 1,000 pulses) and can be scaled
to the voltages, currents, and size required for this
application. The high-current-density scaling would result in a
switch length of 6.6 cm and a width of 5 cm for the
parameters of this project. The high-gain PCSSs are based on
a high-field (greater than 5 kV/cm), avalanche-like effect in
gallium arsenide (GaAs) that is triggered with low-energy
optical pulses.

One module for this project is to develop one capacitor
(100 kV, 4 nF) and the components required to deliver 5 kA.
We calculated PCSS dimensions to hold these voltages for 10
msec and conduct these currents in a 100 ns wide pulse. We
drew a mask for lithographic fabrication of these switches in
the Compound Semiconductor Research Laboratory. We
ordered and received the mask and thirty 4-inch, high-
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resistivity, GaAs wafers. We fabricated new switches with the
new mask and mounted them for testing. We assembled and
tested the apparatus for charging two modules in 10 msec or
less. This apparatus was operated at low currents (100 A to 1
kA) with PCSSs from previous projects. We made a direct
comparison to spark-gap switching and initiated optical-
triggering tests.

We are experimentally evaluating triggering options
for down-selection. The options include semiconductor laser-
diode arrays (LDA) located at each switch or a single large
solid-state laser and an optical distribution system. We ordered
LDAs to our specifications and are testing them. 

Our present understanding of PCSS operation predicts
that three 15 mm2 by 10 mm2 or six 7.5 mm2 by 7.5 mm2

GaAs switches and six 16-element LDAs are required to
switch one module. The best option for triggering is presently
believed to be stacked LDAs with 152 mm2 switches. Three
switches and 48 filaments (three 16-element trigger lasers) are
required per module. Two pulse-charged modules are under
construction and will be tested in the next 3 months. We will
test the modules in series and parallel to switch 100 kV and 10
kA or 200 kV and 5 kA. Inductors will be decreased to
demonstrate higher currents and shorter pulses.
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Isentropic Compression Experiments on the
Saturn Accelerator
M. D. Furnish, J. P. Davis, C. Deeney, M. D. Knudson, J. Mason, T.
K. Bergstresser, E. W. Marsh, R. J. Hickman, G. A. Mize, D. L.
Barker

Recently, an innovative experimental technique,
referred to as the isentropic compression experiment (ICE),
was developed that allows study of dynamic material response
to pressures exceeding 1 Mbar in a single experiment. The
resulting pressure-density information generated with the
method is crucial for generating the equation-of-state (EOS)
of a material, thus significantly reducing the cost and the time
for generating and validating theoretical models of dynamic
material response. ICE has been successfully demonstrated on
several materials using the 20 MA Z Accelerator. This resulted
in a large demand for ICE shots from Lawrence Livermore
National Laboratory (LLNL), Los Alamos National
Laboratory (LANL), and Sandia. The purpose of this project is
to extend the technique to another generator, Saturn, that will
increase the accessibility to a broader range of applications
and further reduce the cost of testing by another factor of five.
Successful demonstration of feasibility will make this
technology available to a variety of Sandia weapon
applications and give Sandia leadership in new initiatives
requiring timely evaluation of material properties. 

We conducted an initial series of eight experiments.
Conclusions from this series were as follows:

(1) We consistently obtained quality velocity data
(eight spots monitored per experiment).

(2) We obtained a satisfactory current pulse with a
smooth 200 ns risetime as one of several module
configurations of Saturn that this study evaluated.

(3) We did not adequately assess drive reproducibility
because of many changes in experiment conditions.

(4) Drive uniformity (panel-to-panel) was somewhat
poorer than the 1–2 percent level.

(5) Pressure levels achievable were approximately 10
GPa for the “LP” cube design and 40 GPa for the “HP” cube
design (each of which affords four two-sample panels). (LP is
a modular isentropic compression experiment configuration
using a 20 mm cathode and 3 mm anode/cathode gap. HP is a 
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modular isentropic compession experiment configuration
using an 11 mm cathode and a 2 mm anode/cathode gap.)

We performed a second set of four experiments with
the following objectives: 

(1) Test a single-sided drive concept before attempting
this configuration on the Z accelerator,

(2) Test a concept that would enable cryogenic ICE
experiments to be performed on the Z accelerator, and

(3) Test the panel-to-panel uniformity and shot-to-shot
reproducibility on the Saturn accelerator.

The first objective was successfully met. Again, we
obtained quality velocity-interferometry-system-for-any-
reflector (VISAR) data, indicating that the experimental
configuration will provide a uniform-pressure load, and thus
can be fielded on Z with confidence. We also successfully met
the second objective. We designed the test on Saturn to
evaluate any consequences to power flow of a design that will
thermally isolate a portion of the power-flow surface by using
a nylon ring. The data obtained suggest no negative
consequences, and thus this configuration can be used on Z
with confidence. 

The final objective was not successfully met. We
performed two very similar experiments on Saturn for the
purposes of shot-to-shot comparison. Unfortunately,
significant current loss, because of arcing in the magnetically
insulated transmission lines (MITLs), occurred on one of the
experiments. This prevented any meaningful comparison
between the shots.

In addition, we conducted several other families of
experiments as described here:

• We conducted three experiments on neutron
generator (NG) materials that provided useful comparisons
between slightly different compositions of lead zirconate
titanate (PZT) and aluminum-loaded epoxy (ALOX).

• Infrared (IR) pyrometry yielded useful sample-
temperature data.

• Several experiments on premolten tin allowed
development of a new technique for isentropically
compressing preheated samples, and the experiments appear to
have yielded the first observations of dynamic freezing in a
liquid metal.
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Corporate Objectives

Sandia aims to integrate new
materials into polysilicon-based
microfabrication technology. The
“Novel Coatings for Microelectro-
mechanical Systems (MEMS)
Devices” project is pursuing two
classes of new materials: superhard
materials and metals. A special effort
is being made to develop processes
that integrate materials at the
microstructure release step because
such processes would afford a wider
class of materials and a greater
degree of flexibility to device
engineers. Superhard materials were
chosen with the following properties:
wear resistance, hydrophobicity,

lubricity, and chemical and thermal
inertness. Integration of metals into
coatings offers special opportunities
for realizing devices such as micro-
relays. These novel coatings will
enhance the strength and function
of existing MEMS technology. Two
patent applications have been filed.

Sandia collaborates with
universities to create new science
and engineering for the Labora-
tories’ science and technology base,
to train the next generation of
scientists and engineers, and to
employ complementary resources
and skills for achieving common
goals. These collaborations improve
Sandia’s ability to recruit top
students for Sandia’s work force and
ensure Sandia’s future as a leader
in science and technology.
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An Optically Triggered Semiconductor
Switch for Firing Systems
A. Mar, G. M. Loubriel, A. G. Baca, P. A. Smith, L. D. Roose

Conventional high-current firing sets are complicated,
demanding systems that require special switches. For Defense
Program applications, Sandia uses a sprytron, an electrically
triggered, hand-assembled vacuum switch (3 kV/3 kA). Due to
the high cost of maintaining a specialized sprytron production
facility and the lack of production requirements for the next 3
to 5 years, Sandia has made the decision to close the
production line at EG&G that is dedicated to the production
of sprytron switch tubes. 

This project will develop an optically triggered gallium
arsenide (GaAs) switch that performs as a sprytron but offers
the added advantages of semiconductor batch manufacture,
compactness, optical isolation, and low jitter. The main
challenges in making this device are switch longevity (greater
than 100 pulses) and ease of use. The results of this low-
current study and improvements in longevity at even lower
currents (about 10 A) show that it is feasible to meet the
demanding requirements of the firing set application. 

The techniques that we will use to improve longevity at
kiloamp currents all rely on spreading the current either by
using state-of-the-art semiconductor processes such as
epitaxial growth, regrowth, and diffusion, or by using
improved switch geometries. Such a switch would result in
dramatically reduced size, reduced part count, and enhanced
surety of firing sets for nuclear weapons including stockpile
retrofit. Surety will be enhanced because the switch will
enable new architectures, has small size to increase its high-g
tolerance and free volume for features such as joint test
assemblies, is optically isolated, and allows for state-of-health
monitoring. Other switch applications are direct optical
ignition, Q-switching lasers for the X-1 accelerator, ground-
penetrating radar for environmental site reconnaissance,
sensors in low-visibility environments, and high-power
microwave generation.

We improved longevity at 1 kV/1 kA to 466 shots.
This result employed a single-gap photoconductive
semiconductor switch (PCSS) with a wider gap than
previously for distributing the current, low-stress indium (In)

Sandia National Laboratories LDRD Annual Report 2001 672

This project will develop an

optically triggered gallium

arsenide (GaAs) switch that

performs as a sprytron but

offers the added advantages of

semiconductor batch

manufacture, compactness,

optical isolation, and 

low jitter. 



solder-plating of the contacts, a diode-stack laser array, and
optimized optics for anamorphic imaging of this array onto
the switch for multiline triggering.

We improved PCSS longevity operating at 3 kV/3 kA.
We developed a new structure using interdigitated electrodes
to maximize the 3 kV/3 kA lifetime. Our new devices are able
to repeatedly generate 24 parallel filaments simultaneously
using a laser diode array of only eight emitters. The contacts
in these devices are also solder-plated with In. We achieved
75-shot lifetime at 2.5 kA and 25 shots at 3 kA using the new
devices. The interdigitated electrode structure results in
current flow orthogonal to the filaments. This does not
typically occur in the conventional single-gap PCSS. This
lateral current flow has a magnetic field associated with it that
causes the filaments to spread, or “fan,” resulting in a more
diffuse current distribution. The evidence of these magnetic
effects offers the intriguing possibility of their further
leveraging to improve current distribution and lifetime. 

New tests of rad hardness performed at Sandia
demonstrate that PCSSs are able to function at various timings
during the rad exposure, a more stringent condition than the
previous year’s tests (which demonstrated functionality of 50
ms after the exposure.) The tests demonstrate that PCSSs are
capable of holding high voltage during radiation exposure, and
that the peak current switched degrades between 30 and 50
percent in the radiation environment, depending on the dose
rate. This gives a system designer an idea for how much
“margin” to design into an apparatus that must function in this
environment.
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Information Extraction from Hyperspectral
Images Obtained from Satellites
D. M. Haaland, J. A. Timlin

In this research, Sandia applied a variety of newly
developed multivariate analysis tools to the analysis of
multispectral image (MSI) and hyperspectral image (HSI)
data generated from imaging spectrometer systems to be flown
on satellites for target recognition applications. We
hypothesized that Sandia’s newest proprietary generalized
augmented classical least-squares (ACLS) methods would be
able to more efficiently extract quantitative and target
recognition information from multispectral and hyperspectral
images. These methods included spectral-residual-augmented
classical least-squares (SRACLS) and score-augmented
classical least-squares (SACLS) that use eigenvector
decomposition of estimates of the image error covariance data
from mean-centered image repeats to eliminate spectrometer
artifacts, correlated errors, and nonuniform error variance
from the image analysis.

A spectral image that is repeatedly measured will be
able to yield an estimate of the image error covariance if the
sample does not move or change between images. An
eigenvector decomposition of the mean-centered repeat
spectral images will yield scores that represent the systematic
errors in the concentration maps, while the eigenvectors will
represent systematic errors in the estimated pure-component
spectra. In combination, SRACLS and SACLS were able to
iterate to better models for spectral unmixing of pixels in
HSIs.

We tested these new information-extraction methods
with spectral data from Sandia’s information-efficient
spectral-imaging sensor (ISIS) system and infrared (IR)-
imaging system. We used the ISIS spectrometer to look at
fluorescence spectra from binary mixtures of fluorophores in a
mixed sample. We used the IR-imaging system to investigate
the oxidative degradation from a neoprene sample. We were
able to show that the new algorithms could be coupled with
methods using augmented-constrained alternating least-
squares methods to eliminate systematic spectrometer
artifacts. We used the fluorophore sample to confirm that
multivariate-curve resolution (MCR) with ACLS implemented
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could accurately reproduce the measured fluorophore emission
from the image spectra without introducing any concentration
or pure-component spectra in the MCR algorithm. 

With the IR image of aged neoprene, serious system
artifacts were present in the spectral image data. Without the
new ACLS methods, the MCR analyses had greater noise on
the estimated pure-component spectra and a serious stripped
artifact present in the estimated composition maps. With the
new ACLS methods added to the MCR analysis, we were able
to nearly eliminate these artifacts by augmenting the MCR
alternating least-squares algorithms with scores and
eigenvectors from the mean-centered image repeat spectra. In
addition, these newest algorithms should have the ability to
reduce the detrimental effects of atmospheric variations in
viewing angle, elevation, and atmospheric interferants such as
water vapor and carbon dioxide.
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Capillary Elastohydrodynamics in
Manufacturing Processes 
P. R. Schunk

All coating processes involve dynamic wetting. At the
dynamic wetting line, the fluid contacts the solid and displaces
air as the wetting line spreads across the solid surface. The
speed of the dynamic wetting line results from the balance of
fluid mechanics, interfacial surface tensions, and substrate
elasticity. 

In dynamic wetting problems treated by continuum
theory, two stress singularities arise at the dynamic contact
line: a singularity in the fluid stress and a singularity in the
elastic stress. The singularity in the fluid stress is well known
and arises from conflicting boundary conditions (BCs) that
require the fluid velocity to be double-valued at the contact
line; commonly, this singularity is removed by allowing slip
local to the contact line. The singularity in the solid stress
arises from surface tension forces acting on a line of zero
thickness, which leads to a kink in the solid surface. The
singularity in solid stress is removed by distributing the
surface tension forces over a region of finite thickness, by
solving a macroscopic equation for conservation of
momentum near the contact line, or by replacing the
momentum conservation equations by geometric constraints
on the angles between the fluid, solid, and vapor interfaces. 

This project developed a finite-element (FE)
formulation for solving fluid mechanics and solid mechanics
along with dynamic wetting. To accurately resolve the free
surface shape and conserve mass and momentum, Sandia
placed a computational node at the dynamic wetting line,
which can move across the solid surface. We used arbitrary
Lagrangian-Eulerian (ALE) mesh motion to allow the mesh
displacement within the mesh to be different from the
displacement of the underlying fluid-solid material, while the
boundaries of the mesh conform to the surfaces of the fluid-
solid material. Pseudosolid mesh motion is used to control the
deformation of the mesh, a fictitious compressible elastic
solid. The solid substrate, however, is treated as an
incompressible elastic medium with the Mooney-Rivlin
constitutive law characteristic of rubber materials. The fluid-
solid interaction at the interface is treated by interfacial
momentum balances—no slip and no penetration. There are
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several formulations for the BCs at the dynamic contact line
that we tested, i.e., whether to apply fixed angles between the
solid, liquid, and gas interfaces, or add line forces into the
momentum balances to account for surface tension. We
applied the model to dynamic wetting in the upstream gap of a
slot coater with a deformable substrate. In slot coating, the
motion of the dynamic wetting line has significant influence
on the stability of the coating process.

We analyzed the singularities at the contact line and
used the results of the analysis to guide the development of a
numerical method for predicting contact line motion on
flexible solids. We applied the model to dynamic wetting in
the upstream gap of a slot coater with a deformable substrate. 

In slot coating, the motion of the dynamic wetting line
has significant influence on the stability of the coating
process. A comparative study shows that the flexibility affects
the stability of the coating flow. The results demonstrate that
the coating liquid and substrate properties, and operating
parameters such as speed of solid, coating gap, and
downstream pressure, influence motion of the contact line. An
increase in downstream pressure or decrease in surface tension
pushes the contact line further into the gap. However,
substrate deformation can reduce the sensitivity of the contact
line location because a decrease in substrate stiffness
decreases the coating gap at the contact line. The model
developed in this project is the first published FE model for
dynamic wetting on flexible solid surfaces accounting for
macroscopic substrate deformation at the wetting line.
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Ultraminiaturization of RF Circuitry
G. R. Sloan, C. E. Sandoval, K. W. Plummer

Many synthetic-aperture radar (SAR) and radar-
responsive tag applications now require microwave electronic
miniaturization that is well beyond Sandia’s current state of
the art. However, recent advances in Lockheed Martin’s
(LM’s) high-density interconnect (HDI) technology, in
conjunction with Sandia’s new research in microwave
microelectromechanical structures (MEMS) and solid-state
devices, position Sandia for a major breakthrough. This
project proposes the development of a revolutionary radio-
frequency (RF) capability by adapting HDI to advanced
Sandia technology and applying the result to a multitude of
advanced radar applications. Potential new applications that
these advances would make possible in the national interest
are legion. For example, next-generation SARs for guided
munitions and small unmanned aircraft must be reduced in
size by five to ten times. This technology also is deemed
critical to Sandia’s next-generation RF tag programs. 

From the beginning, the primary goal of this project
has been to evaluate the applicability/adaptability of HDI
technology to Sandia radar and tag circuitry. The secondary
goals are (1) to apply HDI to Sandia devices (e.g., RF MEMS
and indium phosphide [InP] transistors), and (2) to support
the development of ultra-efficient amplifiers.

We made substantial progress despite obstacles. We
fabricated and fully tested our first prototype module. In
general, test results were mixed. We were not able to provide
a viable RF MEMS component for inclusion in an HDI
module; however, we did prototype several high-efficiency
amplifier designs. Again, the results were mixed: The exotic
InP devices showed promising efficiency, but were very
difficult to stabilize. HDI miniaturization is impressive, but
appears to cause about a decibel of insertion loss per
monolithic microwave integrated circuit (MMIC). Distributed
structures model well, but the measured loss at Ku band
appears to be about 15 percent higher than expected. Also, it
is disappointing that LM experienced a significant processing
problem; a good explanation and corresponding resolution is
needed prior to the follow-on fabrication.
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The following is a summary of specific recent
accomplishments and key results:

• We procured, prepared, tested, and delivered the
MMICs for the prototype HDI module. This process involved
(1) machining and plating silver shims, (2) mounting die on
shims, and (3) testing die to certify basic functionality. 

• We wrote a simplified HDI design guide oriented for
internal use. In conjunction, standard HDI “cells” were
designed in AutoCAD. Our goal is to facilitate access to this
microwave technology by other Sandia organizations without
a steep learning curve for them. One organization has
expressed great interest in utilizing our technology for tag
miniaturization.

• We fabricated 16 modules on two carriers. The first
modules went from actual fabrication to final delivery in
seven months and were 20 percent under budget. The
prototype module design consisted of four MMICs (switches,
phase shifter, and low-noise amplifier [LNA]), five
transmission line test structures (microstrip, coplanar, and
stripline variants), and two distributed designs (multilayer
coupler and bandpass filter). We gathered a substantial amount
of data on the modules. We documented a detailed description
of the test matrix and the results in an internal memorandum.
The primary purposes of the testing were (1) to verify model
accuracy, (2) to assess effects of HDI encapsulation on X and
Ku-band MMICs, (3) to determine the performance of various
HDI transmission line structures at X through Ka band, and
(4) to determine if MMIC air bridges can be protected via
glue ablation. 

HDI packaging increased the insertion loss of all the
X/Ku-band MMICs by about 1 dB. The bandwidth and the
return losses of the switch and phase shifter were not
significantly affected. However, the bandwidth of the X-band
LNA decreased at the upper end by about 20 percent. The
relative phase shift of the phase shifter was unaffected, and
the dozens of air bridges on this complicated chip were not
harmed. All the transmission line structures were predictable.
The transmission line test structures were usable up to about
35 GHz. At frequencies greater than X-band, the loss is
slightly greater than expected. This effect is modelable by
increasing the dielectric loss tangent. The measured data for
the distributed structures (coupler and filter) agreed well with
the models.

A few modules had vias that were found to have high
resistance. We used ion-beam milling and scanning electronic
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microscopy (SEM) imaging to evaluate/compare good and bad
vias. The images we obtained clearly show that the bad vias
had incomplete metallization.

• We completed and fabricated several prototype
designs for a novel, ultra-efficient power amp based on InP
devices and magnesium titanate matching structures. The
devices were obtained via an existing partnership with
Sanders, and the matching structures were fabricated at
Sandia. Prototypes were designed for 1, 2, and 4 mm devices.
The designs showed promise in terms of efficiency and output
power, but suffered from stability/runaway problems.
Evaluation of the prototypes showed that the exotic InP
devices are very difficult to stabilize and are subject to lethal
runaway problems. We believe that an improved nonlinear
model is needed before follow-on designs/modifications
should be attempted

We are currently designing a follow-on module, most
likely for a tag application. Also, we hope to evaluate HDI
packaging of Sandia RF MEMs devices.
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An Actuator Based on an Electrokinetic
Pump
A. D. Oliver, C. W. Vanecek, A. M. Morales, E. F. Hasselbrink, R.
M. Lee

This project seeks to enable advanced miniature
actuators. Ongoing efforts to miniaturize conventional systems
have created a requirement to develop a small-format
mechanical driver capable of producing approximately one
newton of force. We propose to meet these needs by using a
new type of drive based on a unique patent-pending Sandia
technology, the electrokinetic pump (EKP). The EKP is a
microfluidic device that converts electrical power directly to
high-pressure fluid hydraulic power. 

In the laboratory, we demonstrated EKP–generated
pressures to over 9000 psi at a performance exceeding 10
psi/V applied. The challenge is to take this laboratory
technology to the prototype stage. Our plan is to pursue this
objective in a miniaturized advanced conventional format
device. We propose to use an EKP to drive a miniature
mechanism. A 2 mm long EKP operating at 10 V and
connected to a 100 µm diameter actuator will provide 10 mN
of force to the device. The actuator will convert hydraulic
force to mechanical movement by means of a bellows at the
end of the capillary. The interface between the bellows and the
mechanism will be a miniature linkage. 

Previous versions of the EKP used silica-bead media
packed into a less than 300µ diameter silica capillary. These
capillary devices are fritted using thermal fritting, which is not
practical for a 3.7 cm diameter pump. Initial attempts to frit
and pack large-area pumps were unsuccessful due to the
extremely high pressures necessary to achieve high packing
density. Due to the large cross-sectional area of the pump,
high pressure leads to large forces exerted on a frit and a high
probability of the frit cracking. Furthermore, it was impossible
to find commercial frits compatible with 1 µm silica beads.

While we were devising an engineering means
(namely, frit supports and thermal annealing, to reduce the frit
pore size) to overcome this problem, we encountered a
competing technology that uses a monolithic plug of porous
polymer to side-step the problem. The porous polymer media
is attractive because it can be cast to the desired shape, and it
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does not require frits. Thus, frit leakage and cracking concerns
may also be side-stepped for improved device reliability. 

Finally, we realized that the performance of silica
beads suffers strongly if the solution pH falls much below 7,
as occurs in a high-flow-rate pump due to hydrolysis at the
electrodes. The charged surface groups in polymer media do
not suffer from this problem (typically, zeta potential is
constant over a wide range of pH). Therefore, we pursued this
avenue as the most likely candidate for “best technology.”

We devised a proof-of-principle experiment to test the
possibility of using porous polymers rather than packed silica
beads. We constructed a 1 cm diameter cylindrical porous
polymer monolith that allowed for easy characterization of
cylindrical plugs of varying length. We tested various polymer
monolith recipes. The best performance to date was achieved
by a polymer formulation at Sandia-Berkeley. 

Tests performed on the polymer pump showed a flow
rate of 0.15 mL per minute, which is the same order of
magnitude that is required for a stronglink actuator. We also
conducted frequency-response tests at 0 to 20 Hz. These tests
found that the slew rate of the pump was constant up to 20 Hz
(i.e., the amplitude of the stroke scaled inversely with
frequency), which was expected. This finding validated the
applicability of high-flow-rate EKPs to alternating current
(AC) applications.

We performed maximum pressure tests by connecting
the pump output dead-ended into a pressure transducer.
Unfortunately, polymers developed at Berkeley and Sandia
showed a very wide pounds-per-square-inch/volt value, and
scanning-electron microscopy (SEM) of the polymers revealed
that the pore size varied significantly from plug to plug. In
retrospect, since the pores are generated by phase separation
(an inherently thermodynamically unstable process), this
variance is not surprising. Nevertheless, we devoted
considerable effort to generating smaller pore polymer
formulations by Sandia in separate work. Unfortunately, the
best values of any polymer formulation were found to be
about 0.3 ppsi/V, and typical values were found to be about
0.1 ppsi/V, compared with up to 10 ppsi/V for packed 
silica beads. 

Thus, we tentatively conclude that, for the time being,
a silica bead-based pump is the only option that would
provide a pump that is a viable alternative to competing 
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technologies (e.g., piezoelectric pumps). However, silica
beads have a zeta potential that is strongly dependent on pH,
and this interrelationship leads to hydrolysis problems.
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Laser-Assisted Microgas Metal Arc
Welding
P. W. Fuerschbach, R. A. Anderson, L. A. Bertram

Laser-beam welding is the principal welding process
for the joining of nuclear weapon components because it
provides a small fusion zone with low overall heating.
However, laser energy absorption is extremely sensitive to
variation in surface conditions and dimensional tolerances,
and improved process robustness is needed. The current
widespread use of robotic welding in U.S. manufacturing has
demonstrated the reliability of gas metal arc welding (GMAW)
for assembly of components with looser tolerances. Despite
the robustness and metallurgical advantages of a filler metal
process, GMAW has not been suitable for Sandia components
because the scale of the resulting welds is too large.

Sandia is leveraging knowledge of the interactions
between laser beams and arcs into developing a hybrid-filler,
metal-based welding process. We are advancing a wholly new
welding process by combining a fiber-optic–delivered Nd:YAG
laser with a miniaturized GMAW system. The laser-assisted
micro-GMAW process couples the process advantages of these
two unique heat sources and enables process capabilities
never before obtained with arcs and only alluded to 
with lasers.

The problems that arise with smooth melt-in of the
miniature wire in micro-GMAW can be overcome with the
assistance of a fiber-delivered laser beam. Additional
workpiece heating and fusion-zone dimensions can be selected
and independently controlled with the laser assistance. A
research program is investigating this technology as a robust
method for joining weapon components with metallurgical
control. The project combines the skills of several experts who
have many years’ experience in analyzing electric arcs and
laser beams.

In previous work, we were unable to consistently
obtain droplet detachment from a 0.25 mm diameter
microwire arc. Consequently, decoupling wire detachment
from arc heating became the primary focus of project
experiments. We investigated three distinct methods of droplet
detachment.
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(1) The first method investigated for microwire
welding relies on arc forces in a detached tungsten (W) arc to
propel the molten droplet to the workpiece. We assembled a
test-bed with a high-speed video camera to record droplet
motion. By focusing a Nd:YAG laser on the workpiece below
the detached arc, we obtained base metal heating and melt-in
of the droplet. We used a pulse arc power supply to melt the
tip of the 0.25 mm wire and simultaneously detach the
droplet. Testing with this setup revealed that we could not
consistently propel the droplet to the selected workpiece
location. Variations in initial tip condition significantly
affected the detachment. This approach also required the
location of the small-diameter wire precisely near the 1.0 mm
W tip. The volume of wire melting was significantly affected
by the position.

(2) The second method also relied on a detached W arc
for droplet heating and used a servo-motor to drive the wire
and droplet to the location on the workpiece where the laser
beam was focused. Although this approach was technically
challenging, we obtained encouraging welds. We found that a
significantly large weld pool was required to obtain consistent
droplet detachment. Droplet diameter was larger than for the
first method since a 0.5 mm wire was required in the
continuous current arc. As a result, the welds obtained were
not significantly different from welds obtained with more
conventional processes.

(3) The third method also relied on a servo-motor to
propel the droplet. But instead of dipping the droplet into the
weld pool, the servo rapidly accelerated the droplet on the end
of the wire and obtained detachment by mechanical force
instead of surface tension. We obtained rapid motion of the
wire with a computer-controlled brushless servo-motor that
accelerated and deaccelerated the wire after each current pulse
in the detached arc. As with the first method, we found the
initial condition of the wire to be critical in determining the
direction of the droplet motion. In addition, stable and
consistent detachment of the droplet could be obtained only
with large drop diameters. To scale the process down for very
small diameter wires is not feasible since an even greater
surface tension force would need to be overcome with a
small-diameter wire. Modifications to the servo-motor drive
system and software were not sufficient to obtain wire
accelerations greater than 10 g. It is thought that up to 100 g
accelerations would be necessary to obtain consistent droplet
detachment. 
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Our experiments did not produce a preferred droplet-
detachment method. The lack of a robust and precise droplet-
detachment method indicated that final development of laser-
assisted microwire welding could not be achieved.
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Ultrahigh-Resolution Radiography for
Detailed Inspection of Weapon Components
and Systems
R. B. James, J. J. Cashen, E. B. Duckett

For more than 60 years, x-ray film in combination
with phosphor screens has been the standard medium for
displaying x-ray images of objects. But despite technical
advances in displays, data storage systems, and high-speed
communication networks, until now there has been no method
for effectively obtaining high-resolution x-ray imaging data in
a fully digital format. 

Recent successes at Sandia have led to the emergence
of solid-state x-ray detectors produced from wide-bandgap
semiconductors (e.g., cadmium zinc telluride [CZT]) that are
capable of efficient capture and direct conversion of x-ray
energy into current. The addition of a detector array makes
this digital technology capable of providing full-view imaging
for most objects, and the system would be able to read out
images electronically with better image quality. Operation of
the devices is based on the generation of electron-hole pairs
in the detector elements due to absorption of incident x-rays.
The charge carriers move under the influence of an applied
voltage, and customized electronics read out each detector
element for determination of the x-ray flux. The energies of
the x-rays are transmitted through an object (i.e., spatial and
spectral information). 

Modern Silicon Valley manufacturing techniques
enable the production of small position-sensitive detector
elements for ultrahigh-resolution images of systems and
components, while the energy information allows precise
determination of the specific elements under study. Together,
these features can provide a new, powerful tool for
certification of weapon components. A digital x-ray system
can also be used for monitoring the state of health of
components to allow warnings of impending failure due to
aging and/or manufacturing defects. In addition, such a
system could be deployed to address issues of reliability and
safety of nuclear weapons in the stockpile in the absence of
underground testing. Our project goal is to demonstrate an
ultrahigh-resolution x-ray imaging system using solid-state
technology.
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We are focusing our efforts on two fronts as we
continue with our parallel detector development work. For the
first detector technology, we pursued further enhancements in
the performance of the thick-film polycrystalline mercuric
iodide (HgI2) on amorphous silicon (Si) flat-panel readout
imagers. We investigated different methods of detection-layer
deposition with the goal of reducing the fraction of
unresponsive pixels and rows/columns. At the same time, we
continued imaging studies with the 256-by-256 pixels, 60µ-
by-90µ HgI2/alpha-Si pixel array on Rolamites and
mechanical safe arm devices (MSADs), to determine the
effectiveness of the detector technology at revealing
manufacturing and aging-related nonnuclear component
defects when compared to traditional film-based techniques.
For the second detector technology, we applied our efforts to
further the development of processing techniques for
producing bulk CZT imagers with large numbers of small
pixels. This included the development of means and
capabilities for harvesting large single-crystal substrates from
large-diameter CZT boules. In addition, we refined
photolithographic metal electrode deposition and end-array
passivation and encapsulation methods.
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10795

Surface-Micromachined Mechanical Timer
R. D. Habbit, Jr., M. A. Polosky, G. E. Vernon, K. A. Klody, J. A. C.
Zamora, M. S. Burg, M. W. Jenkins, R. A. Renn, J. L. Dohner, S. S.
Mani, L. L. Lukens

Solid-state oscillators are widely used and are well
suited for many applications. However, solid-state timing
devices possess two distinct soft spots: They are inherently
sensitive to radiation, and they require uninterrupted external
power. Surface-micromachined (SMM) mechanical timers
offer an elegant solution for applications where solid-state
oscillators are not ideal. Mechanical timers are insensitive to
radiation and can store elastic energy for long periods of
time. In addition, micromachined devices offer a suite of
attributes that are quite attractive, e.g., small, light-weight
systems that are insensitive to mechanical shock and vibration
environments due to their nearly massless part sizes. Also,
work is ongoing at Sandia to integrate electronics and optics
with microelectromechanical systems (MEMS) devices; this
work will eventually provide devices with even greater utility.
Recent proof-of-concept MEMS devices demonstrated the
feasibility of developing realistic weapon components.

This project will develop multiple mechanical timing
mechanisms using Sandia’s SMM process. Our vision for each
device is based on a wound spiral spring that stores energy
and is connected to a gear train. Terminated at the end of the
gear train is an escapement mechanism that is used to provide
mechanical damping. The escapement mechanism retards the
unwind speed of the spiral spring and regulates the device so
that timing information can be measured as a function of gear
position. Our first timing device will operate like a wind-down
timer and, at the end of a prescribed period of time, will close
an optical path. The second device serves a mechanical clock
function. This device will run for a prescribed duration and
possess incremental resolution. An optical circuit consisting of
vertical-cavity surface-emitting lasers (VCSELs) and
photodetectors positioned above and below the clock gears,
respectively, will be used to read coded information embedded
in the rotating gears. The optical circuit will be implemented
only in concept.

We have realized many successes with the mechanical
microtimer. We successfully fabricated and operated a
complete timer. We completed several new designs and
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submitted them for fabrication. Through this project, we
developed and demonstrated the use of Sandia’s advanced
force measurement capabilities. Finally, we demonstrated the
automated testing capability. All of these accomplishments
move the microtimer toward becoming a reality. 

Our design accomplishments included:
• Completion of the conceptual design for a “clock-

like” escapement mechanism.
• Completion of the conceptual design for the optical

measurement system.
• Completion of the design for the VCSEL/

photodetector assembly using flip-chip mounting techniques.
• Design of new microengines and transmissions (gear-

up and gear-down).
• Completion of a preliminary design for a longer-run

timer.
Our fabrication build and testing accomplishments

included: 
• Wafer lots RD22701A, RD22702A, and RD22703A

contain the three different timer designs. FP22801A contains
the three different gear-pressure angle designs. Wafer lots
FP28901A&B and FP29601A contain the new microengine
and transmission designs.

• We achieved a very significant step toward obtaining
useful output from a microtimer. We fabricated a flip-chip
photodetector.

• We built, released, and received FP22801. We
evaluated the devices and identified the processing problems.
We have used the devices for evaluation to the extent possible.
We identified several improvements as a result of the testing
and implemented these improvements on RS289 and RS296.
These two new submissions will provide data on improved
transmission designs and microengine designs. Both the
transmission and microengine are primary components of
microtimers.

• We built, released, and received RD22701A and
RD22702A. We identified and implemented several
improvements as a result of the testing. We have used the
devices for evaluation to the extent possible. 

• We completed the fabrication and release of
RD22703A and successfully tested the design. We achieved
full operation and observed run-down times of approximately
0.7 sec. Some of the parts appeared to have flaws, and these 
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are undergoing further destructive and nondestructive testing
and evaluation. 

• Fabrication of FP28901A&B and FP29601A is
complete.

This project is driving the nondestructive force/torque
measurement development. To date, we have demonstrated
that the atomic-force measurement tool can nondestructively
navigate the microtimer module. We also achieved appropriate
contact with a feature of interest—a major accomplishment in
the development and characterization of silicon
micromachines. 
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16167

Pseudostationary Separation Materials for
Highly Parallel Microseparations 
D. L. Lindner

This project is developing new materials for
performing separations in highly parallel microseparation
systems. The materials synthesis and initial testing are being
performed in collaboration with New Mexico Tech. The
materials being developed are specialized chromatographic
materials known as pseudostationary phases that are easily
introduced into microfabricated channels, enable high-
performance chemical separations, and can be tailored to
provide a high degree of chemical diversity. These
developments support a number of Sandia efforts in
microanalytical devices based on highly parallel separations.
One example is the Accelerated Molecular Discovery Arrays
(AMDA) project, which is now part of the new Molecular
Integrated Microsystems (MIMS) grand challenge project.
This project will develop and apply microscale techniques to
the analysis of biomolecules that carry the “signals” that
control life processes such as growth, aging, memory, and
emotion. The development and implementation of new
separation methodologies and materials are central to the
MIMS project. 

• Novel co-monomer materials for acrylamido methyl
propane sulfonic acid (AMPS) copolymers. We successfully
synthesized and copolymerized dihydrocholesteryl acrylate
and t-octyl acrylamide with AMPS. Both polymers provide
high-efficiency separations and unique selectivity for selected
analytes.

• Siloxane polymers with varied molar mass. We
synthesized and characterized by electrokinetic chromato-
graphy (EKC) nine siloxane copolymers based on three
backbones varying in nominal molar mass from 420 to 2270 g
per mole. The polymers do not differ significantly in
performance or selectivity with changes in molar mass.

• Siloxane polymers with varied pendant alkyl chain
length. We synthesized, with varying alkyl chain densities, 12
ionic siloxane polymers with alkyl side chains of 5 to 18
carbons. We characterized these polymers by spectroscopy
and EKC. The selectivity does not vary significantly among
polymers with different alkyl chain lengths, but we observe
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significant differences in selectivity between polymers with
different alkyl chain densities. We presented this work
recently at an international conference and have published it.

• Polymer selectivity. We characterized the selectivity
of a variety of AMPS and siloxane polymers by EKC and also
by linear solvation energy relationship (LSER) analysis. This
characterization led to the conclusions that the tertiary amine
found in the siloxane polymers, and hydrogen (H) bonding
along the backbone of AMPS copolymers, have significant
effects on the selectivity of the polymers. We have one
manuscript regarding this work in press and have published
another.

• Polymers with chiral pendant groups. We
synthesized and characterized siloxane polymers modified
with amino acids (alanine, valine, leucine, and proline),
glucose, and an AMPS copolymer with dihydrocholesteryl
acrylate. However, we did not achieve chiral resolution of test
chiral analytes. It is thought that nonspecific secondary
interactions with the polymer backbone and/or the lack of
polar or H bonding sites on the dihydrocholesteryl group may
limit chiral selectivity.

• Fluorescence and electrochemical detection. We
implemented fluorescence detection in our laboratory and
conducted some experiments with electrochemical detection. 

• Separations of derivatized amino acids. Initial
experiments indicate that the siloxane polymers can separate
derivatized amino acids with good efficiency and reasonable
selectivity. We have not yet observed significant differences in
the separation selectivity between the siloxane polymers and
sodium dodecyl sulfate (SDS) micelles.

• Additional accomplishments. We investigated
siloxane and AMPS copolymers for application in buffers
modified with organic solvents at concentrations up to 60
percent. We observed the polymers to maintain good mobility
and selectivity under these conditions.

We observed concentration enhancements as high as
10,000 using AMPS copolymers for preconcentration of
hydrophobic solutes by sweeping. We have submitted this
work for publication. We separated 13 of 15 polynuclear
aromatic hydrocarbons (PAHs) in less than 2.3 minutes using
an AMPS copolymer for high-speed separations. We will
submit this work for publication.

We synthesized and derivatized alternating copolymers
of maleic anhydride and dodecyl vinyl ether with taurine to
yield copolymers of controlled comonomer ratio and
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architecture. We showed the copolymers to provide efficient
and selective separations in EKC. 

We disseminated the results of this project in two
posters presented at an international conference and in eight
manuscripts, including five that are already published, one
that is in press, and two that are submitted. Two dissertations
and one master’s thesis have also been published. The work
resulted in invitations to give lectures at two conferences.
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17230

Novel Coatings for Microelectromechanical
(MEM) Devices 
M. P. de Boer

This project aims to integrate new materials (in
particular, as thin films) into polysilicon (poly-Si)-based
microfabrication technology. Specifically, Sandia is pursuing
two classes of new materials: superhard materials and metals.
We are making a special effort to develop processes that
integrate materials at the microstructure release step, because
such processes would afford a wider class of materials and a
greater degree of flexibility to device engineers. Consequently,
processes will have to allow conformal deposition.

We are choosing superhard materials with the
following properties: wear resistance, hydrophobicity,
lubricity, and chemical and thermal inertness. Our initial
efforts are focused on developing a process to coat poly-Si
micromachines with a conformal layer of silicon carbide
(SiC), a tough, radiation-hard, corrosion-resistant material
that is second only to diamond in wear resistance.
Furthermore, in contrast to self-assembled monolayers
(SAMs) that do not withstand temperatures employed in
packaging technologies, we expect SiC to be much more
thermally stable. We shall explore the use of C60 and its
interaction with Si to realize a thin conformal SiC layer.
Carbon nitride (CN) is predicted theoretically to be even
harder. We will explore ways of integrating it into
micromechanical structures. 

Integration of metals offers special opportunities for
realizing devices such as microrelays. Standard metal
deposition techniques suffer from being line-of-sight (LOS).
One way of circumventing this problem is to use electroless-
plating techniques, which are based on coating the structures
with a self-assembled organic monolayer with a special end-
group functionality that catalyzes the growth of a continuous
metallic layer from solution.

In the aforementioned coating processes, little is
known about the tribological properties of the resulting
materials in thin-film forms. Therefore, we will also
characterize these films using surface analytical techniques in
our laboratory and specially designed test microstructures.
Metal surfaces may be hydrophilic, in which case additional
surface modification may be necessary to alleviate stiction.
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(1) We achieved a conformal layer of SiC on Si by
rapid thermal annealing of C60 overlayers as well as by novel
low-processing–temperature precursors, including single
precursors. 

SiC is well known as an attractive material for
demanding mechanical and high-temperature applications and
in abrasive, erosive, and corrosive media. Hence, it is a
promising material for microelectromechanical systems
(MEMS) and nanoelectromechanical systems (NEMS)
applications in harsh environments, such as Sandia
microengines. As it stands, SiC technology remains
technically demanding and a nonstandard process in integrated
circuit (IC) fabrication laboratories. Our research aims to
address this shortcoming. For this effort, we designed and
assembled an ultrahigh-vacuum chamber.

• C60-based SiC films. We found SiC structures to
contain many voids. Given these results, we explored another
method for achieving SiC–based MEMS, described next, that
appears much more promising. 

• Single-precursor–based SiC films. This method is
based on chemical vapor deposition (CVD) from a single-
precursor molecule. The process has several key advantages
over the conventional dual-source CVD SiC deposition
method: (1) The process demonstrates high-quality
stoichiometric films at temperatures as low as 650°C. This
temperature is low enough to enable SiC deposition post-
processing. (2) The precursor is a liquid at room temperature
with vapor pressure of 27 Torr and is rather benign. These
characteristics make the handling aspects much simplified
when compared to conventional dual-source CVD utilizing
such gases as silane (SiH4). (3) The use of the single precursor
eliminates the need for elaborate gas-handling systems. (4) No
precarbonization step is needed for deposition on Si and
silicon dioxide (SiO2). (5) The SiC films can be patterned
using SiO2 masking and a simple lift-off using hydrogen
fluoride (HF).

The films are of much higher quality than those
fabricated by the C60-based approach. The uniformity and
conformality of the film are further demonstrated in the next
section. We chose to focus on this approach. 

(2) We characterized the SiC layer by scanning probe
microscopy (SPM) and nanoindentation studies.

We utilized atomic-force microscopy (AFM) to study
the topography of the SiC films. Our nanoindentation
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experiments were not successful. Therefore, SiC films of
varying thickness are deposited on commercially available
single-crystalline Si AFM cantilevers to study mechanical
properties. By modeling the cantilever as a composite beam of
rectangular cross-section and assuming a uniform conformal
coating on all sides, we determined a lower bound of 380 GPa
for the film Young’s modulus, which compares well with the
previously reported data on SiC thin films.

(3) We optimized deposition parameters (e.g., time and
temperature) vis-à-vis the results of the carbide layer
characterization.

We examined the effect of 1,3-disilabutane (DSB)
pressure and deposition temperature on the SiC deposition.
The DSB pressures used in our experiments range between
5x10-5 and 5x10-4 Torr. The bulk of our work was conducted
at a growth temperature of about 800°C. The SiC films are
stoichiometric to slightly carbon rich, indicating that Si
diffusion is greatly reduced at this temperature. 

The most important aspect of this CVD process
appears to be the temperature ramp, which helps order the
SiC/Si interface, resulting in a higher-quality SiC film
crystallinity. The different degree of film crystallinity is
evidenced when we do a hot potassium hydroxide (KOH) etch
on the films with and without the temperature ramp. The SiC
films grown without the ramp show excessive pitting and
corrosion.

(4) We integrated electroless deposition of copper (Cu)
and gold (Au) coatings into the microstructure release process.

We found that the optimum recipe for deposition of Au
by galvanic displacement should contain thiourea.
Furthermore, Au deposition must proceed from HF-containing
baths (unlike Cu deposition, which proceeds as well in baths
containing ammonium fluoride [NH4F]).

We successfully integrated galvanic displacement
plating in the microstructure release process. The structures
are rinsed and transferred to an alkanethiol bath to deposit a
hydrophobic passivating monolayer on the metal (Cu or Au).
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20413

DNA Microarray Technology
G. S. Davidson

DNA (deoxyribonucleic acid) microarrays are
revolutionizing the field of genetics and medical research
because they allow one to follow the expression of all, or a
significant fraction of, the entire genome in experimental
organisms. This new tool is exciting because it offers the
potential to see the simultaneous interactions of all active
genes in a cell and may eventually reveal a great deal of
emergent phenomena that could not be detected with smaller
experiments. However, because microarray laboratory
methods are new and are still relatively uncharacterized,
knowledge about their uses, including sensitivity,
reproducibility, and other limitations are still being discovered
and reported. Further, a researcher has the choice of at least
three radically different DNA microarray technologies: DNA
synthesized directly on chips, DNA oligonucleotides printed
on glass slides, or DNA oligonucleotides printed on nylon
membranes. To choose the best technology for an experiment,
researchers should have access to comparable assessments of
sensitivity, reproducibility, and appropriate protocols for these
technologies. 

In previous work, gene expression in the yeast
Saccharomyces cerevisae was studied with genome
microarrays printed on nylon membranes. Sandia has
completed construction of an arrayer to produce microarrays
on glass slides, allowing us to compare glass-based and
membrane-based arrays. With that experience and equipment,
we now seek to carefully investigate the sources of error in the
array printing process and in the mRNA (messenger
ribonucleic acid) sample preparation process. Successful
completion of this work will enable microarrays to be a more
reliable and more sensitive tool to investigate gene expression
and regulation.

The collaboration between Sandia and the University
of New Mexico (UNM) has been quite successful.
Importantly, we jointly developed the ability to conduct and
analyze microarray experiments using both commercial gene
array membranes and our own arrays printed on glass slides.
We analyzed these experiments with commercially available
software (e.g., Gene Spring) and with VxInsight™ (Visual
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Explanation and Insight, a tool for exploring data collections),
which was developed at Sandia. This collaboration has
resulted in improvements to the VxInsight™ software, joint
publications, and numerous presentations. Importantly, it has
exposed many students to researchers and research
opportunities that would not have been possible without this
project.

One of the most important elements of this project was
the evaluation and selection of microarray printing tips,
various varieties of slides (with and without DNA covalent
bonding), and the identification of appropriate RNA
processing methods. We evaluated three sources of printing
tips, two varieties of slides, and three RNA preparation kits.
As a result of this careful evaluation, we can reliably print the
entire genome for S. cervisae on glass slides for use in
continuing research programs. The ability to print whole
genomes is a particularly important capability because there is
no commercial source for microarrays with the genomes of
many of the organisms studied, so they must be prepared
locally. 
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Shock Response of Diamond Crystals
M. D. Knudson

Sandia is investigating the shock response of single-
crystal diamond to up to several megabars of pressure in a
collaborative effort with the Institute for Shock Physics (ISP)
at Washington State University (WSU). This project seeks to
determine the following:

(1) The usefulness of diamond as a window material
for high-pressure velocity interferometry measurements.

(2) The maximum stress level at which diamond
remains transparent in the visible region.

(3) The Hugoniot elastic limit (HEL) for the [110]
orientation of diamond.

(4) Whether a two-wave structure can be detected and
analyzed. 

We designed and performed experiments to scope the
shock response in diamond in the 2–3 Mbar pressure range,
using conventional velocity interferometry techniques
(conventional VISAR [velocity interferometry system for any
reflector] diagnostic). To perform more detailed and highly
resolved measurements, we developed an improved line-
imaging VISAR and designed experiments using this
technique. Prior to performing these more-detailed
experiments, additional scoping experiments are being
performed at WSU using conventional techniques to refine the
experimental design.

In previous experiments, we observed a two-wave
structure in diamond crystals shocked to peak stresses of
approximately 2–3 Mbar. From these experiments, we
determined that the HEL of [110]-oriented diamond crystals is
approximately 900 kbar–1 Mbar. Because of the extremely
high wave speeds in diamond, the diamond samples used in
these experiments were necessarily very thin, and the time
duration of the experiments was likewise quite short. As a
result, we found the time resolution of the experiments to be
inadequate to fully resolve the features and determine
accurately the HEL of diamond.

To perform more detailed and highly resolved
measurements, we had to make an improvement in the
velocity interferometer (VISAR) diagnostic. We pursued two
different approaches. One approach was to improve the time
resolution of the conventional VISAR diagnostic. WSU made
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some modifications to their VISAR diagnostic that enabled
them to utilize much faster time-response recording
equipment. This change improved the time resolution by
nearly one order of magnitude. An experimental plan was
formulated to use WSU facilities to explore the stress range
around 1 Mbar with this improved VISAR diagnostic, to
better determine the HEL of shocked diamond, and to
determine the maximum stress at which diamond remains
transparent. These experiments have been designed and are
being fabricated. The second approach to improving the
diagnostic was to fabricate a line-imaging VISAR diagnostic
at Sandia’s STAR (Shock Thermodynamic Applied Research)
facility. This diagnostic utilizes a streak camera, and, thus, has
extremely fast time resolution. The line-imaging VISAR
diagnostic is near completion, and we have designed
experiments utilizing this design.
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Investigation of Nanoscience Technologies
A. R. Burns

In collaboration with Harvard University, Sandia is
conducting research in the general area of nanoscale
structures, biomolecular materials, and their application in
support of nicroelectromechanical systems (MEMS)
technology. Harvard’s expertise is crucial in fostering these
fundamentally interdisciplinary developments. Specific areas
include

(1) Nanofabrication that exploits traditional methods
(from silicon [Si] technology) and developing new methods.

(2) Self-assembly of organic and inorganic systems.
(3) The dynamics response on the nanoscale: assembly

and dynamics of membranes and microfluidics.
(4) Study of the hierarchy of scales in assembly.
(5) Innovative imaging methods.
(6) Hard (engineering)/soft (biological) interfaces.

Our focus in the applications of nanotechnology to
biological systems has been on the use of a single-membrane
pore to measure the length of molecules translocating through
the pore. The pore may be of natural origin, such as a self-
assembled bacterial protein in a lipid bilayer, or it may be an
artificial structure in Si or silicon nitride (SiN).

In collaboration with Harvard University, we designed
a probe station base that will accommodate both natural and
artificial pore platforms. That probe station is nearing
completion. We also acquired the necessary (patch-clamp) test
and electronic equipment for measuring picoampere ionic
currents. When it is finished, we will perform experiments on
the probe platforms. We created solid-state pores less than 10
nm in diameter by an innovative technique of overlapping
trenches.

We tested our fabricated SiN structures at Harvard on
their probe station. The SiN structures are 5 nm, which is
comparable to the protein pores.
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22132

Magnetic Polysilicon MEMS Devices
P. C. Galambos, M. Okandan

Micropumps are key microfluidic components that are
needed in many systems that handle fluids at the micro and
nano scales. Many different pumping principles exist, but only
a few have been explored in the micro world due to limitations
in available microfabrication technologies that place great
restrictions on micropump design and performance. Recent
technical successes in multilevel surface-micromachining
(SMM) technology have enabled the development of
sophisticated microdevices containing complex planar
mechanisms. This technology allows for the fabrication of
pumps that utilize a wider variety of the pumping principles
used in the macro world as well as explore new pumping
principles that are unique to the micro world. Sandia
collaborated with Florida State University to develop new
designs for a line of SMM pumps that can be driven
electrostatically using standard actuators or remotely by
magnetic field. We will test, characterize, and optimize the
performance of these pumps under various operating
conditions.

We made significant progress toward the development
of pump mechanisms that are actuatable either magnetically or
electrostatically. The designs we fabricated include screw
pumps, planetary gear pumps, spiral pumps, viscous pumps,
and centrifugal pumps. We also tested a representative
planetary gear pump and a representative spiral pump. Both
devices rotated as predicted by prefabrication analysis;
however, the rotation rates were less than we expected,
indicating a significant friction effect. Smaller similar devices
should exhibit significantly less friction with a corresponding
significant increase in rotation rate. All designs can be driven
electrostatically using an orthogonal comb-drive microengine
or a torsional ratcheting actuator (TRA). The electrostatic
actuators rotate an external gear that, in turn, actuates an
internal structure to move fluid. By coating the external gear
with a magnetic film, any of the devices can be driven using
an external magnet. 

In a key step toward the development of magnetically
driven MEMS, we deposited micron-thick magnetic films
(neodymium-iron-boride [Nd-Fe-B]) on silicon (Si), using a
pulsed-laser deposition (PLD) process at Florida State
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University (FSU). Since PLD is a line-of-sight (LOS) process,
one can envision microns- to tens-of-microns-thick layers of
Nd-Fe-B deposited on top of polysilicon (poly-Si) mechanical
structures (such as the pumps), which can then be actuated
remotely by high-energy magnets.

The SUMMiT (Sandia Ultraplanar Multilevel MEMS
Technology) pumps, which we designed for potential
magnetic actuation, were also electrostatically actuatable. The
electrostatic actuators used to drive the pumps were the
previously developed orthogonal comb drives and TRAs. We
fabricated three SUMMiT modules (approximately 3 mm by 6
mm per module) of design variations.

Due to the planar nature of the fabrication process, the
screw pump consists of a small gear that rotates inside a larger
gear past a crescent-shaped flow deflector. This pump design
can be turned using electrostatic actuation acting on the outer
gear, as can all of the other pump designs. An external magnet
could also turn the outer gear if it were coated with a
magnetic material. The pump inlet and outlet connections are
from the back of the wafer through reactive ion–etched (RIE)
holes. We used this inlet/outlet arrangement on all pump
designs. We also fabricated a more complex planetary gear
pump. The center of the rotating planetary system was offset
relative to the external drive gear, resulting in a compressing
volume over the outlet during one part of the system’s rotation
(fluid pushed out), and an expanding volume over the inlet
during another part of the system’s rotation (fluid pulled in). 

The other pump design concept that we investigated
also utilized an electrostatically actuated external gear, but this
time the pump rotated a disk. The disk acted to throw fluid out
from the inlet hole at the center of the pump toward the outlet
hole at the edge of the pump. Two forces are at work to move
the fluid in the desired direction: centripetal force (more
important at higher pump speeds) and viscous drag (the
rotating disk pulls fluid along with it). By attaching different
vanes to either the rotating disk or the stationary bottom of the
pump, we designed different pumps utilizing this basic
concept.

We completed initial mechanical testing on one type of
gear pump (the planetary gear system) and one type of
rotating disk pump (a scroll pump) and are still awaiting the
completion of the Bosch etch to test the pumps with fluids.
Both pumps turned as predicted, indicating that the kinematic
analysis that we conducted prior to fabrication was accurate.
The devices tested were several millimeters in diameter, the
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largest devices fabricated. These devices exhibited significant
friction that resulted in very slow rotation rates for reasonable
actuation voltages of tens of volts. We also fabricated
significantly smaller devices. We will attempt to increase the
rotation rate with these smaller devices, which should exhibit
significantly less friction. 

Our objectives for this project were substantially met
with the design and fabrication of an array of pumps that are
potentially magnetically actuatable. Further work will involve
the evaluation of each pump concept and a second design
iteration. Our immediate follow-on work will be to test the
devices fabricated and to incorporate the information gained
into a second set of designs. 
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Theoretical Study of Sb as a Surfactant in
Epitaxy of III–V Materials
A. C. Ratzel

A key strategic direction for Sandia is development of
integrated microsystems. This continuing project will advance
the state of the art in new metalorganic chemical vapor
deposition (MOCVD) reactor designs and development of
next-generation diagnostic tools. A key integration element at
the silicon (Si) multichip module level will be an infrared (IR)
vertical-cavity surface-emitting laser (VCSEL) to be produced
via MOCVD. Unprecedented reproducibility and control of the
MOCVD process will be required. In collaboration with the
University of Utah, we will evaluate the current design and
optimize the next-generation MOCVD reactors and develop in
situ diagnostic tools as process monitors. 

Our research activities centered on calculating the total
energies of various reconstructions for gallium phosphide
(GaP), indium phosphate (InP), antimony/gallium phosphide
(Sb/GaP), and Sb/InP (001) surfaces. We created surface-
phase diagrams by examining surface energy as a function of
chemical potential. We used the (2 x 3) and (4 x 3) structures
to calculate the surface-induced driving force for copper
platinum (CuPt) and triple-period bulk ordering. We
performed all calculations using VASP (Vienna Ab Initio
Software Package) on the University of Utah’s and Sandia’s
high-performance computers.

Our major accomplishments include 
(1) Creation of theoretical Sb/GaP(001) and

Sb/InP(001) surface-phase diagrams.
(2) Identification of Sb-terminated (x3) structures that

are stable on GaP and InP materials.
(3) Verification that replacement of P with Sb in (2 x

4) structures reduces the driving force for CuPt ordering.
(4) Verification that Sb-terminated (x3) structures

produce a driving force for triple-period ordering.
(5) Strengthening the theory that surface structure

influences the bulk properties of III–V materials grown by
organometallic vapor-phase epitaxy (OMVPE).
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22995

Single-Wire Explosion Experiments
R. B. Spielman

Modeling of low-temperature (1–50 eV) and low-
density (< 1017 cm-3) current-carrying plasmas is difficult
because of the interrelation of the plasma resistivity, joule
heating, and plasma dynamics. Improvements in the known
values of plasma resistivities in the parameter regimes of
interest are helping this situation, but validations of the
resistivity values when coupled with detailed code calculations
are needed before real confidence in the Accelerated Strategic
Computing Initiative (ASCI) magnetohydrodynamics (MHD)
codes can be achieved.

In collaboration with Cornell University, Sandia will
conduct a series of validation experiments in which we
compare highly diagnosed wire explosions with predictions
made by state-of-the-art ASCI MHD codes such as Sandia’s
ALEGRA code. These experiments will measure the detailed
dynamics of wire explosions as well as the electrical heating
caused by the applied current. These measured values will be
compared against predictions made by the MHD codes.

Sandia measured expansion rates for the dense,
exploding wire cores for several wire materials under these
conditions, with and without insulating coatings, and we
showed that these rates are related to the energy deposition
prior to plasma formation around the wire. The most rapid and
uniform expansion occurs for wires in which the initial energy
deposition is a substantial fraction of the energy required to
completely vaporize the wire. Conversely, wire materials with
less energy deposition relative to the vaporization energy
show complex internal structure and the slowest, most
nonuniform expansion. We also established calibrated radial-
density profiles for some silver (Ag) wire explosions, and
structural details present in some wire explosions, such as
foamlike appearance, stratified layers and gaps.

Studies of the effect of prepulselike conditions on the
explosion of one to three wires showed that the wire
expansion rate and uniformity were strongly dependent on the
amount of energy deposited in the wires during a short (less
than 100 ns) resistive heating phase. This resistive phase is
terminated by a sudden collapse of the voltage across the wire,
probably due to plasma formation. Recent experiments
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demonstrated that it was possible to prolong the resistive
heating phase of 25 mm diameter tungsten (W) and 25 mm
diameter Ag wires through the use of thin insulating coatings
on the wires. The additional energy that was deposited in the
wires with insulation resulted in substantial increases in the
observed expansion rates of the dense wire cores. Our
experiments investigated the current-driven explosions of
several different wire materials, including aluminum (Al),
titanium (Ti), iron (Fe), copper (Cu), zinc (Zn), niobium (Nb),
molybdenum (Mo), Ag, W, gold (Au), and platinum (Pt). The
effect of insulating coatings on the rate and uniformity of
expansion of individual 25 mm diameter Ag, Cu, and W is
also presented, including more data than previously reported
for Ag and W. The key parameter appears to be the energy
deposited in a wire relative to the total energy required to
vaporize it. W was a major element in this study because it is
a commonly used wire material in wire-array Z-pinches. This
is because it can easily be drawn into wires as small as 4 mm
in diameter, has a high tensile strength, and is desirable for
x-ray production in the keV range. However, our initial work
demonstrated that the resistive energy typically deposited in
W wires is a small fraction of the energy required to
completely vaporize the wire. Consequently, we observed
relatively slow and nonuniform expansion. By contrast, the
energy resistively deposited in Ag wires is nearly that required
to completely vaporize the wire, and relatively fast and
uniform expansion is observed. Therefore, we included Ag
wire experiments as a major element in this study because
they offered such a contrast to W. In addition, as an
intermediate Z material, Ag is well matched to our
radiographic backlighting diagnostic. Relatively early in the
explosion process, enough x-rays are transmitted through the
core to allow quantitative density measurements; later in the
explosion development, when the core has expanded to more
than 50 times its original diameter, most of the initial mass is
still resolvable by the x-rays.

As a general rule, among the many materials tested so
far, high-conductivity, low-melting-point materials form more
uniform, rapidly expanding columns of wire material. Thus,
the core dynamics of W, Pt, Mo, and Ti wires are quite
different from the core dynamics of Al, Cu, Ag, and Au wires,
and we can classify most materials as belonging to one group
or the other. Furthermore, we find that insulating coatings
prolongs the resistive heating phase for wires in both groups
of materials, thereby increasing the wire core expansion rates.
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Scattering from Nanostructured Materials
C. J. Brinker

The precise control of porosity in inorganic thin-film
materials is important for applications like membranes,
sensors, low dielectric constant insulators (so-called low-k
dielectrics), and fluidic devices. Although classical sol-gel
processing of xerogel films and new low-temperature/-
pressure routes to aerogel films allow control of volume
fraction porosity over the range 0.2 to 0.9, the distribution of
pore size (determined by the response of the gel to drying-
induced capillary stresses) can be quite broad, especially for
highly porous films. 

Over the past 5 years, the extension of the surfactant-
templating approach from mesoporous silica powders to films
using simple evaporation-induced self-assembly (EISA)
procedures has enabled unprecedented control of pore size,
orientation, and connectivity. EISA begins with a
homogeneous solution of a soluble silica (silicic acid),
alcohol, water, and surfactant prepared with an initial
surfactant concentration co << the critical micelle
concentration (CMC), and an acid concentration designed to
minimize the siloxane condensation rate. Evaporation
accompanying film deposition by dip-coating, spin-coating,
inkjet-printing, and other methods concentrates the depositing
film in surfactant and silica, inducing the self-assembly of
micelles and their further organization into liquid crystalline
(LC) silica/surfactant mesophases. 

Recent efforts to structurally and chemically
characterize the EISA process include spatially resolved
spectroscopic studies of molecular probes, imaging
ellipsometry, and time-resolved one-dimensional (1-D) x-ray
scattering. Here, as in our prior reports employing molecular
probes, we exploit the steady-state nature of dip-coating to
spatially and temporally resolve the complete EISA process in
the coating direction. By performing spatially resolved 2-D
grazing-incidence small-angle x-ray scattering (GISAXS)
experiments in combination with optical interferometry, we
structurally characterize the evolution of a hexagonal thin-
film mesophase from a homogeneous precursor solution and
its further structural development during drying and
calcination.
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We prepared precursor solutions using the two-step
procedure we reported in our prior work. Final reactant mole
ratios were 1 TEOS : 20 C2H5OH : 5.1 H20 : 0.0026 HCl :
0.16 C16TAB (cetyltrimethylammonium bromide). We dip-
coated films on 50 µm and 300 µm thick silicon (Si)
substrates (100) at 1.6 mm/sec (25°C and 9 percent relative
humidity). We performed x-ray experiments at Argonne
National Laboratories’ synchrotron facility, the Advanced
Photon Source, using the SRI-CAT’s 1BMC beamline. In the
experiment, we focused 11 keV x-rays to a 0.5-by-0.5 mm2

spot on the Si substrate, at an angle of 0.35°. We collected 
x-ray–scattering patterns on a 2-D detector (image plate)
located at a distance of 103 cm, with typical imaging times of
20 sec. Use of a divergent focused beam is advantageous
when recording scattering patterns with the sample at a fixed
angle, since it thickens the Ewald sphere. Image plate patterns
were optically scanned in steps of 0.2 mm, yielding a 2θ
resolution of 2 mrad. Optical interferometry of a steady-state
film profile during dip-coating enabled calculation of the film
thickness profile along with the surfactant concentration (c) as
a function of distance (z) and time above the reservoir.

The results provided some new insights into the self-
assembly process. We postulate the assembly pathway to start
with a lamellar film at the liquid-vapor interface that
transforms into a perfect hexagonal structure above the drying
line, followed by a hexagonal structure that exhibits shrinkage
normal to the substrate and an in-plane expansion upon
drying. The absence of capillary stresses during drying (as
measured by a cantilever beam method), the inhibition of the
condensation reaction due to the interaction between the silica
network and the surfactant head-groups, and the incompres-
sible nature of the surfactant aggregates, cause the shrinkage
normal to the substrate to be accommodated by an in-plane
expansion. It is this property of the surfactant-silica system
that allows for a unimodal pore-size distribution. Study of
other surfactant systems such as anionic, nonionic, and block
copolymer will allow us to test a general model of self-
assembly, which, in turn, will help to predict structure
formation of different materials at various deposition
conditions. One can envision schemes where external fields
such as light, magnetic, and electric could be used to influence
the dip-coating process, tuning the properties of the resultant
films.

Sandia National Laboratories LDRD Annual Report 2001 713

The results provided some new

insights into the self-assembly

process. We postulate the

assembly pathway to start with

a lamellar film at the liquid-

vapor interface that transforms

into a perfect hexagonal

structure above the drying

line, followed by a hexagonal

structure that exhibits

shrinkage normal to the

substrate and an in-plane

expansion upon drying. The

absence of capillary stresses

during drying (as measured by

a cantilever beam method), the

inhibition of the condensation

reaction due to the interaction

between the silica network and

the surfactant head-groups,

and the incompressible nature

of the surfactant aggregates,

cause the shrinkage normal to

the substrate to be

accommodated by an in-plane

expansion. It is this property of

the surfactant-silica system

that allows for a unimodal

pore-size distribution.



Sandia National Laboratories LDRD Annual Report 2001 714

Refereed
Doshi, D. A., A. J. Hurd, and C. J. Brinker. 2001. “In
Situ Scattering Study of Self-Assembled Mesoporous
Silica Thin Films During Dip-Coating.” J. American
Chemical Society, in preparation.



22997

The Liquid-Crystal Physics of Evaporation-
Induced Self-Assembly
C. J. Brinker

Evaporation-induced self-assembly (EISA) is a new
technology for the fabrication of films with nanoscopic order
(i.e., arrays of pores or lamellar composites). These films have
potential applications for use in sensors, membranes,
pharmacy, and catalytic systems. EISA fabrication is a
dynamic process in which lyotropic liquid-crystal phases form
as a function of changing conditions of component concentra-
tion and temperature. These phases have partial positional
order, which can be lamellar, in which molecules organize into
parallel arrays of sheets; hexagonal, with molecules ordered
into a hexagonal packing of tubes; or other phases. Current
analysis techniques have not been sufficient to elucidate the
key aspects of the physics of formation of these materials, i.e.,
a thorough exploration of the liquid-crystal physics as it
relates to the use of detergent solutions to template ceramics.
A fundamental understanding of these key aspects would
introduce the possibility of controlling the structure of the
templated ceramic films via innovative techniques of liquid-
crystal technology (e.g., external fields and shear).

We studied how the spatial ordering that is developed
depends on the dynamic conditions of phase generation using
high-resolution, synchrotron-based x-ray diffraction (XRD).
The high x-ray intensity available makes possible time-
dependent studies of liquid-crystal ordering, and the high
angular resolution (wave vector half-width at half-height
[HWHH], ∆θ equals 0.0003 Å-1) makes possible precise
characterization of the ordering achieved.

To develop this technique, we investigated the
dynamic evolution of layer ordering of lyotropic lamellar
phases as a function of time upon photoinduced removal of a
solvent. As the solvent polymerizes and comes out of solution,
the changes in the XRD pattern may be utilized to determine
ordering induced by concentration fluctuations due to solvent
gradients. These results demonstrate that high-resolution XRD
may be useful in establishing the limits of ordering achieved
in EISA processing and the processes of transformation
between phases.
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A Micromethanol Steam Reformer for a
Hydrogen-Based Microfuel Cell
R. J. Shul

In collaboration with Lehigh University, Sandia is
building a micromethanol steam reformer (MMSR) to convert
methanol and water into hydrogen (H), with carbon dioxide
(CO2) as the by-product. The H will be used as fuel. Sandia
developed a planar microfuel cell that is designed to use H
and air as its two fuels. Typically, H is stored as a metal
hydride, which contains less than 1.8 percent H by weight.
This low level of storage makes a microfuel cell appear
volumetrically inefficient. An MMSR will have much less
volume and would require only the replacement of a small
methanol fuel cartridge, rather than a bulky hydride
container. We will base the MMSR on a well-known chemical
reaction in which methanol would be heated to yield H and
carbon monoxide (CO). Since CO will poison the fuel cell
catalyst, it must be removed. A second reaction is to heat the
gases with water (steam), which causes the CO to be
converted to CO2 and more H to be produced. The gases will
be filtered through porous palladium (Pd), which allows only
H to pass. The MMSR will utilize the technology developed in
Sandia’s µChemLab™ project, such as the micro-hotplate for
creating steam and silicon (Si) microchambers for reactions
and gas handling. The heat created by these reactions will be
removed with our patented micro-heatpipe technology. This
combination of unique Sandia capabilities makes a micro-
steam reformer a winning combination both technically and
economically.

The Integrated Microchemical Systems Laboratory at
Lehigh University successfully completed the fabrication of
components of a methanol microreformer, while at Sandia we
completed a detailed study of the theoretical and experimental
issues involved in the design and operation of the Si-based
methanol microreformer. We carried out thermal simulations
for heat loss from the reformer chip and calculations involving
the endothermic heat effect of the reforming reaction to
estimate the total power requirement for continuous operation
of the microreformer. 

We utilized micromachining technology to fabricate a
prototype Si microchannel-based reformer of channel cross-
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section 1000µ by 230µ with a copper (Cu) catalyst layer about
33 nm thick. We interfaced the reactor with the tubing for
reactant and product transport, using a stainless-steel housing
machined to exact dimensions, and flexible graphite pads to
provide gas-tight seals and excellent thermal contact between
the chip and the housing for external heating of the reformer.
We carried out runs of this prototype microreformer using a
custom-made experimental setup for generation of the reactant
mixtures, temperature control of the microreactor, and online
measurement of the product gas composition. Results from
test runs of the microreformer showed detectable amounts of
H produced in this microreformer.

We fabricated a novel Pd-based micromembrane that
has the potential to be used for water-gas shift reaction and H-
gas separation in catalytic microreaction systems for methanol
fuel reforming. The membrane is supported by a Cu film that
has an array of patterned holes. Cu will also act as a catalyst
in the shift reaction that will convert unwanted CO gas,
produced earlier in the microreaction system during methanol
fuel reforming, into H, which, in turn, will be separated by the
membrane. This structure is novel because we integrated the
water-gas shift reactor as well as the H-gas separator into it.
The microfabrication process allows for integration of heaters
and temperature sensors into the device. The Lehigh effort
was also successful in performing thermal and microfluidic
simulations to simulate combined thermal and fluidic inter-
actions in microchannels. The phenomenon of wall “slip” was
explicitly incorporated in these simulation models. These
simulations were performed using MEMCAD, a commercial
package marketed by COVENTOR (formerly MICROCOSM,
Inc.), using FLUENT (marketed by COMSOL) and using
customized basis function expansions in MATLAB.
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24102

Magnetically Insulated Power Flow
Experiment
J. P. Vandevender, C. L. Ruiz

Magnetically insulated transmission lines (MITLs) and
ion diodes have sufficient magnetic flux between the cathode
and anode to insulate electrons originating on the cathode
from reaching the anode. These devices have demonstrated
excellent insulation efficiencies in operational facilities for
more than 20 years, at electric fields of about 2x108 V/m. The
design of higher-power MITLs for future Z-pinch x-ray
sources for weapon physics and inertial confinement fusion
(ICF) could benefit from efficient power flow at higher
electric fields. However, magnetic insulation data from the
MITE and HydraMITE high-power magnetic insulation
experiments of the late 1970s showed many anomalies at
2x108 V/m. Other Sandia projects have reproduced and
clarified three of these anomalies: ion loss to the cathode,
large low-energy electrons to the anode, and axial
nonuniformity of the electron loss to the anode and cathode. 

Sandia no longer has a low-cost capability to study
magnetically insulated power flow. A new capability for high-
power-density, self-magnetically insulated power flow
experiments has been developed on Sandia’s Sphinx
accelerator. The facility provides self-magnetically insulated
power flow at 3 MV/cm for 15 ns in a 10 ns long vacuum
transmission line. 

Our work addressed the two anomalies that remained
to be reproduced and explained. We had three objectives:

(1) To explore the potential of the Sphinx accelerator
to provide a low-cost capability to study magnetically
insulated power flow for future experiments.

(2) To reproduce and study the MITE experiments
anomaly that the time-resolved energy/nucleon of negative
ions through the anode, as diagnosed with a time-of-flight
(TOF) spectrometer, often disagrees with the full gap voltage
(e.g., proton energy of 500 keV with 2000 kV across the
vacuum gap). 

(3) To reproduce and study the MITE experiments
anomaly in which the time-integrated energy distribution of
negative ions coming through the anode had several distinct
peaks in energy, although the potential across the gap was
quite constant.
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Our first objective, to explore the potential of the
Sphinx accelerator, was met in that we developed and verified
a low-cost capability (i.e., less than $500 per experimental
trial) for magnetically insulated power transmission. This
project provided a capability for future power-flow
experiments with an electrical stress of up to 3 x 108 V/m
across a 7 mm magnetically insulated vacuum gap with a 15
ns pulse duration. The voltage and current monitors need to be
improved for the accelerator to be useful as a standard
experimental facility in this mode.

Our second objective, to reproduce and study the
anomaly from the MITE experiments that the time-resolved
energy-nucleon of negative ions through the anode often
disagrees with the full gap voltage, was investigated with the
TOF spectrometer. We fielded the TOF spectrometer;
however, too few negative ions were coming through the
anode to reproduce the anomalous results from the MITE
experiment. The positive and negative ion emissions from the
electrode surfaces were examined and found to be
substantially less than the 1 A/cm2 observed in the higher-
power MITE experiment at the same electric and magnetic
fields when the electrodes have been conditioned by at least
one shot. The correspondingly small negative-ion current
density is too small to be a significant power loss in the
various experimental configurations tested. The Thomson
parabola spectrometer is much more sensitive than the TOF
spectrometer, so it became the primary diagnostic for
this anomaly.

Our third objective, to reproduce and study the
anomaly from the MITE experiments that the time-integrated
energy distribution of the negative ions coming through the
anode has several distinct energy peaks, was investigated with
the Thomson parabola spectrometer. The Thomson parabola
spectrometer was successfully fielded to record the time-
integrated ion spectrum of negative ions coming through a
hole in the anode of the MITL. The six exposed CR-39 plates
were developed with the standard process of NaOH (sodium
hydroxide) etching to reveal the ion tracks. However, the
number density of ions is too small to produce a readily
visible trace. Sandia no longer has the automated scanning
capability for the most sensitive analysis of these plates. The
plates will be preserved until a more sensitive technique is
available and an opportunity exists to read out the data.
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32573

Molecular Self-Assembly
J. G. Curro, A. L. Frischknecht

Self-assembly of molecules is nature’s way of creating
ordered structures on the nanometer scale. Depending on
their architecture, certain molecules (such as block
copolymers or low-molecular-weight surfactants) will
spontaneously arrange themselves in an ordered structure on
a scale that would be impossible to achieve by ordinary
processing techniques. This property makes molecular self-
assembly a powerful tool for producing nanostructured
materials. Some applications include low-dielectric-constant
materials, microfluidic devices, sensors, membranes for gas
separations, and materials for optical electronics. 

The purpose of this project is to develop and apply
computational methods for modeling molecular self-assembly
processes. Sandia developed a density-functional theory
(DFT) approach for modeling the self-assembly of polymers at
equilibrium. As an example, we applied this theory to the self-
assembly of a block copolymer near a surface. We were able
to predict the equilibrium morphology of the microphase-
separated block copolymer at the interface and how the
morphology changes with surface interactions. 

When polymers are used in nanotechnology
applications, the physical properties at the nanoscale are not
the same as the corresponding bulk properties. Perhaps the
most important property that characterizes polymer behavior
is the glass-transition temperature (Tg). Large deviations in
Tg from the bulk value have been experimentally observed for
polymers in confined geometries. In this project we developed
a theoretical model that not only explains the origin of these
Tg shifts, but also allows us to make predictions for Tg shifts
of specific polymers as a function of the size scale and surface
characteristics of the confining geometry.

We developed a theoretical model using DFT for the
self-assembly of block copolymers near surfaces. Calculations
showed that the morphology of the resulting block copolymer
depends sensitively on the interactions between the surface
and the individual monomers constituting each block. 

We performed modeling calculations on silica/diblock
films undergoing evaporation-induced self-assembly (EISA).
The structure-directing agents were block copolymers of
polystyrene and poly(ethylene oxide) (PEO). These
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calculations demonstrated that microphase separation occurs
during the EISA process as the solvent selectively evaporates
from the film and that no micellization would take place.
These results were in good agreement with EISA experiments
by others at Sandia.

We also developed a computational model to predict
the Tg shifts of a polymer that result when the polymer is
restricted to a confined geometry at the nanoscale. This model
successfully explains the origin of many Tg-shift experiments
in the literature for polymers in pores and channels as well as
freestanding polymer films.
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32817

Molecular Simulations of MEMS Coatings 
M. J. Stevens, D. M. Ford

Understanding quantitatively the role of surface
interactions as a function of environment, surface (monolayer)
coating, and surface roughness is critical for microelectro-
mechanical systems (MEMS) performance and reliability.
Critical properties such as adhesion and friction can be
measured in situ on MEMS devices. The structure and
dynamics of the coatings, particularly self-assembled
monolayers (SAMs), are only partially understood. A better
understanding of molecular-scale phenomena will enable a
fundamental knowledge of performance and degradation
mechanisms. Such knowledge is an essential requirement to
predict the performance of MEMS devices with usage and
aging.

We will study normal and shear forces in monolayer-
lubricant films of SAMs using molecular dynamics (MD)
simulations. These simulations will elucidate some of the
intrinsic physiochemical lubricant properties that lead to
energy dissipation. These simulations will extend our present
computational capability in modeling nanolubrication and
validate the methodology to describe the frictional properties
of ultrathin films.

In collaboration with researchers at Texas A&M
University (TAMU), we generated force-versus-distance
curves for purely hydrocarbon SAM systems.

TAMU personnel are researching appropriate
forcefields for modeling of fluorocarbon SAM systems.
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32818

Numerical Simulation of Shock-Induced
Combustion Using Probability-Density
Function Approaches
M. R. Baer, P. E. Desjardin

This Sandia project addresses specifically the
secondary combustion that arises from shock-induced mixing
in volumetric explosives. The effects of combustion from
secondary mixing from the shock can greatly alter the
expansion of gases and dispersal of explosive. Furthermore,
this enhanced effect may be a tailored feature for the new
energetic-material (EM) systems. In recent years, remarkable
progress has been made in the theory of turbulent combustion;
however, much of this success is limited to simple flows such
as jets and plumes. These new approaches have yet to be
applied to shock-induced flows. 

Simulation of turbulent combustion from first
principles requires resolving several decades of time and
length scale that are possible only for the simplest of
flowfields at low Reynolds number for which numerical
simulations are often limited to two dimensions (2-D). Solving
for 3-D turbulent reacting flows of engineering interest
requires the use of subgrid-scale (SGS) modeling for which
only the largest scales of turbulence are directly simulated
while the smallest scales are modeled. This partition of
resolving flow-field dynamics on a grid and modeling of
physics below the grid scales is referred to as large-eddy
simulation (LES). In this approach, most of the flame area
associated with combustion lies in a volume smaller than the
LES grid; this situation presents a formidable challenge for
SGS modeling. One method to construct SGS models of
combustion is through statistical means for which a filtered-
probability-density function (FPDF) or filtered-joint-
probability-density function (FJPDF) of composition and
temperature is either assumed or explicitly solved for using
Monte Carlo (MC) techniques. 

The objective of this work is to develop FPDF and
FJPDF approaches for application to turbulent combustion
and apply the technique to examine shock-induced combustion
from explosive mixtures. 

Developing SGS-combustion models occurred in two
stages: a simple level I and more sophisticated level II
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approach. The level I combustion model was successfully
developed and implemented into the CTH shock-physics code.
This model is based on a conserved-scalar-presumed FPDF
approach for which reactive scalars are related to a passive
scalar, the mixture fraction, using state relationships. We
assume a beta function to describe the variation of mixture
fraction at the subgrid level and parameterize it by the filtered
value of mixture fraction and its variance. We determine these
two parameters through transport-evolution equations. The
transport of the filter-mixture fraction employs a simple
gradient-diffusion turbulence model; the variance transport
equation is taken from the work of Jimenez.

We coded these two additional transport equations into
CTH. We also incorporated a multispecies, single-material
capability into CTH using an ideal gas equation-of-state
(EOS) to allow tracking of several species needed in the
combustion model. In addition, modifications to the acoustic
CFL (Courant-Friedrichs-Levy) limited-time-stepping
algorithm were changed to allow larger time-steps using the
pressure-gradient scaling technique of Ramshaw. These
changes were necessary to allow efficient time integration at
advection-based time-scales.

We considered two problems for testing the level I
combustion model. The first problem is a simple fuel-blob
problem for which a small amount of methane is injected into
air with an initial velocity. The second problem is a simulated
shock event for which reactive material is dispersed into the
surrounding field and allowed to react. Both problems show
the potential use of the secondary combustion model and the
importance of incorporating this capability. In addition, we
formulated a level II combustion model and implemented it
into a stand-alone research code using MC techniques. 
Preliminary results using the level II combustion model
indicate that the methodology holds promise but will require
about an order-of-magnitude increase in computational cost
over the simple level I combustion model.

In summary, FPDF approaches are an attractive means
to simulate the effects of turbulent combustion from shock-
induced secondary mixing.
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32819

Fundamental Studies of Water-Surface
Interactions
P. J. Feibelman, J. G. Kushmerick

Insight into factors controlling the hydrophobic-
hydrophilic character of surfaces is critical to new Sandia
thrust areas ranging from development of microfluidic systems
to understanding the folding and adhesion behavior of
biomolecules. We will investigate near-surface arrangements
of H2O (hydrogen dioxide, water), experimentally and via
corresponding theoretical simulations, in an effort to establish
the relationship between hydration forces and the molecular
structure of H2O near a surface. 

In our simulations, we will expose water molecules to
model hydrophobic or hydrophilic surfaces, i.e., surfaces
terminated by a short hydrocarbon chain ending with a methyl
group or, for example, a carboxylic acid. We will explore
binding energy and orientation of individual water molecules,
then, for coverages of up to a monolayer, how inter-H2O
bonding is mediated via H bonds. Transitions from monomers
to dimers to networks of interconnected rings (primarily
pentamers and hexamers) will be investigated, with an eye
particularly to controlling them by modifying interfacial
chemistry or temperature, or by turning on an electric field.
Finally, we intend to study multilayers of water to learn how
far from a surface the molecular ordering persists.

In complementary experiments we will adsorb water
on silicon (Si) surfaces functionalized with methyl- or
carboxylic-acid–terminated self-assembled monolayers
(SAMs). We will monitor water structure as a function of
surface coverage using surface-sensitive infrared (IR) spectra,
and the hydrophobic or hydrophilic nature of the surfaces
using a special contact-angle system in which interfacial-
energies are measured versus both temperature and applied
voltage. We will measure short- and long-range interactions
between functionalized surfaces and tips in an interfacial-
force microscope (IFM), which can perform measurements
under water as a function of temperature and applied voltage. 

We began our investigation of hydration forces by
attempting to identify a set of model surfaces of varying
“hydrophobicity.” A commonly studied example of a
hydrophobic surface is Au(111) covered by an ordered
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arrangement of alkanethiol (i.e., CH3(CH2)nSH, or
alkanethiolate, i.e., CH3(CH2)nS) molecules, strongly bonded
through their sulfur (S) atoms to the Au surface. If they are
long enough (i.e., if n is roughly 10 or larger), the chains tilt
together in a manner such that no Au atoms are exposed to the
adjacent medium, and the surface is effectively oily or waxy,
certainly “hydrophobic.” This suggested an interesting
fundamental project, namely, quantifying how hydrophobic a
thiolate-covered surface is as a function of chain length n+1.
We optimized the geometries of ordered 1/3-monolayer
arrangements of methylthiolate (CH3S) and ethylthiolate
(CH3CH2S) on Au(111), and then investigated the structure
and energetics of H2O co-adsorbed with CH3S. This was
accomplished using state-of-the-art density-functional theory
(DFT) total-energy calculations, as embodied in the Vienna
ultrasoft pseudopotential (VASP [Vienna Ab Initio Software
Package]) code. 

Already the shortest alkanethiolate, CH3S tilts—in our
calculations and in agreement with results obtained by
others—and sits on the Au(111) surface not with the S atom in
a symmetry site (i.e., a threefold hollow or twofold bridge),
but in between these locations. Despite the tilt (because CH3S
is a short molecule), Au atoms remain exposed to the vacuum
when the thiolates adopt the √3 x √3 - R30º, 1/3-monolayer
structure. Thus, hard-sphere repulsion does not prevent
hydrogen-dioxide (H2O) molecules from binding to exposed
Au atoms if that is energetically advantageous. However, our
results indicate it is not. In all of the arrangements of H2O
molecules that we tried, the molecules prefer to lie well above
the height where they might bind to Au atoms. Beyond that,
the most energetically favored two-dimensional (2-D)
arrangement of H2O molecules, a hexagonal layer similar to
one basal layer of the naturally occurring ice-crystal, Ice-Ih
(hexagonal ice), has a heat of adsorption smaller than the
binding energy of H2O in ice by some 0.2 eV per molecule.
This means that the 2-D structure is unstable relative to a 3-D
ice ad-cluster and that the surface is effectively hydrophobic. 

We still must learn what the energetically optimal
structure of H2O molecules is next to a CH3S-covered Au
surface. It might not be a cluster similar to Ice-Ih, but perhaps
something like a buckyball. At the outset of this project, the
hope was that infrared-absorption measurements would help
provide experimental clues in this regard. That aspect of the
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project is incomplete. A recent paper by Hayashi, et al.,
reports electron-energy-loss spectra for methylthiolate on
Au(111) in good agreement with the theoretical geometry that
we (and, independently, they) obtained. This gives confidence
in the applicability of the density-functional approach to this
important model system.
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32914

Biomimetic Chloroplasts: An Integrated
Microdevice Power Source
J. A. Shelnutt, C. J. Brinker, C. J. Medforth, Y. Yang

Self-assembled, self-organized materials can provide
mesoscale power sources for integrated microelectronic and
microelectromechanical systems (MEMS) applications. A
biomimetic chloroplast uses light energy to produce a gas or
liquid as a fuel or chemical feed. 

In the Sandia prototype, hydrogen (H) is generated
and stored for production of electrical power generated by an
on-chip integrated fuel-cell component. Similarly, a
chloroplast is a biological structure that converts light energy
to a storable fuel for a living cell. We are using chlorophyll-
like molecules to harvest photons and direct the light energy
to a reaction center for the photosynthesis of high-energy fuel
molecules. Light energy is converted by the biomimetic
chloroplast component into a high-free-energy chemical,
which can be used in the dark and replenished when the chip
is again under illumination. 

This fuel or feedstock can be supplied as needed by
microfluidics to a microreactor on demand. We are developing
the photochemistry and catalysts required to produce H (the
biomimetic photosynthetic reaction center) and also the
associated self-assembling components of a light-harvesting
apparatus to use in a small, efficient, integrated-power
source. Self-assembled germanium (Ge), antimony (Sb), and
tin (Sn) porphyrins form the integrated light-harvesting
complex and reaction center; these components are self-
organized and compartmentalized in porous silica nano-
composites, along with platinum (Pt) nanoparticles or
hydrogenase to generate molecular H. The nanostructured
silica permits access by small-electron donors (triethylamine
[TEA], ethylenediaminetetraacetate [EDTA]), acceptors
(methylviologen), and water through small pores, while
maintaining microscale compartmentalization and organiza-
tion of the larger functional molecular components in
nanoscale pores.

We accomplished most of the currently scheduled
tasks, including (1) demonstration of direct electron transfer
from the Sn porphyrin to hydrogenase enzyme and Pt
nanoparticles upon illumination by visible light in aqueous
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solution, (2) tin-porphyrin photomediated H generation by
hydrogenase and Pt nanoparticles in aqueous solution, (3)
measurement of H-production rates for Pt-nanoparticle
catalysts, (4) incorporation of Sn porphyrin into 3 nm pores of
silica films in the hexagonal phase, (5) heat treatment to
remove the detergent molecules used in templating the silica-
nanophase formation, (6) formation of silver (Ag) and Pt
nanoparticles within the pores of hexagonal-phase silica films
by using the embedded Sn-porphyrin photocatalyst and light,
and (7) optimization of calcining conditions and porphyrin-
diffusion into silica nanophases to yield active porphyrin
reaction centers. 

We also showed that methylviologen is not needed as a
relay molecule for transport of electrons from the photo-
reduced porphyrin to Pt nanoparticles, and we initiated
surface-enhanced resonance Raman and ultraviolet-visible
spectroscopy of the porphyrin-metal-silica nanocomposite
materials. We are nearing completion of the determination of
H-generation activity of the Sn porphyrin and Pt nanoparticles
embedded within the silica matrix.
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Molecular Modeling and Simulation for
Gaseous Mixtures Adsorbed in Zeolite A and
Other Novel Molecular Sieves
T. M. Nenoff

In collaboration with New Mexico State University,
Sandia will provide a two-pronged approach to elucidating
the molecular-level phenomena occurring during separation
processes using zeolites and other molecular sieve materials:
(1) molecular density-functional theory (DFT), and (2)
molecular dynamics (MD) simulations. The goal of this
project is to model adsorption and diffusion of binary mixtures
of molecular oxygen and water in various zeolites. 

In this project, we modeled the separation of a binary
mixture of light gases in two microporous systems: Zeolite A
and the novel zinc phosphate, Na3Zn4O(PO4)3. MD
simulations, which probe microscopic-length scale events,
provide diffusion information for binary mixtures. However,
we found also that longer-length scale events are important
contributors to the diffusion mechanism in molecular sieve
films.

Zeolite A simulations. These results clearly show that
hydrogen (H) moves more rapidly through the zeolite, but that
methane has significant movement has well. The history file
was also used to generate a histogram of occupancy of the
adsorbate molecules in three-dimensional (3-D) bins spanning
the unit cell. Because of the prohibitive size of the history
files, positions could not be saved often enough to obtain a
smooth-isodensity surface. Although the surface is rough, H is
closer to the framework walls. Even though these corners are
favorable in term of energy, if adsorbates are in the center of
the unit cell, the activation energy is prohibitively large and
does not allow for the molecules to go through the window
into the small corner.

Phosphate molecular-sieve simulations. This
simulation confirms the conclusion from the mean-squared-
displacement plots that the H can move from cage to cage
within the zinc-phosphate structure, but the methane is
confined to the cage in which it started in the simulation. Even
though the potential energy for H2 is not favorable in the cage
windows, the H molecules have enough energy to overcome
that unfavorable energy. As indicated by the mean-squared-
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displacement plots, the movement of H is significant and the
movement of methane is not significant. In the zinc
phosphate, for the number of adsorbates studied, no clear
decrease in the diffusivity of H was found as the system
becomes more crowded.
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Scanning Tunneling Microscopy of Silicon-
Based Nanostructures
B. S. Swartzentruber

As silicon (Si)-based devices in microelectronics shrink
to the nanometer regime, established processes and
architectures may become inadequate. For example, new
interface materials or structures may be necessary to build
properly functioning devices at this small scale. 

In collaboration with New Mexico State University,
Sandia is investigating silicon oxide (SiO) super structures
using scanning tunneling microscopy (STM). We proposed a
SiO superlattice structure as a barrier layer on Si that would
also allow the overgrowth of crystalline Si. If successful, this
concept would enable new device-architecture designs within
the existing Si-processing technology currently used in the
microelectronics industry. 

To form reproducible, well-defined, initial substrate
surfaces onto which SiO is grown, we determined that the
surface-preparation procedure is critical. In particular, a long-
time anneal at intermediate temperatures is required to lower
the number of point defects on the surface. Such defects
interfere with our ability to determine the atomic positions
where the deposited O atoms react.

The substrate temperature is also a critical parameter
when depositing O atoms through exposure to molecular O
because substantial surface etching occurs at high-substrate
temperatures, and surface roughening occurs at low
temperatures. We determined the appropriate temperature
window in which low-coverage thin films of oxide can be
formed. We have also begun work on the overgrowth with Si.

We augmented the data-acquisition and -control
software to perform measurements of the surface-electronic
structure through multiple-bias imaging. In this mode STM
images are acquired simultaneously, on the same part of the
surface, at two biases. Typically, we image the filled- and
empty-electronic states of the surface. From these images, we
can more reliably determine the atomic positions of the atomic
species than from single-bias images.

We currently have the tools in place to grow and to
measure the electronic structure of ultrathin SiO barrier
structures.
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34692

Self-Assembly of Polymers in Confined
Geometries
J. G. Curro

Polymers are used for applications (e.g.,
microelectronics) with finer and finer features that approach
the polymer radius of gyration. Therefore, understanding how
the confined geometry influences the properties of the polymer
is necessary. Miscibility characteristics, viscoelastic
properties, and glass-transition temperature (Tg) of polymer
in thin films can be quite different from the corresponding
bulk properties. 

The purpose of this project is to develop modeling
capabilities to investigate the properties of polymers in
confined geometries. Of particular interest is the self-assembly
of block copolymers near surfaces and the behavior of
polymers grafted to surfaces. The focus of the project is to
apply density-functional theory (DFT) to develop modeling
tools for predicting the properties of polymer near surfaces
and in confined geometries.

We wrote a general DFT code to model polymers near
surfaces and in confined geometries. We successfully applied
this code to several important applications, including the
response of surface-grafted chains, the self-assembly of block
copolymers near surfaces, and modeling the shift in Tg of
polymers in confined geometries.

We performed calculations of the density profile of
poly(n-propyl acrylamide) chains grafted to silica surfaces as
a function of surface coverage, molecular weight, and
temperature. We found good agreement with x-ray-reflectivity
measurements by others at Sandia on these same systems.

We modeled the effect of confined geometries on the
Tg using the DFT code. We found good agreement with many
experimental studies in the literature on polymers in pores,
channels, and thin films. Of particular significance is our
prediction that the Tg shift in freestanding polymer films is
much larger than for polymers on pores. Furthermore, the
DFT results demonstrate that positive and negative deviations
from the bulk Tg are possible, depending on the magnitude of
polymer/surface interactions.
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34693

Building Conscious Machines Based on the
Primate Brain
R. B. Asher

Designing intelligent systems that can monitor and
interact with complex, variable, and poorly modeled
environments remains a challenge. This is particularly true for
systems that need to be controlled in real time, such as
autonomous robots, automated buildings, or traffic control in
metropolitan areas. 

This report describes an approach that sacrifices the
time-consuming (and, for many physical systems, ill-defined)
goal of searching for the global optimum in favor of a locally
optimal solution in a small, restricted subset of the system.
That is, an attentional mechanism selects a subset of all
relevant data, in real time, as the best representation of the
system status, given limited computational resources. This
central representation, akin to the content of consciousness,
changes as the system and the environment evolve. The
organization of this architecture model is reminiscent of the
cognitive architecture of the primate brain and uses a notion
similar to the hypothesized function of consciousness.

A general architecture for a brainlike machine
architecture. A general-purpose computational architecture
was based on the following: The low-level modules are the
sensors, early processing, error module, and actuators. Under
normal conditions, this portion of the system operates
autonomously, quickly responding to sensory inputs to
perform familiar tasks as in the on-line zombie systems. The
higher-level system, comprising logic (a central processing
unit [CPU]) and declarative memory, implements emergency-
handling and long-term planning by issuing command signals
to the actuators directly and configuration signals to all other
modules. This portion of the system is reminiscent of a von
Neumann architecture, except the inputs and outputs are
routed through the low-level computing structure.

The attentional module acts as a central information
exchange. This module selects the most salient subset of the
preprocessed sensory inputs and then submits search requests
to the declarative memory to retrieve the most relevant past
recollections. The memory should be organized in a
hierarchical fashion to facilitate the search and to return
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relevant facts. These are combined with the content of the
attentional module in a compact representation labeled
awareness (it could also be called consciousness). This is
made accessible to the logic unit, which then plans and makes
executive decisions in real time. In this view, awareness can
be thought of as the state of the cache memory of the logic,
containing the information that is currently of most relevance
to the system. In a world of unlimited computational
resources, the system logic should have access to all
information collected by the cooperating agents for optimal
behavior. In a finite and highly competitive world, awareness
represents the compromise needed to achieve better-than-
chance performance in real time (albeit, most likely not
optimal in a global sense) by providing the central processor
with the most relevant information only.

As a real-world example of such an architecture,
consider an intelligent building such as a skyscraper. The
processing modules correspond to face- and voice-recognition
modules at the doors, cameras, and PCs tracking the
movement of humans inside the building; temperature,
humidity, and chemical sensors in every room, and so on.
Again, these are the routinely operating zombie-behaviors.
This vast data stream is transcribed into a detailed
representation of the entire building. An attentional
mechanism needs to select a subset of these data and generate
a more compact representation—corresponding to the current
contents of awareness—that is made available to the logic
unit. The error signals assign higher priority to events, such as
the detection of an intruder or a fire, compared to the routine
identification of an employee walking through the front door. 

Many situations require access to memory, for
example, comparing an unknown face against the faces of
known criminals stored in a database, or checking whether a
high occupancy in one of the lecture rooms corresponds to a
regularly scheduled seminar. A compact, dynamic, and
flexible “awareness” representation implemented on an
inexpensive personal computer might be sufficient to help
manage such a large-scale system. Alternatively, the contents
of the awareness module may be forwarded directly to a
human operator, who in that case would be performing the
function of the logic. Examples of other applications are
interactive, automated office assistants, autonomous agents for
hazardous industrial or extraterrestrial environments, traffic 
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control in metropolitan areas, or managing large physical
plants (e.g., oil refineries, hospitals, aircraft carriers, and so
on).

The approach outlined here, inspired by the cognitive
architecture of the primate brain, can provide one answer. This
approach can lead to a novel computational paradigm
appropriate for solving complex problems efficiently by
taking decisions based on a compact representation of the
most salient features of the environment and the relevant
information from memory.
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35376

Development of Experimental Verification
Techniques for Nonlinear Deformation and
Fracture
N. R. Moody

There currently are few experimental testing methods
that can assess nonlinear deformation and fracture
phenomena on the micrometer- and submicrometer-length
scales. Those that exist are often not verified using a second
experimental approach. Nanoindentation techniques have
been developed to probe failure modes, including film fracture
and delamination, but these tests are difficult to verify without
resorting to other indentation or scratching techniques.
Therefore, Sandia will apply a study that will allow for the
development of testing using an independent technique (bulge
testing and blister testing) to materials systems of interest to
film-substrate systems that can be used as models for
components in the stockpile. We will perform additional
testing in materials that exhibit nonlinear deformation and
shear-band formation under high stresses. As both systems,
nanoindentation and bulge testing, can be carried out in
aqueous environments that are environmentally aggressive, we
will perform testing correlation under various thermochemical
environments to ensure the robust nature of the experimental
procedure. We will then compare the results of all of these
tests to simulations in projects supported in the Accelerated
Strategic Computing Initiative (ASCI) program to show
applicability of the testing methods to future verification of
simulations for life cycle engineering.

In collaboration with Washington State University, we
verified the nanoindentation method of generating film
fracture on a specific materials system, titanium oxide (TiO)
films on Ti on glass. We examined two methods of generating
film fracture, a monotonic-loading and a cyclic-loading test;
both proved to generate loading discontinuities during
indentation. We used atomic-force microscopy (AFM)
imaging in conjunction with the monotonic loading to identify
cracking around the circumference of the indentation. Cyclic
loading is producing fracture events on systems that do not
show loading discontinuities during monotonic systems. We
are currently investigating the differences between the cyclic
and monotonic loading. We also carried out nanoindentation
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on tungsten oxide (WO) films on W; these samples are
currently being analyzed using transmission electron
microscopy (TEM) to correlate dislocation structures and film
fracture geometries. In addition, we used AFM imaging to
measure slip steps and shear bands around indentations into Ti
to identify active slip systems.

We constructed two bulge test systems, one based on
pressurized liquids and one based on pressurized gases. We
used these systems to deflect silicon (Si) membranes formed
by anisotropic etching of Si. Both systems are currently being
calibrated for load and deflection and are capable of doing
both monotonic and cyclic loading so that comparisons can be
made between the nanoindentation and bulge test systems.
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36901

Microcontact Printing of Nanoparticle Arrays
P. G. Clem, S. Y. Lin

Microcontact printing of functional molecular
monolayers is a powerful technique for fabrication of
photonic-bandgap (PBG) materials. Sandia has demonstrated
that microcontact-printed cationic and anionic monolayers
can drive the assembly of high-resolution arrays of colloidal
particles. Through control of the dielectric constants of the
colloidal particles and of the periodic structure of the array, it
will be possible to tailor the visible and infrared (IR) optical
properties of surfaces. Even greater control of optical
properties will be enabled by using the colloidal nano- or
microparticles as etch masks or as a seed layer for the
fabrication of self-assembled three-dimensional (3-D)
photonic crystals (PhC). Microcontact printing has the
significant advantage over conventional nano- and
micropatterning techniques in that it has the potential for
rapid patterning of large areas exceeding several square
meters.

The ability to fabricate large-area PhC would enable
the creation of surfaces with low observability, tailored
reflectance, and enhanced efficiency lighting. Sandia is
performing the assembly and characterization of these
surfaces in collaboration with researchers at the University of
Illinois (UI). UI is assembling and characterizing the optical
properties of the patterned surfaces and PhC; Sandia will
participate extensively in subsequent optical characterization
and synthesis of the nano- and microparticles used in this
study.

We acquired and configured both an ultraviolet-visible
(UV-vis) near-infrared (NIR) spectrophotometer, which will
be used to characterize the self-assembled photonic materials,
and a grazing angle attachment for Fourier-transform infrared
(FTIR) spectroscopy to assist in self-assembled monolayer
(SAM) characterization. 

One milestone for this project was demonstration of
micron-scale stamping technique to enable large-scale
(multicentimeter area) patterning of optical materials of
interest. We successfully completed all the steps required for
microcontact printing of SAMs, including the fabrication of
silicon (Si) masters with pitches ranging from 4 µm to 10 µm, 
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from which we successfully created PDMS (polydimethyl
siloxane polymer) stamps.

Using this stamp, we deposited a SAM consisting of a
periodic array of 2 µm diameter anionic regions on a 5 µm
pitch surrounded by cation-terminated alkane thiols on a gold
(Au)-coated substrate. Then, through electrostatic interactions
between the patterned substrates and 1 µm amine
functionalized (cationic) polystyrene colloidal particles, we
deposited a square array of particles on the substrate. Through
capillary forces generated upon removal of the solvent, the
colloidal particles were brought toward the center of each
microcontact-printed pad. Although we observed fairly good
placement, the capillary focusing was not sufficient to place
the particles as close to the center of each pad as desired; thus,
we are synthesizing new thiol-terminated molecules to
improve the contrast between the positively and negatively
charged regions.

We created PDMS stamps for microcontact printing of
micron-scale features from Si masters.

We printed monolayers consisting of a regular array of
anion- and cation-terminated alkane thiols on substrates using
microcontact lithography.

Using these patterned substrates, we deposited a
square array of 1 µm polystyrene colloidal particles on a pitch
of 5 µm on the substrate.

Sandia completed synthesis of micron-scale and
nanometer-scale particles of polystyrene and silver (Ag).
Future materials will include optically active materials such as
cadmium sulfide and selenide.

UI is optimizing their reactive-ion etch facility for the
creation of high-aspect-ratio structures. Once the appropriate
etch parameters have been determined, the colloidal particles
will be applied as etch masks.
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36902

Mathematical Analysis of Deception
F. B. Cohen

In the past few years, deception has emerged as one of
the key techniques for effective information protection in
networks. A natural side effect of the use of this technology is
the desire to understand the mathematical properties
underlying its utility. Several informal notions have been
introduced—to wit: Deception increases the attackers’
workload because they can’t easily tell which of their attack
attempts work and which fail; deception allows defenders to
track attacker attempts at entry and respond before attackers
come across a vulnerability that the defenders are susceptible
to; deception exhausts attacker resources; deception increases
the sophistication required for attack; deception increases
attacker uncertainty.

Sandia will examine these claims and provide a more
mathematical foundation for this aspect of deception as a tool
for network defense. This collaborative research with the
University of California–Davis benefits improved
understanding that can be applied to the infrastructure of the
DOE complex, since its results will prove beneficial to the
wider national defense issues of computer networks.

Work continues in three areas of research: (1) a
mathematical characterization of network information
protection, (2) development of an experimental design for a
set of collaborative experiments involving 120 students
attempting to carry out red-teaming against defenses with
deception enabled and disabled (blind tests) over a period of
13 weeks, which will produce an unprecedented set of data on
the effectiveness of deception for information protection, and
(3) developing additional attacks to measure deception effects
for “close-in” deception technologies.
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36904

A System Dynamics Approach to Modeling
Water Demand
V. C. Tidwell, S. H. Conrad

Fresh water is central to the vitality of our society;
however, national and international demands are increasingly
being met through unsustainable practices. Unfortunately,
management of this precious resource is complicated by the
different values placed on water by various sectors of our
society (i.e., industry, agriculture, environmental protection,
recreation). Modeling tools are needed to quantify these
differing value systems and their relation to supply.

Sandia proposes a system dynamics approach to
modeling fresh-water demand. This approach provides a
comprehensive framework for quantitatively modeling the
values ascribed to water. Here, our concern is for market-
driven values (economic) and nonmarket values (e.g.,
environmental, ecological, and cultural) alike. We will make
efforts to conceptualize, mathematically model, calibrate, and
test key value systems. As these values tend to interact, we will
explore the coupling or feedback between different values and
their relation to water supply. Additionally, we will explore the
legal and political constraints used to protect and promote
particular values. Ultimately, our goal is to develop a fresh-
water demand model accessible to water managers, policy-
makers, regulators, and stakeholders to help them understand
the consequences of their decisions.

We are collaborating with the University of Arizona
(UA). In collaboration with SAHRA (sustainability of semi-
arid hydrology and riparian areas), we will gain access to
field data acquired from a variety of semi-arid river basins,
including the Rio Grande. More importantly, this relation will
provide new understanding and predictive models for
implementation in our system-dynamics water-demand model.

Researchers at the University of New Mexico (UNM)
have agreed to provide data on the market and nonmarket
value of water; lawyers at UNM’s Utton Center will help with
legal issues concerning water transfers; and professors at Penn
State University and New Mexico Tech will provide data and
models on river-aquifer interaction and salinity loading in the
Rio Grande River. Also, a numerical test-bed for testing key
components of our model was established with SAHRA
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researchers at Los Alamos National Laboratory, who are
constructing a high-resolution, physically detailed model of
the Upper Rio Grande River watershed.
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38108

Controlling Contamination in Precision
Mirrors by Surface-Capping Modifications
M. E. Malinowski

High, near-normal reflectivities in the extreme
ultraviolet (EUV) region can be achieved in mirrors with thin-
film, multilayer structures. The molybdenum (Mo)/silicon (Si)
materials pair has been successfully used to fabricate
multilayer mirrors (MLMs) with reflectivities of ~ 0.67 in the
EUV (~ 90 eV). A typical Mo/Si MLM is made by sputter-
deposition of 40 pairs of alternating Mo and Si thin films, with
a total (Si+Mo) bilayer thickness of ~ 0.7 nm and a ratio of
Mo/Si thickness of ~ 0.4. A Si “capping” layer is often
deposited on top of this multilayer stack of 40 bilayers to
minimize oxidation of the multilayer structure during routine
handling in air. Preventing oxidation helps to maintain high
reflectivities in the EUV. Since EUV light is strongly
attenuated not only by oxygen (O) but also by carbon (C), it is
also important to minimize C contamination of the MLM
optical surface. Through previous experimental work
performed at the Advanced Light Source (ALS) synchrotron at
Lawrence-Berkeley National Laboratory (LBNL), Sandia
showed that C buildup on MLMs is correlated with
photoemission caused by EUV irradiation in the presence of
high-molecular-weight hydrocarbons (HCs). Thus, reduction
of the original mirror photoemission should decrease initial C
buildup rates. This observation led to the concept of
constructing the near-surface layers of the MLM, such that the
electric field and, hence, photoemission, is minimized in this
region; this led to a technical advance. The intent of this
project is to build on these past experimental results and the
electric-field minimization concept to fabricate, experi-
mentally test, and model the effects of field tailoring on MLM
C buildup susceptibility. The minimization of C buildup would
be performed consistent with maintaining high MLM
reflectivities. 

We upgraded an existing MLM exposure system
located on Beamline 12.0.1.2 of the ALS synchrotron at
LBNL with improved data-acquisition equipment and internal
manipulator modifications.

We made six separate Mo/Si MLM mirrors on Si
wafers at the Lawrence Livermore National Laboratory
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(LLNL) multilayer facility; each MLM had a different Si
capping-layer thickness, including 2 nm, 3 nm, 4 nm, 5 nm, 6
nm, and 7 nm.

We measured the EUV reflectivities of samples
cleaved from the MLMs on the Calibration and Standards
Beamline (6.3.2) of the ALS. We found the MLM with the 3
nm capping layer to have the highest reflectivity (~ 66.5
percent at near normal incidence, 13.4 nm EUV light). This
was slightly higher than the 66.3 percent reflectivity measured
for the sample with 4 nm Si capping layer; 4 nm is the
capping-layer thickness normally used in fabrication of such
Mo/Si multilayer mirrors.

When exposed to a combination of EUV+ HC vapors,
samples of the 3 nm Si-capped MLM showed the least amount
of initial C buildup, as manifested by maintenance of original
EUV reflectivity in the carbonizing environment. The
capping-layer thickness had a remarkable influence on this
initial rate, and each sample with a different capping-layer
thickness had a different characteristic. The samples with the
6 nm and 7 nm Si caps showed the most rapid decrease in
relative EUV reflectivity.

The photoemission, or photocurrents emitted from the
samples, was consistent with the notion that the C buildup on
the MLMs is produced by cracking of adsorbed HC by
photoelectrons. In particular, those samples that showed the
highest initial photoemission (6 nm and 7 nm capping layers)
showed the greatest initial decrease in EUV reflectivity,
indicating high C buildup. Conversely, those samples with the
lowest photocurrents retained their initial reflectivities the
longest, a behavior consistent with slower initial C buildup.
Auger electron spectroscopy depth profiles taken of different
samples indicated thicker initial C layers on the 7 nm capped
MLM than in the 3 nm capped MLM, corroborating the
conclusions regarding C buildup based on the reflectivity
results.

The photocurrents emitted from all samples were
consistent with modulated photoemission observed in our past
EUV+HC work at the ALS. These observations support the
proposal that the modulation in photocurrent is due in part to
the presence outside the MLM of a standing-wave electric-
field intensity caused by the incident EUV light.

The results of the current work confirm ideas
originally proposed in Technical Advance 8328; we filed a
patent disclosure under the same number. We expect the work 
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performed in this project to provide strategies for
manufacturing multilayer EUV optical elements with
improved reflectivity retention in carbonizing environments.
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Chip-Based Optical-Cell Manipulation
B. J. Kirby

The goal of this project is to develop and refine
techniques for nondestructive manipulation of cells in
microfluidic chips using optical tweezers, followed by
separation and detection of derivatized cell contents. Research
focused on tweezer-compatible laser-polymerized silica
surface coatings to inhibit cell adhesion. One expected area of
focus, use of polymer-linked polystyrene beads to facilitate
optical manipulation of cells on-chip, was deemed
unnecessary for effective cell analysis and was not pursued.
Sandia is collaborating with Stanford University on this work.

We implemented laser-polymerized coatings that
eliminate zeta potential and inhibit cell adhesion.
Demonstration experiments with mast and neuron cells
showed that these coatings allow for simultaneous
electroosmotic flow manipulation and optical-cell
manipulation.

Tests with cells on-chip indicate that mast and neuron
cells will adhere to silica surfaces if left uncoated. Our
polyacrylamide coating completely eliminates cell adhesion.

Electroosmotic flow can interfere with a number of
microfluidic techniques. Our coating completely eliminates
electroosmotic flow.

We performed chip electrophoresis on neuron-cell
lysates with good results.

We presented these results to the 1st Gordon
Conference on the Physics and Chemistry of Microfluidics
and will present them to the 5th International Conference for
Miniaturized Chemical and Biochemical Analysis Systems. 
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Advanced Particle Control for Electric-
Discharge Light Sources
N. R. Fornaciari, M. P. Kanouff

A difficulty inherent in using electric discharges to
generate light is that the debris created by these sources tends
to degrade the performance of the plasma-facing optics used
to collect the light. There are a variety of applications for
these light sources, including x-ray lasers, soft x-ray
microscopy, and advanced lithographies. In the case of
advanced lithography, for example, one of the most significant
issues impeding commercial implementation is the lack of
short-wavelength sources that can generate the necessary
amount of power while maintaining an acceptable cost of
ownership. Of the advanced source options available, plasma
discharge sources, which generate short-wavelength light by
means of direct conversion of electrical to actinic energy, have
the lowest projected cost of ownership. This projection
assumes, however, an essentially debris-free source that would
support condenser optic lifetimes of 1011 pulses, or about one
year of continuous operation. Currently, the best of these
discharge sources is several orders of magnitude short of that
goal. The contamination generated by these sources tends to
degrade the reflectivity of multilayer optics used in advanced
lithography systems at such a rate to make the use of these
sources not economically feasible. Material and design
improvements intended to reduce debris generation have been
tested, but these improvements alone will not be able to
reduce the debris generation sufficiently. Sandia is studying a
technique that would prevent the debris that is generated by
these sources from depositing on collection optics.

We set up and tested a particle and contamination
mitigation approach: the gas curtain. The gas curtain uses a
supersonic cross-flow to alter the trajectory of particles
generated by a light source and to prevent them from
depositing on plasma-facing collection optics. The setup
included acquiring two new high-throughput vacuum pumps
and designing and fabricating components that allowed these
pumps to mate with an existing vacuum chamber. Once the
hardware was assembled, we measured the helium (He)-
pumping performance for each of the pumps. We found that
the He-pumping performance for both pumps was better than
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estimated by the supplier and that the resulting chamber
pressures were below our modeling estimates. We then used
these performance curves to estimate the capture efficiency
for the diffuser. We tested two nozzles and found that in both
cases the diffuser efficiency was better than 90 percent. These
experimental results agree very closely with modeling
estimates for the small nozzle. Testing of the gas curtain under
operational conditions is under way.

Sandia National Laboratories LDRD Annual Report 2001 751

We tested two nozzles and

found that in both cases the

diffuser efficiency was better

than 90 percent. 



38822

Wireless Infrastructure Data-Transmission
System
R. V. Matalucci, K. B. Pfeifer

Increasing demands on the aging infrastructure of the
U.S. have resulted in accelerated deterioration of structural
components. Although steps have been taken to replace or
strengthen many structures, nearly 25 percent of the nation’s
bridges are deficient. Replacement and strengthening are
costly alternatives. Field monitoring of the in situ behavior of
bridges consistently demonstrates that these structures have
considerably greater remaining fatigue life and reserve
strength than predicted by analytical models. Often it is found
that replacement can be postponed or the level of
strengthening reduced. Hence, using field measurements to
establish the health of the infrastructure leads to a more
effective use of resources.

One of the primary costs associated with infrastructure
monitoring is related to the cost of the wires from the sensors
to the data-acquisition system on site. Problems with electro-
magnetic (EM) noise, damaged wires, and durability of wires
all contribute to the life-cycle costs associated with these
wires. This project has evaluated the feasibility of a wireless
system for making health-monitoring measurements on
bridges and other infrastructures. Sandia aimed this work at
providing a method to allow the collection of strain-gauge and
other information for researcher sharing and analysis.

Recently there has been a large effort in the
development of noncontacting radio-frequency (RF) tagging
technology. These devices function when they are placed in
proximity to a reading instrument. The reading instrument is
placed a distance from the device and information is
transferred from the RF tag to the reader by modulation of the
input impedance of the tag. Thus, the backscattered radiation
from the tag is read and interpreted by the powered reading
device, thus eliminating the need for batteries or external
power to operate the tag. 

We conducted work to determine if RF-tagging
technology could be implemented to store the data from the
sensor to nonvolatile memory. Typically, RF tags have flash
memory that, along with the identification information, is read
out by the system. We chose to test a MicroChip MCRF355
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device. This tag operates at 13.56 MHz and has 154 bits
available for programming via a contact method. 

Sensor measurements of critical infrastructure can be
made and these data saved to an RF tag for future readout.
One critical aspect of application of RF tags to this application
is the ability to produce an RF resonant circuit on a circuit
board. We did this by producing a printed circuit board (PCB)
with 3.5 loops of 10-mil (.010-inch) traces separated by 10-
mil spacings and formed into a 3-inch-square pattern on FR-4
glass for a nominal inductance of 4 MHz. When an EM signal
at 13.56 MHz is near the inductor, the tank circuit tends to
adsorb and store energy. This electrical energy is used to
power the logic circuits in the MCRF355. The MCRF355 then
selectively switches the resonance frequency and thus the
impedance of the resonance circuit. The changes in the
impedance of the tank circuit and the backscattered energy
from the impedance mismatch can be monitored by a powered
reading device. Thus, data can be transferred from the
MCRF355 to the reader without external power to the
MCRF355. 

We tested two approaches using a switched
capacitance circuit and a switched inductance circuit. Shifting
between the center frequency and the shifted resonance
changes the impedance of the tank circuit as viewed from the
reader and represents a bit of data. Thus, 154 bits of sensor
data can be measured and then read at a much later time, even
while the rest of the circuit is idle.
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39212

MEMS–Based Electromechanical Acoustic
Energy Harvester
K. B. Pfeifer

The goal of this research is to develop an electro-
mechanical acoustic resonator for the reclamation of energy
using microelectromechanical systems (MEMS) technology.
The proposed MEMS device converts acoustical energy to
electrical energy, which can then be either stored for later use
or utilized directly for a particular circuit application. The
relatively small geometries possible in MEMS make such a
device useful for small, portable devices, where battery
requirements are often difficult to meet.

Sandia’s long-term objectives with the project are (1)
theoretical analysis of coupled electro-acousto-mechanical
system, including estimation of available output power, (2)
design and fabrication of device using MEMS–based
technology, (3) design and fabrication of energy-reclamation
circuitry, and (4) characterization and evaluation of
performance, including comparison to theoretical models.

We assembled the team and developed a work plan for

FY 2002.
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10300 Functional Materials for 
Microsystems: Smart Self-
Assembled Photochromic Films 450

10301 Innovative Experimental and 
Computational Diagnostics for 
Monitoring Corrosion in Weapons 
Environments 453

10302 Self-Healing Molecular 
Assemblies for Control of Friction 
and Adhesion in MEMS 456

10303 Linking Atomistic Computations 
with Phase-Field Modeling 458

10304 A Combinatorial Microlab 
Investigation of Critical Copper-
Corrosion Mechanisms 460

10305 Self-Assembled Templates for 
Fabricating Novel Nanoarrays and 
Controlling Materials Growth 462

10306 Wetting and Spreading Dynamics 
of Solder and Braze Alloys 464

10307 Improved Materials-Aging Diagnos-
tics and Mechanisms Through 2-D 
Hyperspectral Imaging Methods 
and Algorithms 467

10308 Microscale Shock-Wave Physics 
Using Photonic Driver Techniques 471

10313 Heterogeneous Simulation 114

10314 Volumetric Video Motion Sensing for 
Unobtrusive Human-Computer 
Interactions 116

10315 Hybrid Sparse-Dense Incomplete 
Factorization Preconditioners 118

10316 Advanced Large-Eddy Simulation 
Algorithms for Coupled-Flow Physics 
and Complex Geometry 121

10317 Molecular Simulation of Reacting 
Systems 124

10318 Massively Parallel Global Climate 
Model for Paleoclimate Applications 126

10328 Silicon Three-Dimensional Photonic 
Crystal and Its Applications 158

10329 Monolithic Micromachined Variable 
Tuners for Rapid Prototyping and 
Optimization of Microwave Circuits 160

10330 Quantum Tunneling Transistors 
for Practical Application 163

10331 Development of Magnetically 
Excited Flexural Plate-Wave 
Devices for Implementation as 
Physical, Chemical, and Acoustic 
Sensors, and as Integrated 
Micropumps for Sensored Systems 165

10334 Stress-Free Amorphous Diamond 
for High-Sensitivity Microsensors 
with Integrated Microstructures 168

10336 Structural Simulations Using 
Multiresolution Material Models 402

10338 Mechanisms of Adiabatic Shear 
Failure 405

10340 Crack Nucleation and Growth: 
Combining Validated Atomistic and 
Continuum Modeling 407

10341 Applied Microfluidic Physics 410
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10343 Innovative Measurement Diagnostics 
for Fluid/Solid and Fluid/Fluid Inter-
actions in Rotating Flowfields 413

10347 Microdiagnostic MEMS 
Lab-on-a-Chip 57

10349 Thin-Film Deposition Processes 
Incorporating In Situ Monitoring 
Capabilities 61

10356 Varying QoS for Fixed and Mobile 
Networks 317

10357 A Real-Time Decision-Support 
Framework to Guide Facility 
Response to Abnormal Events 546

10358 Physical Model–Based Fusion 
of Sensor Array Data 549

10360 High-Surety SCADA for the 
Critical Energy Infrastructures 319

10361 Agent-Based Mediation and 
Cooperative Information 
Systems 321

10362 Dynamically Self-Configurable 
Network Protocol 324

10365 Controlling Information: Its 
Flow, Fusion, and Coordination 551

10368 Surface Decontamination of 
Bacterial Protein Toxins by RF Power 217

10369 Intense White-Light Pulse Propagation 
in Air Using Self-Guided Optical 
Filamentation: Applications to Remote 
Sensing and Countermeasures 219

10370 HPM Vulnerability Assessment 
and Tests 221

10377 Dispersible Granular Sensor (Smart 
Sand) for Landmine Detection Based 
on TNT Immunoassay 223

10378 Characterization of Underground 
Facilities in an Urban Environment 552

10379 Dexterous Robotic Manipulation 
of Hazardous Materials in 
Unstructured Environments 226

10380 Autonomous Dynamic Soaring 
Platform for Distributed Mobile 
Sensor Arrays 229

10381 Miniature UV Fluorescence–
Based Biological Agent Sensor 232

10388 Hybrid Processing of Measurable 
and Subjective Information in 
Surety Analysis 327

10393 Production Surety and Disruption 
Vulnerability Analysis 329

10394 An Optically Triggered 
Semiconductor Switch for 
Firing Systems 672

10395 Source Code Assurance Tool 332

10399 Information Collection 438

10407 Information Extraction from 
Hyperspectral Images Obtained 
from Satellites 674

10409 Capillary Elastohydrodynamics in 
Manufacturing Processes 676
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10693 Nanosat 554

10718 A Novel Microcombustor for Sensor 
and Thermal-Energy Management 
Applications in Microsystems 335

10719 Radiation-Induced Prompt Photo-
currents in Microelectronics: 
Physics 172

10720 Proton Beam Directed-Energy 
Weapon 235

10721 Volumetric Displacement Control 
(VDC) of Manufacturing Tools 63

10722 Process-Based Quality Tools to 
Verify Cleaning and Surface 
Preparation 66

10723 Fabrication of Three-Dimensional 
Microstructures Using Soft 
Lithography 69

10724 High-Speed 2-D Hadamard Trans-
form Spectral Imager for IR 
Applications 560

10725 A Micro-GC–Based Controller for 
Energy-Intensive Processes 338

10727 Micro-High-G Acceleration 
Recorder 237

10728 Algorithmic Advances in 
Computational Structural Biology 129

10729 Ultraminiaturization of RF 
Circuitry 678

10731 An Actuator Based on an 
Electrokinetic Pump 681

10732 A MEMS Microelectric Generator 341

10733 SOI–Based High-Aspect-Ratio Si 
Bulk Micromachining for MEMS 
Applications 175

10734 Next-Generation Output-Based 
Process Control: An Integration of 
Modeling, Sensors, and Intelligent 
Data Analysis 474

10735 Physical Basis for Interfacial 
Traction-Separation Models 477

10736 Dynamic Range Imaging for Terrain 
Mapping, Position Determination, 
and Obstacle  Avoidance in 
Autonomous Navigation 239

10739 Laser-Assisted Microgas Metal 
Arc Welding 684

10740 Diagnostics for Joining 
Solidification/Microstructural 
Simulations 480

10741 Effects of Microstructural 
Variables on the Shock-Wave 
Response of PZT 95/5 483

10742 Mechanisms of Dislocation-Grain 
Boundary Interaction 486

10744 Defining the Frontiers of Vertical, 
External-Cavity, Surface-Emitting 
Lasers 178

10746 Predicting Function of Biological 
Macromolecules 97

10747 Induced Molecular Markers for 
Pathogen Detection: Microincubators 
for Rapid Toxin Expression 562
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10748 Nanostructured Silicon Surfaces 
for Cost-Effective Photovoltaic 
Efficiency Improvements 343

10749 Growth and Characterization of 
Quantum Dots and Quantum Dot 
Devices 181

10751 Automatic Design of Practical 
Fixtures 72

10752 Distributed Reconfigurable Homo-
geneous Microrobotic Systems 241

10753 Robust Planning for Autonomous 
Navigation of Mobile Robots in 
Unstructured, Dynamic 
Environments 243

10754 Functional Materials for 
Electrochemomechanical Actuation 
of Microvalves and Micropumps 488

10755 Microreplication: Precision Metal 
Parts from Electroformed Master 
Molds 75

10756 New Architectures for Micro-Total-
Analytical Systems 540

10757 Large-Scale Nonlinear Optimization 
Arising from PDE Models 132

10758 Network Intrusion Detection Using 
Adaptive Critic Neural Networks 346

10759 Key Management Techniques for 
Authenticating Highly Secure 
SCADA Systems in the Electric 
Power Industry 348

10761 Making the Connection Between 
Microstructure and Mechanics 491

10762 Self-Assembled, Tamper-Detection 
Seals 564

10763 Control Strategies for Homogeneous 
Charge-Compression Ignition 
(HCCI) Engines 350

10765 Energetic-Material Burn and 
Detonation at the Mesoscale 416

10766 Heterogeneous Integration of 
Optoelectronic Arrays and 
Microelectronics 184

10767 Intrusion Detection for 
Asynchronous Transfer Mode 
(ATM) Networks 353

10770 IMEMS Packaging and Inter-
connection Technology 78

10771 Silicon/Carbon Nanocomposites 
for Rechargeable Battery 
Applications 356

10772 Intense Directed-Energy Theory 
Initiative 246

10773 Assembly of LIGA Using Electric 
Fields 81

10774 Biosensors Based on the Electrical 
Impedance of Tethered Lipid 
Bilayers on Planar Electrodes 100

10775 Miniature Sensors for BW Agents 
Using Fatty-Acid Profiles 187

10776 Enhanced-Sensitivity Acoustic-
Wave Biosensor Arrays 189

10777 Parallel Methods for Coupling-Circuit 
and Device-Scale Simulations 134
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10778 A JAVA-Based Tool for Multifidelity 
Modeling of Coupled Systems 136

10779 Switchable Hydrophobic-
Hydrophilic Surfaces 494

10780 Nanostructured Materials Integrated 
in Microfabricated Optical Devices 497

10782 High-Al–Content AlGaInN Devices 
for Next-Generation Electronic 
and Optoelectronic Applications 192

10783 Microfabrication of Electromagnetic 
Devices 194

10784 GaAs MOEMS Technology 196

10785 Integrated Microsensors for 
Autonomous Microrobots 198

10786 Silicon-Integrated Planar 
Microbatteries 201

10788 Small-Scale Multiaxial Deformation 
Experiments on Solder for High-
Fidelity Model Development 419

10789 All-Ceramic Battery 499

10791 Fuzzy Data Mining 248

10792 Ultrahigh-Resolution Radiography 
for Detailed Inspection of Weapon 
Components and Systems 687

10793 Computer Numerically 
Controlled Micromachines 83

10794 Electromicrofluidic Packaging 85

10795 Surface-Micromachined Mechanical 
Timer 689

10796 High-Efficiency Optical MEMS by 
the Integration of Photonic Lattices 
with Surface MEMS 203

11130 Molecular Integrated Microsystems 
(MIMS) 439

16167 Pseudostationary Separation 
Materials for Highly Parallel 
Microseparations 692

17230 Novel Coatings for Microelectro-
mechanical (MEM) Devices 695

19991 Use of Apatite and Substituted 
Apatites for In Situ Barriers for 
Radionuclide Containment and 
Waste Stabilization and Arsenic 
Removal from Potable Water 358

20413 DNA Microarray Technology 699

20414 Shock Response of Diamond 
Crystals 701

20416 Information-Sharing Security 
Module Research and Development 360

21280 Techniques for Improving and 
Exploiting MTI Imagery 566

21554 Solutions to National and Global 
Security Issues Based on Limited 
Freshwater Resources 35

21559 Regional Dynamic Simulation 
Modeling and Analysis of Integrated 
Nuclear Futures 363

22126 Understanding and Managing Threats 
to the Social Fabric of the United 
States 37
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22131 Investigation of Nanoscience 
Technologies 703

22132 Magnetic Polysilicon MEMS Devices 704

22854 Theoretical Study of Sb as a 
Surfactant in Epitaxy of III–V
Materials 707

22995 Single-Wire Explosion Experiments 709

22996 Scattering from Nanostructured 
Materials 712

22997 The Liquid-Crystal Physics of 
Evaporation-Induced Self-Assembly 715

24101 A Micromethanol Steam Reformer 
for a Hydrogen-Based Microfuel Cell 716

24102 Magnetically Insulated Power Flow 
Experiment 718

26508 Mesoscale Wide-Bandwidth Linear 
Magnetic Actuators 87

26509 Levitated Three-Axis Micro-
accelerometer 90

26510 Microfabrication Processes 
Combining Focused Ion Beam 
Machining and Thin-Film Vapor 
Deposition Techniques 92

26511 Resolving Fundamental Limits of 
Adhesive Bonding in Micro-
fabrication 94

26512 Parallel Atomistic Computing for 
Failure Analysis of Micromachines 139

26513 Implementation of Fault Tolerance 
in Scientific Simulation Application 
Software 141

26514 Smart Sensor Technology for Joint 
Test Assembly Flights 143

26515 Multilevel Methods for Nonlinear 
Structural Mechanics 145

26516 Algorithmic Support for Commodity-
Based Parallel Computing Systems 147

26517 Parallel Repartitioning for Optimal 
Solver Performance 149

26518 II-V:Boron-Based Semiconductors 
for Optoelectronic Materials and 
Device Studies 205

26519 The Integration of Advanced 
Photonics and MEMS 207

26520 Uncertainty Propagation in Models 
of Thermofluid Systems 422

26521 Filtered Rayleigh-Scattering 
Diagnostic for Multiparameter 
Thermal/Fluids Measurements 425

26522 A Physically Based Approach to 
Modeling Ductile Fracture 428

26523 Radiation Aging of Stockpile and 
Space-Based Microelectronics 430

26524 Large-Deformation Solid-Fluid 
Interaction Via a Level-Set 
Approach 432

26525 Magnetic-Field Effects on Vacuum-
Arc Plasmas 502
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26526 Microstructural and Continuum 
Evolution Modeling of Sintering 504

26527 Assuring Ultraclean Environments 
in Microsystem Packages: 
Irreversible and Reversible Getters 507

26528 Biocompatible Self-Assembly of 
Nanomaterials for Bio-MEMS and 
Insect Reconnaissance 509

26529 Nanoclusters for Supercapacitors 511

26530 First-Principles Determination 
of Dislocation Properties 513

26531 Air Sterilization and 
Decontamination 251

26532 Data Fusion and Visualization of 
MASINT Results for Underground 
Facility Characterization 253

26533 Rapid Ultrasensitive Chemical-
Fingerprint Detection of Chemical 
and Biochemical Warfare Agents 255

26534 Advanced Unattended Ground 
Sensor Technology 258

26535 The Endowment of Simulator 
Agents with Human-Like 
Episodic Memory 261

26536 Automated Combat Course of 
Action (COA) Development 264

26537 An Advanced Learning Model 
for Agent Behavior 266

26538 Threat Assessment Study for Short-
Pulse Laser Technologies in 
Directed-Energy and Counter-
sensor Applications 268

26539 Algorithms for Improved 
Performance in Cryptographic 
Protocols 270

26540 Low-Cost Digital Radar for 
Fuzing, Tags, SAR Imaging, 
and Targeting 273

26541 Triggered Isomer Research 275

26542 A Scientific Basis for Robotic 
Ground-Vehicle Design 277

26543 Adaptive and Mobile Ground 
Sensors 278

26544 Algorithm Development for 
Prognostic Health Monitoring 
and Maintenance 281

26545 New Mechanism for Upset of 
Electronics 283

26546 Flexible Robotic Maintenance 
Facility 285

26547 Distributed Autonomous 
Navigation 287

26548 Obstacle Detection for 
Autonomous Navigation 289

26549 Very High Temperature Gas-
Cooled Reactor 365

26550 Solid-State Ballistic Chemical 
Sensors 315

Sandia National Laboratories LDRD Annual Report 2001 761

Appendix A: Project Number/Title Index

Project Title Page Project                          Title Page
Number Number Number Number



26551 Novel Catalytic Systems for 
Energy-Efficient Feedstock 
Hydrocarbon Separations 368

26552 A Model of Infrastructure 
Interdependency Using 
Communication Agents 370

26553 Microchemical Sensors for 
Characterization and Monitoring 
of Volatile Contaminants 373

26554 Investigation of Potential 
Applications of Self-Assembled 
Nanostructured Materials in Nuclear-
Waste Management 376

26555 Development of Detection 
Techniques and Diagnostics for 
Airborne Carbon Nanoparticles 378

26556 Photonic Crystals for Enhancing 
Thermophotovoltaic Energy 
Conversion 381

26557 Specific Anion Nanoengineered 
Sorbents for Water Purification 383

26558 Risk-Informed Proliferation Analysis 
Development 568

26559 Development of a Microoptic 
Gyroscope 571

26560 Synergistic Merging of Multispectral 
Transient Radiometry (MSTR) and 
Multispectral Imaging (MSI) 
Technology for Enhanced Global 
Situational Awareness Through 
Accurate Geolocation 573

26561 New Glass Technology for 
Enhanced Architectural Surety 575

26562 Compact UV Laser Source for 
Chemical and Biological Sensing 578

26563 Advanced Digital Detectors for 
Neutron Imaging 580

26564 Microfabricated Acoustic Spectrum 
Analyzer 582

26565 Enabling Analytical and Modeling 
Tools for Enhanced Disease 
Surveillance 585

26566 Microtransceiver for Tag, Beacon, 
and Data-Exfiltration Applications 587

26567 Extensibility of Knowledge-Based 
Human Agent Simulation 589

26568 Secure Authenticated Sensor Packs 592

26569 Remote Monitoring of Difficult, 
Real-Time Targets Using Video 
SAR Technique 595

26570 Adaptive Computer Intrusion 
Detection 597

26571 Link Analysis Using High-
Performance Computing 599

26572 Coating Chemical Preconcentrators 
to Improve Chemical Agent 
Collection 602

26573 Ultralow-Power Spread-Spectrum 
Transceivers for Microtags to 
Improve Security During Critical 
Operations 604

26574 Detection and Exploitation of 
Spread-Spectrum Waveforms 607
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26575 Small Power Direct-Conversion 
Microfluid Systems Using 
Logistical Fuels 609

26576 High-Bandwidth Optical Data 
Interconnects for Satellite 
Applications 612

26577 Development of Robust Algorithms 
for Analysis of Remote Material 
Spectra in the Presence of Practical 
Error Sources 615

26578 Deployable Large-Aperture Optics 
System for Remote-Sensing 
Applications 618

26579 MicroChemLab Technologies for 
Early Detection of Pathogen 
Exposure 622

26580 Intelligent Tracking of the Tele-
present Rapid-Aiming Platform 625

26581 Molecular-Scale Studies of Single-
Channel Membrane Pores 103

26582 Efficient Massively Parallel 
Techniques for Protein Structure 
Generation 105

26583 Mapping Membrane Protein Inter-
actions in Cell Signaling Systems 107

26770 Interconnection Technology for 
Next Generation of Integrated 
Microsystems 543

26781 Effect of Dielectric Photoelectric 
Effect on Surface Breakdown 435

27328 A Revolution in Lighting: Building 
the Science and Technology Base for 
Ultra-Efficient Solid-State Lighting 443

28763 Use of Intense Ion Beams for 
Surface Modification and Creation 
of New Materials 655

28764 Low-Intensity Laser Triggering 
of Spark Gaps 657

28766 Enhanced Impulse 
Experimentation Capability 659

28769 Z-Pinch Power-Plant System 
Development 661

28770 Recyclable Transmission Line 
Concept for  Z-Pinch IFE 664

28771 Suppression of Electron Emission 
from Conductors 665

28772 Solid-State Switch for Advanced 
Pulsed Power 667

28775 Laboratory-Scale Coherent 
Multikilovolt X-Ray Sources for 
Advanced Imaging Applications 291

28776 Interfacial Bioscience Grand 
Challenge (IBIG) 447

32159 Investigation of Advanced Power 
Plants and Multiple-Use Applica-
tions for Single-Occupancy Vehicles 40

32161 Micromachined Patch-Clamp Array 42

32163 Microscale Techniques for the 
Study of Cell Signaling 44
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32166 Computational Prototype of 
Chemotaxis as an Example of 
Whole-Cell Modeling 47

32573 Molecular Self-Assembly 720

32574 High-Throughput Instruments, 
Methods, and Informatics for 
Systems Biology 109

32575 Active Management Systems for 
Water-Quality Monitoring 385

32576 Isentropic Compression Experi-
ments on the Saturn Accelerator 669

32807 Low-Work-Function Material 
Development for the Micromini-
ature Thermionic Converter 388

32809 Autonomous Microexplosive 
Subsurface Tracing System 391

32810 Evaluation of a Prototype 
Continuous-Wave, Borehole, 
Ground-Penetrating Radar 394

32815 Security Models of Agent-Based 
Coalitions 396

32816 Vulnerability Assessment of 
National Power Grid 399

32817 Molecular Simulations of MEMS 
Coatings 722

32818 Numerical Simulation of Shock-
Induced Combustion Using 
Probability-Density Function 
Approaches 723

32819 Fundamental Studies of Water-
Surface Interactions 725

32913 Aging Mechanisms in Dormant 
MEMS Structures 209

32914 Biomimetic Chloroplasts: An 
Integrated Microdevice Power 
Source 728

32915 Study of Polymer Spin-Coating 
for Photolithographic 
Semiconductors in Near-Zero-
Gravity Environment 516

32923 MEMS in µFluid Channels 211

33317 Training Software Agents to Reason 
in the Absence of Data 49

33319 Numerical Methods Applied to 
High-Energy Physics 152

33323 Engineering Biomicrodevice 
Interfaces: New Microfuel Cells for 
Harvesting Energy from Biological 
Systems 627

33505 Embedded Self-Powered 
Microsensors for Monitoring the 
Surety of Critical Buildings and 
Infrastructures 630

33506 Photonic Lattice Coatings 632

33508 Applicability of a Self-Referencing 
Shearing Interferometric Vibration 
Detector 633

33509 Small-Scale High-Performance 
Optics 635

33602 Dispersive Photonics for Next-
Generation Sensors and 
Microsystems 213
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34438 Molecular Modeling and Simulation 
for Gaseous Mixtures Adsorbed in 
Zeolite A and Other Novel 
Molecular Sieves 730

34439 Scanning Tunneling Microscopy 
of Silicon-Based Nanostructures 732

34465 Understanding Metal Vaporization 
from Transient High-Fluence Laser 
Irradiation 518

34466 Mechanics and Tribology of MEMS 
Materials 520

34467 Dynamics of Metal/Ceramic 
Interfaces 523

34468 In Situ Characterization of Soft-
Solution Processes for Nanoscale 
Growth 524

34469 Determination of Critical-Length 
Scales for Corrosion Processes 
Using Microelectroanalytical 
Techniques 527

34470 Nanoscale Mechanics in an 
Instrumented Transmission 
Electron Microscope 530

34471 Terahertz Radiation Technology 
for MASINT 638

34472 Radar Tag for the Remote 
Monitoring of Restricted 
Equipment 640

34473 Evaluation of High-Altitude/Orbit-
to-Surface Sensor Delivery System 643

34474 Conceptual Design of Self-
Adjusting Inertial Inmate 
Restraints 644

34475 Miniaturized Sensor Technologies 
for Drug Detection 646

34476 The Development of Polymer-
Based Antitamper Systems 649

34478 LIGA Microsystems Aging: 
Evaluation and Mitigation 532

34484 Network-Enabled Firmware 651

34485 Science-Based Processing of Field-
Structured Composites 534

34487 Atmospheric Plasma Applications 293

34488 Feasibility Study on Fire-
Suppression Properties of the
Sandia Decon Foam 295

34489 Feasibility Study for Improved 
Less-Lethal Weapons 297

34490 Feasibility Study for 5x Enhanced 
Energetic Materials 300

34491 Nanolaser Flowchip for Real-Time 
Cell and Tumor Biology 111

34692 Self-Assembly of Polymers in 
Confined Geometries 733

34693 Building Conscious Machines 
Based on the Primate Brain 735

34694 Ultrahigh-Temperature Ceramic 
Material Research 302
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34696 Modeling Building Air Flow for 
Autonomous Robotic Agents 304

34697 Investigation of Advanced 
Digital-Video Compression for the 
Control of Robotic Platforms 305

34698 Microfuze 307

34699 Exploration of New Multivariate 
Spectral Calibration Algorithms 536

34713 Nonlinear Modeling and Simulation 
of Pulsed Electromagnetic 
Stimulation and Response of 
Selected Excitable Biological 
Structures 51

35008 Intelligent Projectile Development 310

35376 Development of Experimental 
Verification Techniques for 
Nonlinear Deformation and 
Fracture 738

35510 MyLink 54

36901 Microcontact Printing of 
Nanoparticle Arrays 740

36902 Mathematical Analysis of 
Deception 742

36904 A System Dynamics Approach to 
Modeling Water Demand 743

37690 Indications and Warnings in the 
Cyber Domain 652

38108 Controlling Contamination in 
Precision Mirrors by Surface-
Capping Modifications 745

38109 Chip-Based Optical-Cell 
Manipulation 748

38110 Advanced Particle Control for 
Electric-Discharge Light Sources 750

38822 Wireless Infrastructure Data-
Transmission System 752

39016 Technology Assessment and 
Systems Analysis for Hard and 
Deeply Buried Target Defeat 312

39212 MEMS–Based Electromechanical 
Acoustic Energy Harvester 754

39420 Self-Organizing Network 
Intelligent Algorithm (SONIA) 155

41194 Cognition-Driven Augmented 
Analyst 653
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Awards/Recognition                                  Project Number Project Title

Sandia Annual Student Intern Symposium 10377 Dispersible Granular Sensor (Smart Sand)
Best Paper Award: Kimberly Butler, for Landmine Detection Based on TNT
“Immobilization of Biomaterials in Immunoassay
Porous Silica Thin Films”

DP Award of Excellence 10393 Production Surety and Disruption
Vulnerability Analysis

Arch T. Colvell Merit Award, SAE 10739 Laser-Assisted Microgas Metal Arc
International Welding

Ford Foundation Fellowship: Helen 26528 Biocompatible Self Assembly of
Baca, graduate student Nanomaterials for Bio-MEMS and

Insect Reconnaissance

DOE NETL Award for energy-efficiency 27328 A Revolution in Lighting: Building
research, sponsored by the DOE Office the Science and Technology Base
of Building Technology and State (DOE/BTS) Lighting

Arch T. Colvell Merit Award, SAE 34465 Understanding Metal Vaporization
International from Transient High-Fluence Laser

Irradiation

DOE ER100 Award 34491 Nanolaser Flowchip for Real-Time
Cell and Tumor Biology

Appendix B: Awards/Recognition List
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Functional Materials for Microsystems: Smart Self-Assembled 
Photochromic Films

10300 2 90% 2 7

Innovative Experimental and Computational Diagnostics for 
Monitoring Corrosion in Weapons Environments

10301 1 1 70% 2 6

Self-Healing Molecular Assemblies for Control of Friction and 
Adhesion in MEMS

10302 5 1 2 1 85% 2 10

Linking Atomistic Computations with Phase-Field Modeling 10303 1 90% 1 6

A Combinatorial Microlab Investigation of Critical Copper-Corrosion 
Mechanisms

10304 1 1 70% 2 7

Self-Assembled Templates for Fabricating Novel Nanoarrays and 
Controlling Materials Growth

10305 1 2 1 1 80% 2 8

Wetting and Spreading Dynamics of Solder and Braze Alloys 10306 7 2 2 1 90% 2 7

Improved Materials-Aging Diagnostics and Mechanisms Through 2-D 
Hyperspectral Imaging Methods and Algorithms

10307 4 7 2 2 1 1 80% 2 6

Microscale Shock-Wave Physics Using Photonic Driver Techniques 10308 3 90% 2 7

Heterogeneous Simulation 10313 1 2 1 100% 1 6

Volumetric Video Motion Sensing for Unobtrusive Human-Computer 
Interactions

10314 1 2 1 1 100% 1 7

Hybrid Sparse-Dense Incomplete Factorization Preconditioners 10315 5 3 2 100% 1 8

Advanced Large-Eddy Simulation Algorithms for Coupled-Flow 
Physics and Complex Geometry

10316 1 2 90% 4 7

Molecular Simulation of Reacting Systems 10317 50% 3 7

Massively Parallel Global Climate Model for Paleoclimate Applications 10318 2 99% 1 6

Silicon Three-Dimensional Photonic Crystal and Its Applications 10328 4 100% 1 6

Monolithic Micromachined Variable Tuners for Rapid Prototyping and 
Optimization of Microwave Circuits

10329 15% 4 7

Quantum Tunneling Transistors for Practical Application 10330 1 1 50% 3 7

Development of Magnetically Excited Flexural Plate-Wave Devices for 
Implementation as Physical, Chemical, and Acoustic Sensors, and as 
Integrated Micropumps for Sensored Systems

10331 1 1 1 1 80% 3 7

Project Qualitative 
Assessment

Appendix C:  Project Performance Measures
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Stress-Free Amorphous Diamond for High-Sensitivity Microsensors 
with Integrated Microstructures

10334 9 1 1 1 1 1 88% 1 6

Structural Simulations Using Multiresolution Material Models 10336 9 6 5 0.5 80% 2 6

Mechanisms of Adiabatic Shear Failure 10338 1 70% 3 8

Crack Nucleation and Growth: Combining Validated Atomistic and 
Continuum Modeling

10340 4 3 1 85% 2 7

Applied Microfluidic Physics 10341 2 5 5 3 1 100% 1 6

Innovative Measurement Diagnostics for Fluid/Solid and Fluid/Fluid 
Interactions in Rotating Flowfields

10343 1 1 2 60% 2 7

Microdiagnostic MEMS Lab-on-a-Chip 10347 9 5 4 4 1 4 1 80% 2 6

Thin-Film Deposition Processes Incorporating In Situ  Monitoring 
Capabilities

10349 1 90% 1 6

Varying QoS for Fixed and Mobile Networks 10356 2 100% 1 6

A Real-Time Decision-Support Framework to Guide Facility Response 
to Abnormal Events

10357 2 1 1 1 80% 3 7

Physical Model–Based Fusion of Sensor Array Data 10358 80% 3 6

High-Surety SCADA for the Critical Energy Infrastructures 10360 2 1 95% 2 7

Agent-Based Mediation and Cooperative Information Systems 10361 1 90% 4 6

Dynamically Self-Configurable Network Protocol 10362 100% 1 6

Controlling Information: Its Flow, Fusion, and Coordination 10365 50% 3 8

Surface Decontamination of Bacterial Protein Toxins by RF Power 10368 1 90% 1 6

Intense White-Light Pulse Propagation in Air Using Self-Guided 
Optical Filamentation: Applications to Remote Sensing and 
Countermeasures

10369 1 2 100% 1 6

HPM Vulnerability Assessment and Tests 10370 1 1 100% 1 7

Dispersible Granular Sensor (Smart Sand) for Landmine Detection 
Based on TNT Immunoassay

10377 1 1 4 1 1 85% 2 6

Characterization of Underground Facilities in an Urban Environment 10378 1 85% 3 6
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Dexterous Robotic Manipulation of Hazardous Materials in 
Unstructured Environments

10379 1 1 100% 1 7

Autonomous Dynamic Soaring Platform for Distributed Mobile Sensor 
Arrays

10380 3 80% 4 7

Miniature UV Fluorescence-Based Biological Agent Sensor 10381 60% 3 7

Hybrid Processing of Measurable and Subjective Information in Surety 
Analysis

10388 5 1 1 1 1 100% 2 7

Production Surety and Disruption Vulnerability Analysis 10393 3 2 1 1 2 100% 1 7

An Optically Triggered Semiconductor Switch for Firing Systems 10394 1 1 90% 2 6

Source Code Assurance Tool 10395 3 2 80% 2 7

Information Collection 10399 97% 1 6

Information Extraction from Hyperspectral Images Obtained from 
Satellites

10407 1 2 2 1 1 100% 1 6

Capillary Elastohydrodynamics in Manufacturing Processes 10409 1 1 1 100% 1 7

Nanosat 10693 1 16 8 80% 2 8

A Novel Microcombustor for Sensor and Thermal-Energy Management 
Applications in Microsystems

10718 3 1 2 1 33% 3 6

Radiation-Induced Prompt Photocurrents in Microelectronics: Physics 10719 2 100% 1 7

Proton Beam Directed-Energy Weapon 10720 100% 1 6

Volumetric Displacement Control (VDC) of Manufacturing Tools 10721 1 2 2 2 1 100% 1 7

Process-Based Quality Tools to Verify Cleaning and Surface 
Preparation

10722 5 3 1 1 100% 1 7

Fabrication of Three-Dimensional Microstructures Using Soft 
Lithography

10723 1 1 90% 2 7

High-Speed 2-D Hadamard Transform Spectral Imager for IR 
Applications

10724 1 80% 1 7

A Micro-GC–Based Controller for Energy-Intensive Processes 10725 2 95% 1 6

Micro-High-G Acceleration Recorder 10727 50% 3 9

Algorithmic Advances in Computational Structural Biology 10728 2 1 1 75% 2 7
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Ultraminiaturization of RF Circuitry 10729 1 70% 2 7

An Actuator Based on an Electrokinetic Pump 10731 1 1 50% 4 7

A MEMS Microelectric Generator 10732 1 80% 2 6

SOI–Based High-Aspect-Ratio Si Bulk Micromachining for MEMS 
Applications

10733 85% 2 7

Next-Generation Output-Based Process Control: An Integration of 
Modeling, Sensors, and Intelligent Data Analysis

10734 3 1 2 90% 3 7

Physical Basis for Interfacial Traction-Separation Models 10735 3 90% 2 7

Dynamic Range Imaging for Terrain Mapping, Position Determination, 
and Obstacle Avoidance in Autonomous Navigation

10736 1 1 90% 1 7

Laser-Assisted Microgas Metal Arc Welding 10739 3 1 100% 2 9

Diagnostics for Joining Solidification/Microstructural Simulations 10740 3 3 2 1 1 90% 2 7

Effects of Microstructural Variables on the Shock-Wave Response of 
PZT 95/5

10741 1 90% 2 7

Mechanisms of Dislocation-Grain Boundary Interaction 10742 8 1 1 100% 2 8

Defining the Frontiers of Vertical, External-Cavity, Surface-Emitting 
Lasers

10744 1 1 50% 3 9

Predicting Function of Biological Macromolecules 10746 3 1 1 3 75% 2 7

Induced Molecular Markers for Pathogen Detection: Microincubators 
for Rapid Toxin Expression

10747 1 2 70% 3 6

Nanostructured Silicon Surfaces for Cost-Effective Photovoltaic 
Efficiency Improvements

10748 1 1 50% 2 7

Growth and Characterization of Quantum Dots and Quantum Dot 
Devices

10749 5 2 90% 2 7

Automatic Design of Practical Fixtures 10751 5 2 1 1 1 90% 2 6

Distributed Reconfigurable Homogeneous Microrobotic Systems 10752 4 90% 2 8

Robust Planning for Autonomous Navigation of Mobile Robots in 
Unstructured, Dynamic Environments

10753 100% 1 7

Functional Materials for Electrochemomechanical Actuation of 
Microvalves and Micropumps

10754 1 1 1 1 60% 3 7
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Microreplication: Precision Metal Parts from Electroformed Master 
Molds

10755 75% 3 6

New Architectures for Micro-Total-Analytical Systems 10756 4 2 2 75% 3 9

Large-Scale Nonlinear Optimization Arising from PDE Models 10757 3 1 1 1 1 85% 3 7

Network Intrusion Detection Using Adaptive Critic Neural Networks 10758 90% 2 6

Key Management Techniques for Authenticating Highly Secure 
SCADA Systems in the Electric Power Industry

10759 1 1 1 100% 1 7

Making the Connection Between Microstructure and Mechanics 10761 4 1 100% 1 7

Self-Assembled, Tamper-Detection Seals 10762 2 1 1 1 90% 1 7

Control Strategies for Homogeneous Charge-Compression Ignition 
(HCCI) Engines

10763 2 1 1 100% 1 7

Energetic-Material Burn and Detonation at the Mesoscale 10765 1 1 90% 2 7

Heterogeneous Integration of Optoelectronic Arrays and 
Microelectronics

10766 2 90% 2 6

Intrusion Detection for Asynchronous Transfer Mode (ATM) Networks 10767 2 1 1 100% 1 6

IMEMS Packaging and Interconnection Technology 10770 1 7 1 2 98% 2 7

Silicon/Carbon Nanocomposites for Rechargeable Battery Applications 10771 1 95% 2 7

Intense Directed-Energy Theory Initiative 10772 1 1 2 100% 1 7

Assembly of LIGA Using Electric Fields 10773 1 1 1 50% 3 7

Biosensors Based on the Electrical Impedance of Tethered Lipid 
Bilayers on Planar Electrodes

10774 1 1 1 75% 1 7

Miniature Sensors for BW Agents Using Fatty-Acid Profiles 10775 1 1 1 1 1 1 80% 2 7

Enhanced-Sensitivity Acoustic-Wave Biosensor Arrays 10776 5 3 2 1 2 100% 1 7

Parallel Methods for Coupling Circuit- and Device-Scale Simulations 10777 80% 3 7

A JAVA-Based Tool for Multifidelity Modeling of Coupled Systems 10778 2 1 75% 2 7

Switchable Hydrophobic-Hydrophilic Surfaces 10779 4 4 1 2 2 80% 4 8



Sandia National Laboratories LDRD Annual Report 2001 773

Performance Statistics                                                                      
(Number of)

Project Title Project #  R
ef

er
ee

d 
Pu

bl
ic

at
io

ns

 A
ll 

O
th

er
 R

ep
or

ts
 a

nd
 P

ub
lic

at
io

ns

 P
at

en
t D

is
cl

os
ur

es

 P
at

en
t A

pp
lic

at
io

ns

 P
at

en
ts

 C
op

yr
ig

ht
s

 S
tu

de
nt

s

 P
os

t-
do

cs

 P
er

m
an

en
t S

ta
ff

 H
ir

ed
*

 A
w

ar
ds

 N
ew

 N
on

-L
D

R
D

-F
un

de
d 

Pr
oj

ec
ts

†

 %
 M

ile
st

on
es

 C
om

pl
et

ed

 G
oa

ls
 S

ta
tu

s*
*

 H
yp

ot
he

se
s 

St
at

us
**

*

Project Qualitative 
Assessment

Appendix C:  Project Performance Measures

Nanostructured Materials Integrated in Microfabricated Optical Devices 10780 2 1 1 85% 2 7

High-Al-Content AlGaInN Devices for Next-Generation Electronic and 
Optoelectronic Applications

10782 1 1 1 1 71% 2 7

Microfabrication of Electromagnetic Devices 10783 1 2 2 60% 3 7

GaAs MOEMS Technology 10784 1 1 1 1 75% 2 9

Integrated Microsensors for Autonomous Microrobots 10785 1 2 100% 1 7

Silicon-Integrated Planar Microbatteries 10786 90% 3 7

Small-Scale Multiaxial Deformation Experiments on Solder for High-
Fidelity Model Development

10788 3 1 1 1 100% 1 7

All-Ceramic Battery 10789 2 2 3 80% 2 7

Fuzzy Data Mining 10791 1 0.5 75% 2 8

Ultrahigh-Resolution Radiography for Detailed Inspection of Weapon 
Components and Systems

10792 20% 11 7

Computer Numerically Controlled Micromachines 10793 1 1 80% 2 7

Electromicrofluidic Packaging 10794 2 2 2 90% 2 7

Surface-Micromachined Mechanical Timer 10795 100% 2 6

High-Efficiency Optical MEMS by the Integration of Photonic Lattices 
with Surface MEMS

10796 2 2 90% 1 7

Molecular Integrated Microsystems (MIMS) 11130 11 2 1 7 5 2 95% 1 6

Pseudostationary Separation Materials for Highly Parallel 
Microseparations

16167 5 100% 1 6

Novel Coatings for Microelectromechanical (MEM) Devices 17230 5 2 2 1 1 100% 1 6

Use of Apatite and Substituted Apatites for In Situ  Barriers for 
Radionuclide Containment and Waste Stabilization and Arsenic 
Removal from Potable Water

19991 2 2 2 1 100% 2 9

DNA Microarray Technology 20413 1 2 5 2 100% 1 7

Shock Response of Diamond Crystals 20414 85% 2 7

Information-Sharing Security Module Research and Development 20416 1 1 1 1 100% 1 6
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Techniques for Improving and Exploiting MTI Imagery 21280 3 60% 3 6

Solutions to National and Global Security Issues Based on Limited 
Freshwater Resources

21554 1 2 100% 1 6

Regional Dynamic Simulation Modeling and Analysis of Integrated 
Nuclear Futures

21559 1 90% 2 6

Understanding and Managing Threats to the Social Fabric of the United 
States

22126 2 1 90% 2 7

Investigation of Nanoscience Technologies 22131 100% 1 7

Magnetic Polysilicon MEMS Devices 22132 3 2 2 85% 2 9

Theoretical Study of Sb as a Surfactant in Epitaxy of III–V Materials 22854 1 1 95% 2 6

Single-Wire Explosion Experiments 22995 1 100% 1 7

Scattering from Nanostructured Materials 22996 1 1 1 85% 1 7

The Liquid-Crystal Physics of Evaporation-Induced Self-Assembly 22997 1 1 85% 2 7

A Micromethanol Steam Reformer for a Hydrogen-Based Microfuel 
Cell

24101 80% 3 7

Magnetically Insulated Power Flow Experiment 24102 80% 2 7

Mesoscale Wide-Bandwidth Linear Magnetic Actuators 26508 80% 2 7

Levitated Three-Axis Microaccelerometer 26509 1 100% 1 8

Microfabrication Processes Combining Focused Ion Beam Machining 
and Thin-Film Vapor Deposition Techniques

26510 2 2 1 95% 1 6

Resolving Fundamental Limits of Adhesive Bonding in 
Microfabrication

26511 3 1 1 90% 2 7

Parallel Atomistic Computing for Failure Analysis of Micromachines 26512 3 1 1 50% 3 7

Implementation of Fault Tolerance in Scientific Simulation Application 
Software

26513 1 1 80% 2 8

Smart Sensor Technology for Joint Test Assembly Flights 26514 100% 1 7

Multilevel Methods for Nonlinear Structural Mechanics 26515 100% 1 7

Algorithmic Support for Commodity-Based Parallel Computing 
Systems

26516 2 100% 1 7
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Parallel Repartitioning for Optimal Solver Performance 26517 3 2 1 1 1 100% 1 7

II–V:Boron-Based Semiconductors for Optoelectronic Materials and 
Device Studies

26518 1 2 75% 2 8

The Integration of Advanced Photonics and MEMS 26519 2 100% 1 7

Uncertainty Propagation in Models of Thermofluid Systems 26520 1 1 100% 1 7

Filtered Rayleigh-Scattering Diagnostic for Multiparameter 
Thermal/Fluids Measurements

26521 3 80% 2 7

A Physically Based Approach to Modeling Ductile Fracture 26522 1 85% 2 7

Radiation Aging of Stockpile and Space-Based Microelectronics 26523 100% 1 8

Large-Deformation Solid-Fluid Interaction Via a Level-Set Approach 26524 1 2 1 1 89% 4 7

Magnetic-Field Effects on Vacuum-Arc Plasmas 26525 80% 4 7

Microstructural and Continuum Evolution Modeling of Sintering 26526 1 3 1 1 100% 1 7

Assuring Ultraclean Environments in Microsystem Packages: 
Irreversible and Reversible Getters

26527 90% 3 7

Biocompatible Self-Assembly of Nanomaterials for Bio-MEMS and 
Insect Reconnaissance

26528 1 1 1 95% 1 7

Nanoclusters for Supercapacitors 26529 100% 1 6

First-Principles Determination of Dislocation Properties 26530 1 80% 2 8

Air Sterilization and Decontamination 26531 1 90% 2 7

Data Fusion and Visualization of MASINT Results for Underground 
Facility Characterization

26532 100% 1 7

Rapid Ultrasensitive Chemical-Fingerprint Detection of Chemical and 
Biochemical Warfare Agents

26533 1 1 1 85% 2 7

Advanced Unattended Ground Sensor Technology 26534 90% 2 7

The Endowment of Simulator Agents with Human-Like Episodic 
Memory

26535 2 1 1 1 1 100% 1 7

Automated Combat Course of Action (COA) Development 26536 80% 2 8

An Advanced Learning Model for Agent Behavior 26537 1 1 100% 1 7
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Appendix C:  Project Performance Measures

Threat-Assessment Study for Short-Pulse Laser Technologies in 
Directed-Energy and Countersensor Applications

26538 1 1 90% 2 6

Algorithms for Improved Performance in Cryptographic Protocols 26539 1 2 100% 1 7

Low-Cost Digital Radar for Fuzing, Tags, SAR Imaging, and Targeting 26540 1 2 3 1 90% 1 7

Triggered Isomer Research 26541 4 90% 2 7

A Scientific Basis for Robotic Ground-Vehicle Design 26542 90% 2 7

Adaptive and Mobile Ground Sensors 26543 2 100% 1 7

Algorithm Development for Prognostic Health Monitoring and 
Maintenance

26544 1 90% 1 7

New Mechanism for Upset of Electronics 26545 1 1 90% 2 7

Flexible Robotic Maintenance Facility 26546 1 95% 2 10

Distributed Autonomous Navigation 26547 1 90% 3 8

Obstacle Detection for Autonomous Navigation 26548 5 100% 1 7

Very High Temperature Gas-Cooled Reactor 26549 100% 1 7

Solid-State Ballistic Chemical Sensors 26550 1 60% 3 7

Novel Catalytic Systems for Energy-Efficient Feedstock Hydrocarbon 
Separations

26551 1 1 1 90% 1 7

A Model of Infrastructure Interdependency Using Communication 
Agents

26552 1 1 1 95% 2 7

Microchemical Sensors for Characterization and Monitoring of Volatile 
Contaminants

26553 1 5 2 4 2 100% 1 7

Investigation of Potential Applications of Self-Assembled 
Nanostructured Materials in Nuclear-Waste Management

26554 1 1 1 2 6 100% 1 6

Development of Detection Techniques and Diagnostics for Airborne 
Carbon Nanoparticles

26555 70% 2 7

Photonic Crystals for Enhancing Thermophotovoltaic Energy 
Conversion

26556 1 2 100% 1 6

Specific Anion Nanoengineered Sorbents for Water Purification 26557 1 1 2 1 100% 1 6

Risk-Informed Proliferation Analysis Development 26558 1 100% 1 6
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Appendix C:  Project Performance Measures

Development of a Microoptic Gyroscope 26559 75% 4 7

Synergistic Merging of Multispectral Transient Radiometry (MSTR) 
and Multispectral Imaging (MSI) Technology for Enhanced Global 
Situational Awareness Through Accurate Geolocation

26560 100% 1 7

New Glass Technology for Enhanced Architectural Surety 26561 6 2 1 1 90% 2 7

Compact UV Laser Source for Chemical and Biological Sensing 26562 1 2 1 100% 1 7

Advanced Digital Detectors for Neutron Imaging 26563 3 2 3 90% 1 7

Microfabricated Acoustic Spectrum Analyzer 26564 2 1 1 100% 2 6

Enabling Analytical and Modeling Tools for Enhanced Disease 
Surveillance

26565 1 100% 1 7

Microtransceiver for Tag, Beacon, and Data-Exfiltration Applications 26566 1 75% 3 7

Extensibility of Knowledge-Based Human-Agent Simulation 26567 2 1 1 1 100% 1 7

Secure Authenticated Sensor Packs 26568 100% 1 6

Remote Monitoring of Difficult, Real-Time Targets Using Video SAR 
Technique

26569 90% 2 7

Adaptive Computer Intrusion Detection 26570 100% 2 6

Link Analysis Using High-Performance Computing 26571 1 100% 1 9

Coating Chemical Preconcentrators to Improve Chemical Agent 
Collection

26572 1 100% 3 7

Ultralow-Power Spread-Spectrum Transceivers for Microtags to 
Improve Security During Critical Operations

26573 1 80% 2 6

Detection and Exploitation of Spread-Spectrum Waveforms 26574 100% 1 7

Small Power Direct-Conversion Microfluid Systems Using Logistical 
Fuels

26575 1 1 2 1 90% 1 7

High-Bandwidth Optical Data Interconnects for Satellite Applications 26576 1 90% 2 9

Development of Robust Algorithms for Analysis of Remote Material 
Spectra in the Presence of Practical Error Sources

26577 1 85% 1 7

Deployable Large-Aperture Optics System for Remote-Sensing 
Applications

26578 1 6 1 1 1 3 95% 2 7
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Appendix C:  Project Performance Measures

MicroChemLab Technologies for Early Detection of Pathogen 
Exposure

26579 1 90% 1 6

Intelligent Tracking of the Telepresent Rapid-Aiming Platform 26580 4 100% 1 7

Molecular-Scale Studies of Single-Channel Membrane Pores 26581 1 100% 1 7

Efficient Massively Parallel Techniques for Protein Structure 
Generation

26582 1 100% 1 7

Mapping Membrane Protein Interactions in Cell Signaling Systems 26583 2 1 1 100% 1 7

Interconnection Technology for Next Generation of Integrated 
Microsystems

26770 100% 1 9

Effect of Dielectric Photoelectric Effect on Surface Breakdown 26781 1 50% 3 7

A Revolution in Lighting: Building the Science and Technology Base 
for Ultra-Efficient Solid-State Lighting

27328 10 15 5 1 1 100% 1 7

Use of Intense Ion Beams for Surface Modification and Creation of 
New Materials

28763 40% 3 8

Low-Intensity Laser Triggering of Spark Gaps 28764 90% 3 7

Enhanced Impulse Experimentation Capability 28766 100% 2 9

Z-Pinch Power-Plant System Development 28769 1 100% 1 7

Recyclable Transmission Line Concept for Z-Pinch IFE 28770 100% 1 6

Suppression of Electron Emission from Conductors 28771 80% 3 7

Solid-State Switch for Advanced Pulsed Power 28772 1 90% 3 7

Laboratory-Scale Coherent Multikilovolt X-Ray Sources for Advanced 
Imaging Applications

28775 2 1 1 80% 3 7

Interfacial Bioscience Grand Challenge (IBIG) 28776 2 2 3 90% 2 7

Investigation of Advanced Power Plants and Multiple-Use Applications 
for Single-Occupancy Vehicles

32159 80% 1 6

Micromachined Patch-Clamp Array 32161 75% 3 7

Microscale Techniques for the Study of Cell Signaling 32163 1 80% 2 6

Computational Prototype of Chemotaxis as an Example of Whole-Cell 
Modeling

32166 2 2 1 1 80% 4 6
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Appendix C:  Project Performance Measures

Molecular Self-Assembly 32573 2 1 90% 2 6

High-Throughput Instruments, Methods, and Informatics for Systems 
Biology

32574 1 2 1 1 1 80% 3 7

Active Management Systems for Water-Quality Monitoring 32575 1 1 1 1 100% 1 6

Isentropic Compression Experiments on the Saturn Accelerator 32576 4 2 75% 2 7

Low-Work-Function Material Development for the Microminiature 
Thermionic Converter

32807 4 90% 1 7

Autonomous Microexplosive Subsurface Tracing System 32809 1 1 1 90% 2 7

Evaluation of a Prototype Continuous-Wave, Borehole, Ground-
Penetrating Radar

32810 66% 3 7

Security Models of Agent-Based Coalitions 32815 75% 3 7

Vulnerability Assessment of National Power Grid 32816 98% 2 7

Molecular Simulations of MEMS Coatings 32817 75% 3 7

Numerical Simulation of Shock-Induced Combustion Using Probability-
Density Function Approaches

32818 90% 1 6

Fundamental Studies of Water-Surface Interactions 32819 1 50% 3 7

Aging Mechanisms in Dormant MEMS Structures 32913 2 80% 2 7

Biomimetic Chloroplasts: An Integrated Microdevice Power Source 32914 1 1 1 3 1 90% 1 6

Study of Polymer Spin-Coating for Photolithographic Semiconductors 
in Near-Zero-Gravity Environment

32915 1 1 100% 1 8

MEMS in µFluid Channels 32923 1 2 2 1 1 100% 1 7

Training Software Agents to Reason in the Absence of Data 33317 75% 4 8

Numerical Methods Applied to High-Energy Physics 33319 1 1 100% 1 6

Engineering Biomicrodevice Interfaces: New Microfuel Cells for 
Harvesting Energy from Biological Systems

33323 3 2 1 80% 4 7

Embedded Self-Powered Microsensors for Monitoring the Surety of 
Critical Buildings and Infrastructures

33505 80% 2 7

Photonic Lattice Coatings 33506 33% 5 7
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Appendix C:  Project Performance Measures

Applicability of a Self-Referencing Shearing Interferometric Vibration 
Detector

33508
1 1 80% 2 7

Small-Scale High-Performance Optics 33509 1 1 100 2 7

Dispersive Photonics for Next-Generation Sensors and Microsystems 33602 1 1 60 2 7

Molecular Modeling and Simulation for Gaseous Mixtures Adsorbed in 
Zeolite A and Other Novel Molecular Sieves

34438
1 1 100 1 6

Scanning Tunneling Microscopy of Silicon-Based Nanostructures 34439 1 60 3 7

Understanding Metal Vaporization from Transient High-Fluence Laser 
Irradiation

34465
1 1 1 80 1 7

Mechanics and Tribology of MEMS Materials 34466 5 5 2 90 2 7

Dynamics of Metal/Ceramic Interfaces 34467 1 100 1 7

In Situ  Characterization of Soft-Solution Processes for Nanoscale 
Growth

34468
75 3 7

Determination of Critical-Length Scales for Corrosion Processes Using 
Microelectroanalytical Techniques

34469
2 90 1 7

Nanoscale Mechanics in an Instrumented Transmission Electron 
Microscope

34470
100 1 7

Terahertz Radiation Technology for MASINT 34471 100 1 7

Radar Tag for the Remote Monitoring of Restricted Equipment 34472 100 1 6

Evaluation of High-Altitude/Orbit-to-Surface Sensor Delivery System 34473 100 2 8

Conceptual Design of Self-Adjusting Inertial Inmate Restraints 34474 65 3 8

Miniaturized Sensor Technologies for Drug Detection 34475 70 3 7

The Development of Polymer-Based Antitamper Systems 34476 100 1 6

LIGA Microsystems Aging: Evaluation and Mitigation 34478 35 4 7

Network-Enabled Firmware 34484 100 1 6

Science-Based Processing of Field-Structured Composites 34485 70 3 8

Atmospheric Plasma Applications 34487 1 1 100 1 6
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Appendix C:  Project Performance Measures

Feasibility Study on Fire-Suppression Properties of the Sandia Decon 
Foam

34488
100 1 8

Feasibilty Study for Improved Less-Lethal Weapons 34489 90 2 7

Feasibility Study for 5x Enhanced Energetic Materials 34490 90 2 7

Nanolaser Flowchip for Real-Time Cell and Tumor Biology 34491 1 2 1 100 1 6

Self-Assembly of Polymers in Confined Geometries 34692 2 1 100 1 6

Building Conscious Machines Based on the Primate Brain 34693 100 2 6

Ultrahigh-Temperature Ceramic Material Research 34694 2 100 1 7

Modeling Building Air Flow for Autonomous Robotic Agents 34696 75 3 7

Investigation of Advanced Digital-Video Compression for the Control 
of Robotic Platforms

34697
85 1 6

Microfuze 34698 1 2 80 1 7

Exploration of New Multivariate Spectral Calibration Algorithms 34699 4 2 2 1 100 1 7

Nonlinear Modeling and Simulation of Pulsed Electromagnetic 
Stimulation and Response of Selected Excitable Biological  Structures

34713
70 3 7

Intelligent Projectile Development 35008 100 1 6

Development of Experimental Verification Techniques for Nonlinear 
Deformation and Fracture

35376
1 2 100 1 7

MyLink 35510 1 40 3 7

Microcontact Printing of Nanoparticle Arrays 36901 3 1 75 2 7

Mathematical Analysis of Deception 36902 15 3 7

A System Dynamics Approach to Modeling Water Demand 36904 1 100 1 7

Indications and Warnings in the Cyber Domain 37690 100 1 7

Controlling Contamination in Precision Mirrors by Surface-Capping 
Modifications

38108
1 1 3 100 1 6

Chip-Based Optical-Cell Manipulation 38109 3 67 1 6

Advanced Particle Control for Electric-Discharge Light Sources 38110 100 1 6
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Appendix C:  Project Performance Measures

Wireless Infrastructure Data-Transmission System 38822 75 2 7

Technology Assessment and Systems Analysis for Hard and Deeply 
Buried Target Defeat

39016
1 75 2 7

MEMS–Based Electromechanical Acoustic-Energy Harvester 39212 80 2 7

Self-Organizing Network Intelligent Algorithm (SONIA) 39420 100 1 7

Cognition-Driven Augmented Analyst 41194 100 1 10
267 197 96 59 7 10 187 71 81 21 0

† Identification of new non-LDRD-funded projects is now completed in the fiscal year following the annual report.

* Permanent Staff Hired.  Laboratories operate under manpower cap.  There are no increases in permanent staff.

**  Goals Status
      1 - Goals Met
      2 - Goals Substantially Met
      3 - Goals Partially Met
      4 - Goals Substantially Modified
      5 - Goals Not Met
      11 - Project Terminated

***Hypothesis Status
      6 - Hypotheses Proved
      7 - Hypotheses Remains Unchanged
      8 - Hypotheses Modified
      9 - Hypotheses Redefined
      10 - Hypotheses Disproved
      11 - Project Terminated



Sandia National Laboratories LDRD Annual Report 2001 783

Pg # Title Project #  S
ci

en
ce

 o
f C

om
pl

ex
 S

ys
te

m
s

 M
od

el
in

g 
&

 S
im

ul
at

io
n 

of
 C

om
pl

ex
 S

ys
te

m
s

 H
ig

h-
Pe

rf
or

m
an

ce
 C

om
pu

tin
g

 N
uc

le
ar

 W
ea

po
ns

 P
re

di
ct

iv
e 

C
ap

ab
ili

ty
 (C

la
ss

if
ie

d)

 S
af

et
y 

A
ss

es
sm

en
ts

 &
 E

ng
in

ee
ri

ng

 U
se

 C
on

tr
ol

 &
 S

ec
ur

ity

 N
on

pr
ol

if
er

at
io

n 
&

 V
er

if
ic

at
io

n

 D
yn

am
ic

 T
es

tin
g 

in
 S

ev
er

e 
E

nv
ir

on
m

en
ts

 H
ig

h-
E

ne
rg

y-
D

en
si

ty
 M

at
er

ia
ls

 L
as

er
 T

ec
hn

ol
og

y

 P
ul

se
d 

Po
w

er
 a

nd
 A

cc
el

er
at

or
s

 M
ic

ro
el

ec
tr

on
ic

s 
an

d 
Ph

ot
on

ic
s

 N
uc

le
ar

 M
at

er
ia

ls

 E
ng

in
ee

re
d 

M
at

er
ia

ls

 F
le

xi
bl

e 
M

an
uf

ac
tu

ri
ng

 E
nv

ir
on

m
en

ta
lly

 C
on

sc
io

us
 M

an
uf

ac
tu

ri
ng

 In
te

lli
ge

nt
 M

ac
hi

ne
s 

an
d 

R
ob

ot
ic

s

 W
as

te
 M

an
ag

em
en

t

 O
th

er

450
Functional Materials for Microsystems: Smart Self-
Assembled Photochromic Films

10300 • •

453
Innovative Experimental and Computational 
Diagnostics for Monitoring Corrosion in Weapons 
Environments

10301 • • •

456
Self-Healing Molecular Assemblies for Control of 
Friction and Adhesion in MEMS

10302 • • • • • • •

458
Linking Atomistic Computations with Phase-Field 
Modeling

10303 • •

460
A Combinatorial Microlab Investigation of Critical 
Copper-Corrosion Mechanisms

10304 • •

462
Self-Assembled Templates for Fabricating Novel 
Nanoarrays and Controlling Materials Growth

10305 • •

464
Wetting and Spreading Dynamics of Solder and Braze 
Alloys

10306 • • • •

467
Improved Materials-Aging Diagnostics and Mechanisms 
Through 2-D Hyperspectral Imaging Methods and 
Algorithms

10307 • •

471
Microscale Shock-Wave Physics Using Photonic Driver 
Techniques

10308 • • • • •
114 Heterogeneous Simulation 10313 • • • • •
116

Volumetric Video Motion Sensing for Unobtrusive 
Human-Computer Interactions

10314 • •

118
Hybrid Sparse-Dense Incomplete Factorization 
Preconditioners

10315 •

121
Advanced Large-Eddy Simulation Algorithms for 
Coupled-Flow Physics and Complex Geometry

10316 • • • •
124 Molecular Simulation of Reacting Systems 10317 • • •
126

Massively Parallel Global Climate Model for 
Paleoclimate Applications

10318 • •

158
Silicon Three-Dimensional Photonic Crystal and Its 
Applications

10328 • •

Appendix D:  DOE Critical Technologies
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Appendix D:  DOE Critical Technologies

160
Monolithic Micromachined Variable Tuners for Rapid 
Prototyping and Optimization of Microwave Circuits

10329 • • •

163
Quantum Tunneling Transistors for Practical 
Application

10330 •

165

Development of Magnetically Excited Flexural Plate-
Wave Devices for Implementation as Physical, 
Chemical, and Acoustic Sensors, and as Integrated 
Micropumps for Sensored Systems

10331 • •

168
Stress-Free Amorphous Diamond for High-Sensitivity 
Microsensors with Integrated Microstructures

10334 • • •

402
Structural Simulations Using Multiresolution Material 
Models

10336 • • • • •
405 Mechanisms of Adiabatic Shear Failure 10338 • • • •

407
Crack Nucleation and Growth: Combining Validated 
Atomistic and Continuum Modeling

10340 • • • • •

410 Applied Microfluidic Physics 10341 • • • •
413

Innovative Measurement Diagnostics for Fluid/Solid 
and Fluid/Fluid Interactions in Rotating Flowfields

10343 • • •
57 Microdiagnostic MEMS Lab-on-a-Chip 10347 • • • • • • • • • •
61

Thin-Film Deposition Processes Incorporating In Situ 
Monitoring Capabilities

10349 • • •
317 Varying QoS for Fixed and Mobile Networks 10356 • • • •
546

A Real-Time Decision-Support Framework to Guide 
Facility Response to Abnormal Events

10357 • • • • • •
549 Physical Model–Based Fusion of Sensor Array Data 10358 • • •
319

High-Surety SCADA for the Critical Energy 
Infrastructures

10360 • • • • •

321
Agent-Based Mediation and Cooperative Information 
Systems

10361 • •
324 Dynamically Self-Configurable Network Protocol 10362 • • • •
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Appendix D:  DOE Critical Technologies

551
Controlling Information: Its Flow, Fusion, and 
Coordination

10365 • • • •

217
Surface Decontamination of Bacterial Protein Toxins by 
RF Power

10368 •

219
Intense White-Light Pulse Propagation in Air Using Self-
Guided Optical Filamentation: Applications to Remote 
Sensing and Countermeasures

10369 • •

221 HPM Vulnerability Assessment and Tests 10370 • • •
223

Dispersible Granular Sensor (Smart Sand) for Landmine 
Detection Based on TNT Immunoassay

10377 • •

552
Characterization of Underground Facilities in an Urban 
Environment

10378 •

226
Dexterous Robotic Manipulation of Hazardous 
Materials in Unstructured Environments

10379 • • • • •

229
Autonomous Dynamic Soaring Platform for Distributed 
Mobile Sensor Arrays

10380 • •

232
Miniature UV Fluorescence–Based Biological Agent 
Sensor

10381 • • •

327
Hybrid Processing of Measurable and Subjective 
Information in Surety Analysis

10388 • • • •

329
Production Surety and Disruption Vulnerability 
Analysis

10393 • • • • •

672
An Optically Triggered Semiconductor Switch for 
Firing Systems

10394 • • • • • • • •
332 Source Code Assurance Tool 10395 • • • •
438 Information Collection 10399 • • • • •
674

Information Extraction from Hyperspectral Images 
Obtained from Satellites

10407 • • • • • • •

676
Capillary Elastohydrodynamics in Manufacturing 
Processes

10409 • •
554 Nanosat 10693 • • • • • • • •
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Appendix D:  DOE Critical Technologies

335
A Novel Microcombustor for Sensor and Thermal-
Energy Management Applications in Microsystems

10718 • • • •

172
Radiation-Induced Prompt Photocurrents in 
Microelectronics: Physics

10719 • •
235 Proton Beam Directed-Energy Weapon 10720 •
63

Volumetric Displacement Control (VDC) of 
Manufacturing Tools

10721 • • •

66
Process-Based Quality Tools to Verify Cleaning and 
Surface Preparation

10722 • • • • • • •

69
Fabrication of Three-Dimensional Microstructures 
Using Soft Lithography

10723 • • •

560
High-Speed 2-D Hadamard Transform Spectral Imager 
for IR Applications

10724 • • • •

338
A Micro-GC–Based Controller for Energy-Intensive 
Processes

10725 • • • • •
237 Micro-High-G Acceleration Recorder 10727 • •
129

Algorithmic Advances in Computational Structural 
Biology

10728 • •
678 Ultraminiaturization of RF Circuitry 10729 •
681 An Actuator Based on an Electrokinetic Pump 10731 • •
341 A MEMS Microelectric Generator 10732 • •
175

SOI–Based High-Aspect-Ratio Si Bulk Micromachining 
for MEMS Applications

10733 • •

474
Next-Generation Output-Based Process Control: An 
Integration of Modeling, Sensors, and Intelligent Data 
Analysis

10734 • • •

477
Physical Basis for Interfacial Traction-Separation 
Models

10735 • •

239
Dynamic Range Imaging for Terrain Mapping, Position 
Determination, and Obstacle Avoidance in Autonomous 
Navigation

10736 • • • • • •

684 Laser-Assisted Microgas Metal Arc Welding 10739 • • •
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Appendix D:  DOE Critical Technologies

480
Diagnostics for Joining Solidification/Microstructural 
Simulations

10740 • • •

483
Effects of Microstructural Variables on the Shock-Wave 
Response of PZT 95/5

10741 • • •

486 Mechanisms of Dislocation-Grain Boundary Interaction 10742 • • •

178
Defining the Frontiers of Vertical, External-Cavity, 
Surface-Emitting Lasers

10744 • •
97 Predicting Function of Biological Macromolecules 10746 • • •

562
Induced Molecular Markers for Pathogen Detection: 
Microincubators for Rapid Toxin Expression

10747 • • •

343
Nanostructured Silicon Surfaces for Cost-Effective 
Photovoltaic Efficiency Improvements

10748 • • •

181
Growth and Characterization of Quantum Dots and 
Quantum Dot Devices

10749 • • •
72 Automatic Design of Practical Fixtures 10751 • • • • •

241
Distributed Reconfigurable Homogeneous Microrobotic 
Systems

10752 • • •

243
Robust Planning for Autonomous Navigation of Mobile 
Robots in Unstructured, Dynamic Environments

10753 • • • •

488
Functional Materials for Electrochemomechanical 
Actuation of Microvalves and Micropumps

10754 • • •

75
Microreplication: Precision Metal Parts from 
Electroformed Master Molds

10755 • •

540 New Architectures for Micro-Total-Analytical Systems 10756 •

132
Large-Scale Nonlinear Optimization Arising from PDE 
Models

10757 •

346
Network Intrusion Detection Using Adaptive Critic 
Neural Networks

10758 • •
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Appendix D:  DOE Critical Technologies

348
Key Management Techniques for Authenticating Highly 
Secure SCADA Systems in the Electric Power Industry

10759 • •

491
Making the Connection Between Microstructure and 
Mechanics

10761 • • • •
564 Self-Assembled, Tamper-Detection Seals 10762 •
350

Control Strategies for Homogeneous Charge-
Compression Ignition (HCCI) Engines 

10763 •

416
Energetic-Material Burn and Detonation at the 
Mesoscale

10765 • • • • • •

184
Heterogeneous Integration of Optoelectronic Arrays and 
Microelectronics

10766 • •

353
Intrusion Detection for Asynchronous Transfer Mode 
(ATM) Networks

10767 •
78 IMEMS Packaging and Interconnection Technology 10770 • •

356
Silicon/Carbon Nanocomposites for Rechargeable 
Battery Applications

10771 • •
246 Intense Directed-Energy Theory Initiative 10772 • •
81 Assembly of LIGA Using Electric Fields 10773 • • •

100
Biosensors Based on the Electrical Impedance of 
Tethered Lipid Bilayers on Planar Electrodes

10774 • • • • •

187
Miniature Sensors for BW Agents Using Fatty-Acid 
Profiles

10775 • •

189 Enhanced-Sensitivity Acoustic-Wave Biosensor Arrays 10776 • • • • • •

134
Parallel Methods for Coupling Circuit- and Device-
Scale Simulations

10777 • • • •

136
A JAVA-Based Tool for Multifidelity Modeling of 
Coupled Systems

10778 •
494 Switchable Hydrophobic-Hydrophilic Surfaces 10779 • • •
497

Nanostructured Materials Integrated in Microfabricated 
Optical Devices

10780 • •
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Appendix D:  DOE Critical Technologies

192
High-Al-Content AlGaInN Devices for Next-Generation 
Electronic and Optoelectronic Applications

10782 • • •

194 Microfabrication of Electromagnetic Devices 10783 • • •
196 GaAs MOEMS Technology 10784 •
198 Integrated Microsensors for Autonomous Microrobots 10785 • • • •
201 Silicon-Integrated Planar Microbatteries 10786 •
419

Small-Scale Multiaxial Deformation Experiments on 
Solder for High-Fidelity Model Development

10788 • • •
499 All-Ceramic Battery 10789 • • •
248 Fuzzy Data Mining 10791 •
687

Ultrahigh-Resolution Radiography for Detailed 
Inspection of Weapon Components and Systems

10792 • • • •
83 Computer Numerically Controlled Micromachines 10793 • •
85 Electromicrofluidic Packaging 10794 • •

689 Surface-Micromachined Mechanical Timer 10795 •
203

High-Efficiency Optical MEMS by the Integration of 
Photonic Lattices with Surface MEMS

10796 • • •
439 Molecular Integrated Microsystems (MIMS) 11130 • •
692

Pseudostationary Separation Materials for Highly 
Parallel Microseparations

16167 • •

695
Novel Coatings for Microelectromechanical (MEM) 
Devices

17230 • • • • • • • • • • • • •

358
Use of Apatite and Substituted Apatites for In Situ 
Barriers for Radionuclide Containment and Waste 
Stabilization and Arsenic Removal from Potable Water

19991 •

699 DNA Microarray Technology 20413 •
701 Shock Response of Diamond Crystals 20414 • •
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Appendix D:  DOE Critical Technologies

360
Information-Sharing Security Module Research and 
Development

20416 •

566 Techniques for Improving and Exploiting MTI Imagery 21280 •

35
Solutions to National and Global Security Issues Based 
on Limited Freshwater Resources

21554 •

363
Regional Dynamic Simulation Modeling and Analysis 
of Integrated Nuclear Futures

21559 • • •

37
Understanding and Managing Threats to the Social 
Fabric of the United States

22126 • •
703 Investigation of Nanoscience Technologies 22131 •
704 Magnetic Polysilicon MEMS Devices 22132 •
707

Theoretical Study of Sb as a Surfactant in Epitaxy of 
III–V Materials

22854 • •
709 Single-Wire Explosion Experiments 22995 • •
712 Scattering from Nanostructured Materials 22996 • •
715

The Liquid-Crystal Physics of Evaporation-Induced Self-
Assembly

22997 • •

716
A Micromethanol Steam Reformer for a Hydrogen-
Based Microfuel Cell

24101 •
718 Magnetically Insulated Power Flow Experiment 24102 • • •
87 Mesoscale Wide-Bandwidth Linear Magnetic Actuators 26508 • • • •
90 Levitated Three-Axis Microaccelerometer 26509 • • •

92
Microfabrication Processes Combining Focused Ion 
Beam Machining and Thin-Film Vapor Deposition 
Techniques

26510 • • •

94
Resolving Fundamental Limits of Adhesive Bonding in 
Microfabrication

26511 • • • • • •

139
Parallel Atomistic Computing for Failure Analysis of 
Micromachines

26512 • • • •
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Appendix D:  DOE Critical Technologies

141
Implementation of Fault Tolerance in Scientific 
Simulation Application Software

26513 •

143
Smart Sensor Technology for Joint Test Assembly 
Flights

26514 • • •

145 Multilevel Methods for Nonlinear Structural Mechanics 26515 • •

147
Algorithmic Support for Commodity-Based Parallel 
Computing Systems

26516 •

149 Parallel Repartitioning for Optimal Solver Performance 26517 •

205
II-V:Boron-Based Semiconductors for Optoelectronic 
Materials and Device Studies

26518 • •
207 The Integration of Advanced Photonics and MEMS 26519 • • •
422

Uncertainty Propagation in Models of Thermofluid 
Systems

26520 • • • •

425
Filtered Rayleigh-Scattering Diagnostic for 
Multiparameter Thermal/Fluids Measurements

26521 • •

428
A Physically Based Approach to Modeling Ductile 
Fracture

26522 • • • •

430
Radiation Aging of Stockpile and Space-Based 
Microelectronics

26523 • • • • •

432
Large-Deformation Solid-Fluid Interaction Via a Level-
Set Approach

26524 •
502 Magnetic-Field Effects on Vacuum-Arc Plasmas 26525 • • • •
504

Microstructural and Continuum Evolution Modeling of 
Sintering

26526 • • • •

507
Assuring Ultraclean Environments in Microsystem 
Packages: Irreversible and Reversible Getters

26527 • • • •

509
Biocompatible Self-Assembly of Nanomaterials for Bio-
MEMS and Insect Reconnaissance

26528 • • • • •
511 Nanoclusters for Supercapacitors 26529 • • •
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Appendix D:  DOE Critical Technologies

513 First-Principles Determination of Dislocation Properties 26530 • • •
251 Air Sterilization and Decontamination 26531 •
253

Data Fusion and Visualization of MASINT Results for 
Underground Facility Characterization

26532 •

255
Rapid Ultrasensitive Chemical-Fingerprint Detection of 
Chemical and Biochemical Warfare Agents

26533 • • • •
258 Advanced Unattended Ground Sensor Technology 26534 • • •
261

The Endowment of Simulator Agents with Human-Like 
Episodic Memory

26535 • • • • • •

264
Automated Combat Course of Action (COA) 
Development

26536 • • • •
266 An Advanced Learning Model for Agent Behavior 26537 • •

268
Threat-Assessment Study for Short-Pulse Laser 
Technologies in Directed-Energy and Countersensor 
Applications

26538 • •

270
Algorithms for Improved Performance in Cryptographic 
Protocols

26539 • • • •

273
Low-Cost Digital Radar for Fuzing, Tags, SAR 
Imaging, and Targeting

26540 • • • •
275 Triggered Isomer Research 26541 • • •
277 A Scientific Basis for Robotic Ground-Vehicle Design 26542 • • • •
278 Adaptive and Mobile Ground Sensors 26543 • • • • •
281

Algorithm Development for Prognostic Health 
Monitoring and Maintenance

26544 • • •
283 New Mechanism for Upset of Electronics 26545 • • •
285 Flexible Robotic Maintenance Facility 26546 • •
287 Distributed Autonomous Navigation 26547 • • •
289 Obstacle Detection for Autonomous Navigation 26548 • • • •
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Appendix D:  DOE Critical Technologies

365 Very High Temperature Gas-Cooled Reactor 26549 • • • •
315 Solid-State Ballistic Chemical Sensors 26550 • • •
368

Novel Catalytic Systems for Energy-Efficient Feedstock 
Hydrocarbon Separations

26551 • • • • •

370
A Model of Infrastructure Interdependency Using 
Communication Agents

26552 •

373
Microchemical Sensors for Characterization and 
Monitoring of Volatile Contaminants

26553 • •

376
Investigation of Potential Applications of Self-
Assembled Nanostructured Materials in Nuclear-Waste 
Management

26554 • •

378
Development of Detection Techniques and Diagnostics 
for Airborne Carbon Nanoparticles

26555 • • • •

381
Photonic Crystals for Enhancing Thermophotovoltaic 
Energy Conversion

26556 • • •

383
Specific Anion Nanoengineered Sorbents for Water 
Purification

26557 • • • • •
568 Risk-Informed Proliferation Analysis Development 26558 • • • •
571 Development of a Microoptic Gyroscope 26559 • • •

573

Synergistic Merging of Multispectral Transient 
Radiometry (MSTR) and Multispectral Imaging (MSI) 
Technology for Enhanced Global Situational Awareness 
Through Accurate Geolocation

26560 • • • •

575
New Glass Technology for Enhanced Architectural 
Surety

26561 • • • • •

578
Compact UV Laser Source for Chemical and Biological 
Sensing

26562 • • • •
580 Advanced Digital Detectors for Neutron Imaging 26563 • • • •
582 Microfabricated Acoustic Spectrum Analyzer 26564 • •
585

Enabling Analytical and Modeling Tools for Enhanced 
Disease Surveillance

26565 •
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Appendix D:  DOE Critical Technologies

587
Microtransceiver for Tag, Beacon, and Data-Exfiltration 
Applications

26566 • •

589
Extensibility of Knowledge-Based Human Agent 
Simulation

26567 • • • • • •
592 Secure Authenticated Sensor Packs 26568 • • • •
595

Remote Monitoring of Difficult, Real-Time Targets 
Using Video SAR Technique

26569 • •
597 Adaptive Computer Intrusion Detection 26570 • • •
599 Link Analysis Using High-Performance Computing 26571 • •
602

Coating Chemical Preconcentrators to Improve 
Chemical Agent Collection

26572 • •

604
Ultralow-Power Spread-Spectrum Transceivers for 
Microtags to Improve Security During Critical 
Operations

26573 • • •

607
Detection and Exploitation of Spread-Spectrum 
Waveforms

26574 • • •

609
Small Power Direct-Conversion Microfluid Systems 
Using Logistical Fuels

26575 •

612
High-Bandwidth Optical Data Interconnects for Satellite 
Applications

26576 • • • •

615
Development of Robust Algorithms for Analysis of 
Remote Material Spectra in the Presence of Practical 
Error Sources

26577 • •

618
Deployable Large-Aperture Optics System for Remote-
Sensing Applications

26578 • • • •

622
MicroChemLab Technologies for Early Detection of 
Pathogen Exposure

26579 • • •

625
Intelligent Tracking of the Telepresent Rapid-Aiming 
Platform

26580 •

103
Molecular-Scale Studies of Single-Channel Membrane 
Pores

26581 • •

105
Efficient Massively Parallel Techniques for Protein 
Structure Generation

26582 • • •
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Appendix D:  DOE Critical Technologies

107
Mapping Membrane Protein Interactions in Cell 
Signaling Systems

26583 • •

543
Interconnection Technology for Next Generation of 
Integrated Microsystems

26770 • • • • • •

435
Effect of Dielectric Photoelectric Effect on Surface 
Breakdown

26781 • • • • • •

443
A Revolution in Lighting: Building the Science and 
Technology Base for Ultra-Efficient Solid-State 
Lighting

27328 • •

655
Use of Intense Ion Beams for Surface Modification and 
Creation of New Materials

28763 • • •
657 Low-Intensity Laser Triggering of Spark Gaps 28764 • • •
659 Enhanced Impulse Experimentation Capability 28766 • •
661 Z-Pinch Power-Plant System Development 28769 • • • • • • • • • • •
664 Recyclable Transmission Line Concept for Z-Pinch IFE 28770 •
665 Suppression of Electron Emission from Conductors 28771 • • • •
667 Solid-State Switch for Advanced Pulsed Power 28772 • • •
291

Laboratory-Scale Coherent Multikilovolt X-Ray 
Sources for Advanced Imaging Applications

28775 • •
447 Interfacial Bioscience Grand Challenge (IBIG) 28776 • • • • • •
40

Investigation of Advanced Power Plants and Multiple-
Use Applications for Single-Occupancy Vehicles

32159 • •
42 Micromachined Patch-Clamp Array 32161 •
44 Microscale Techniques for the Study of Cell Signaling 32163 •

47
Computational Prototype of Chemotaxis as an Example 
of Whole-Cell Modeling

32166 • • • •
720 Molecular Self-Assembly 32573 • • • •
109

High-Throughput Instruments, Methods, and 
Informatics for Systems Biology

32574 • •
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Appendix D:  DOE Critical Technologies

385
Active Management Systems for Water-Quality 
Monitoring

32575 • •

669
Isentropic Compression Experiments on the Saturn 
Accelerator

32576 • • • •

388
Low-Work-Function Material Development for the 
Microminiature Thermionic Converter

32807 • • • • •

391
Autonomous Microexplosive Subsurface Tracing 
System

32809 • • •

394
Evaluation of a Prototype Continuous-Wave, Borehole, 
Ground-Penetrating Radar

32810 • •
396 Security Models of Agent-Based Coalitions 32815 • • •
399 Vulnerability Assessment of National Power Grid 32816 • • • • •
722 Molecular Simulations of MEMS Coatings 32817 • • •
723

Numerical Simulation of Shock-Induced Combustion 
Using Probability-Density Function Approaches

32818 • •
725 Fundamental Studies of Water-Surface Interactions 32819 • • •
209 Aging Mechanisms in Dormant MEMS Structures 32913 • • •
728

Biomimetic Chloroplasts: An Integrated Microdevice 
Power Source

32914 • • • • •

516
Study of Polymer Spin-Coating for Photolithographic 
Semiconductors in Near-Zero-Gravity Environment

32915 •
211 MEMS in µFluid Channels 32923 • •
49

Training Software Agents to Reason in the Absence of 
Data

33317 • •
152 Numerical Methods Applied to High-Energy Physics 33319 • •

627
Engineering Biomicrodevice Interfaces: New Microfuel 
Cells for Harvesting Energy from Biological Systems

33323 • •

630
Embedded Self-Powered Microsensors for Monitoring 
the Surety of Critical Buildings and Infrastructures

33505 • •
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Appendix D:  DOE Critical Technologies

632 Photonic Lattice Coatings 33506 • • •

633

Applicability of a Self-Referencing Shearing 
Interferometric Vibration Detector

33508 • •

635 Small-Scale High-Performance Optics 33509 • •

213

Dispersive Photonics for Next-Generation Sensors and 
Microsystems

33602 • • • •

730

Molecular Modeling and Simulation for Gaseous 
Mixtures Adsorbed in Zeolite A and Other Novel 
Molecular Sieves

34438 • • • •

732

Scanning Tunneling Microscopy of Silicon-Based 
Nanostructures

34439 •

518

Understanding Metal Vaporization from Transient High-
Fluence Laser Irradiation

34465 • • • •

520 Mechanics and Tribology of MEMS Materials 34466 •
523 Dynamics of Metal/Ceramic Interfaces 34467 • •

524

In Situ  Characterization of Soft-Solution Processes for 
Nanoscale Growth

34468 • • •

527

Determination of Critical-Length Scales for Corrosion 
Processes Using Microelectroanalytical Techniques

34469 • •

530

Nanoscale Mechanics in an Instrumented Transmission 
Electron Microscope

34470 •

638 Terahertz Radiation Technology for MASINT 34471 • •

640

Radar Tag for the Remote Monitoring of Restricted 
Equipment

34472 •

643

Evaluation of High-Altitude/Orbit-to-Surface Sensor 
Delivery System

34473 •

644

Conceptual Design of Self-Adjusting Inertial Inmate 
Restraints

34474 •

646 Miniaturized Sensor Technologies for Drug Detection 34475 • • •

649

The Development of Polymer-Based Antitamper 
Systems

34476 • • • •
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Appendix D:  DOE Critical Technologies

532
LIGA Microsystems Aging: Evaluation and Mitigation 34478 • •

651 Network-Enabled Firmware 34484 •

534

Science-Based Processing of Field-Structured 
Composites

34485 • •

293 Atmospheric Plasma Applications 34487 • • •

295

Feasibility Study on Fire-Suppression Properties of the 
Sandia Decon Foam

34488 • •

297 Feasibilty Study for Improved Less-Lethal Weapons 34489 •
300 Feasibility Study for 5x Enhanced Energetic Materials 34490 • • •

111

Nanolaser Flowchip for Real-Time Cell and Tumor 
Biology

34491 • •

733 Self-Assembly of Polymers in Confined Geometries 34692 • • • •

735

Building Conscious Machines Based on the Primate 
Brain

34693 • • • •

302 Ultrahigh-Temperature Ceramic Material Research 34694 • •

304

Modeling Building Air Flow for Autonomous Robotic 
Agents

34696 • •

305

Investigation of Advanced Digital-Video Compression 
for the Control of Robotic Platforms

34697 • • •

307 Microfuze 34698 • • • • • •

536

Exploration of New Multivariate Spectral Calibration 
Algorithms

34699 • • • • • • • •

51

Nonlinear Modeling and Simulation of Pulsed 
Electromagnetic Stimulation, and Response of Selected 
Excitable Biological  Structures

34713 •

310 Intelligent Projectile Development 35008 • •

738

Development of Experimental Verification Techniques 
for Nonlinear Deformation and Fracture

35376 • •

54 MyLink 35510 • • •
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Appendix D:  DOE Critical Technologies

740 Microcontact Printing of Nanoparticle Arrays 36901 • • •
742 Mathematical Analysis of Deception 36902 • • • • • • •

743

A System Dynamics Approach to Modeling Water 
Demand 

36904 • •

652 Indications and Warnings in the Cyber Domain 37690 •

745

Controlling Contamination in Precision Mirrors by 
Surface-Capping Modifications 

38108 • •

748 Chip-Based Optical-Cell Manipulation 38109 •

750

Advanced Particle Control for Electric-Discharge Light 
Sources 

38110 • •

752 Wireless Infrastructure Data-Transmission System 38822 • • • •

312

Technology Assessment and Systems Analysis for Hard 
and Deeply Buried Target Defeat 

39016 • • •

754

MEMS–Based Electromechanical Acoustic Energy 
Harvester 

39212 • •

155

Self-Organizing Network Intelligent Algorithm 
(SONIA) 

39420 • •

653 Cognition-Driven Augmented Analyst 41194 • • • •
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450
Functional Materials for Microsystems: Smart 
Self-Assembled Photochromic Films

10300 •

453
Innovative Experimental and Computational 
Diagnostics for Monitoring Corrosion in 
Weapons Environments

10301 • •

456
Self-Healing Molecular Assemblies for Control 
of Friction and Adhesion in MEMS

10302 • • •

458
Linking Atomistic Computations with Phase-
Field Modeling

10303 • •

460
A Combinatorial Microlab Investigation of 
Critical Copper-Corrosion Mechanisms

10304 • • •

462
Self-Assembled Templates for Fabricating 
Novel Nanoarrays and Controlling Materials 
Growth

10305 • •

464
Wetting and Spreading Dynamics of Solder 
and Braze Alloys

10306 • •

467
Improved Materials-Aging Diagnostics and 
Mechanisms Through 2-D Hyperspectral 
Imaging Methods and Algorithms

10307 • •

471
Microscale Shock-Wave Physics Using 
Photonic Driver Techniques

10308 • • **Biomedical

114 Heterogeneous Simulation 10313 • • • • • • **DARPA

116
Volumetric Video Motion Sensing for 
Unobtrusive Human-Computer Interactions

10314 • • **Industry

118
Hybrid Sparse-Dense Incomplete Factorization 
Preconditioners

10315 • •

121
Advanced Large-Eddy Simulation Algorithms 
for Coupled-Flow Physics and Complex 
Geometry

10316 • • • • • •
*NASA

124 Molecular Simulation of Reacting Systems 10317 • •
126

Massively Parallel Global Climate Model for 
Paleoclimate Applications

10318 •

Appendix E:  Major National Programs
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Appendix E:  Major National Programs

158
Silicon Three-Dimensional Photonic Crystal 
and Its Applications

10328 • • •

160
Monolithic Micromachined Variable Tuners 
for Rapid Prototyping and Optimization of 
Microwave Circuits

10329 • • • • •

163
Quantum Tunneling Transistors for Practical 
Application

10330 • • • •

165

Development of Magnetically Excited Flexural 
Plate-Wave Devices for Implementation as 
Physical, Chemical, and Acoustic Sensors, and 
as Integrated Micropumps for Sensored 
Systems

10331 • • • •

168
Stress-Free Amorphous Diamond for High-
Sensitivity Microsensors with Integrated 
Microstructures

10334 • • • •
*NASA

402
Structural Simulations Using Multiresolution 
Material Models

10336 • •
405 Mechanisms of Adiabatic Shear Failure 10338 • •
407

Crack Nucleation and Growth: Combining 
Validated Atomistic and Continuum Modeling

10340 • • •
410 Applied Microfluidic Physics 10341 • • • • •

413
Innovative Measurement Diagnostics for 
Fluid/Solid and Fluid/Fluid Interactions in 
Rotating Flowfields

10343 • •

57 Microdiagnostic MEMS Lab-on-a-Chip 10347 • • • • • • • • • • • • • •
61

Thin-Film Deposition Processes Incorporating 
In Situ  Monitoring Capabilities

10349 • • •
317 Varying QoS for Fixed and Mobile Networks 10356 • • • • • •
546

A Real-Time Decision-Support Framework to 
Guide Facility Response to Abnormal Events

10357 • • • • • *FBI, GSA, FEMA, Dept. of 
State, DoD, **Industry

549
Physical Model–Based Fusion of Sensor Array 
Data

10358 • • • •
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Appendix E:  Major National Programs

319
High-Surety SCADA for the Critical Energy 
Infrastructures

10360 • • • • • • • • • • •
**Utility industry, 
networking & 
telecommunication

321
Agent-Based Mediation and Cooperative 
Information Systems

10361 •

324
Dynamically Self-Configurable Network 
Protocol

10362 • • •

551
Controlling Information: Its Flow, Fusion, and 
Coordination

10365 • • • • •

217
Surface Decontamination of Bacterial Protein 
Toxins by RF Power

10368 • **Counterterrorism

219

Intense White-Light Pulse Propagation in Air 
Using Self-Guided Optical Filamentation: 
Applications to Remote Sensing and 
Countermeasures

10369 • • •

221 HPM Vulnerability Assessment and Tests 10370 • • •

223
Dispersible Granular Sensor (Smart Sand) for 
Landmine Detection Based on TNT 
Immunoassay

10377 • • • •
*DARPA, DTRA

552
Characterization of Underground Facilities in 
an Urban Environment

10378 • •

226
Dexterous Robotic Manipulation of Hazardous 
Materials in Unstructured Environments

10379 • • • • • • • • •
*NIJ, U.S. Customs, DEA, 
state, local, federal law 
enforcement, **Industry

229
Autonomous Dynamic Soaring Platform for 
Distributed Mobile Sensor Arrays

10380 • • •

232
Miniature UV Fluorescence–Based Biological 
Agent Sensor

10381 • •

327
Hybrid Processing of Measurable and 
Subjective Information in Surety Analysis

10388 • • • • *FAA

329
Production Surety and Disruption Vulnerability 
Analysis

10393 • • • *NRC

672
An Optically Triggered Semiconductor Switch 
for Firing Systems

10394 • • • • • •
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Appendix E:  Major National Programs

332 Source Code Assurance Tool 10395 • • • • • **Software development

438 Information Collection 10399 • •
674

Information Extraction from Hyperspectral 
Images Obtained from Satellites

10407 • • • • •

676
Capillary Elastohydrodynamics in 
Manufacturing Processes

10409 • **CRMPC

554 Nanosat 10693 • • • • •
*AFSPC, NASA, NRO 
(those agencies dealing with 
space)

335
A Novel Microcombustor for Sensor and 
Thermal-Energy Management Applications in 
Microsystems

10718 • • • • • • •
**Chemical industry

172
Radiation-Induced Prompt Photocurrents in 
Microelectronics: Physics

10719 • •
235 Proton Beam Directed-Energy Weapon 10720 • •
63

Volumetric Displacement Control (VDC) of 
Manufacturing Tools

10721 • • • • *Department of Commerce 
(NIST), **Private industry

66
Process-Based Quality Tools to Verify 
Cleaning and Surface Preparation

10722 • • • • • • • *EPA, **Industry

69
Fabrication of Three-Dimensional 
Microstructures Using Soft Lithography

10723 • • • • **Industry

560
High-Speed 2-D Hadamard Transform Spectral 
Imager for IR Applications

10724 • • • **Medical and Industry

338
A Micro-GC–Based Controller for Energy-
Intensive Processes

10725 • • • • • • •
*EPA, **Petrochemical, 
Petroleum, Pharmaceutical, 
Process Analytical Chem 
Instrumentation

237 Micro-High-G Acceleration Recorder 10727 • •
129

Algorithmic Advances in Computational 
Structural Biology

10728 • *OBER (DOE)

678 Ultraminiaturization of RF Circuitry 10729 • • •
681 An Actuator Based on an Electrokinetic Pump 10731 •
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341 A MEMS Microelectric Generator 10732 • • •
175

SOI–Based High-Aspect-Ratio Si Bulk 
Micromachining for MEMS Applications

10733 • •

474
Next-Generation Output-Based Process 
Control: An Integration of Modeling, Sensors, 
and Intelligent Data Analysis

10734 • • •
**Industrial partnership

477
Physical Basis for Interfacial Traction-
Separation Models

10735 •

239
Dynamic Range Imaging for Terrain Mapping, 
Position Determination, and Obstacle 
Avoidance in Autonomous Navigation

10736 • • • •
*NASA

684 Laser-Assisted Microgas Metal Arc Welding 10739 • •
480

Diagnostics for Joining 
Solidification/Microstructural Simulations

10740 • • **Materials Science

483
Effects of Microstructural Variables on the 
Shock-Wave Response of PZT 95/5

10741 •

486
Mechanisms of Dislocation-Grain Boundary 
Interaction

10742 • •

178
Defining the Frontiers of Vertical, External-
Cavity, Surface-Emitting Lasers

10744 •

97
Predicting Function of Biological 
Macromolecules

10746 • **Biotechnology

562
Induced Molecular Markers for Pathogen 
Detection: Microincubators for Rapid Toxin 
Expression

10747 • • •
*DOE, CBNP

343
Nanostructured Silicon Surfaces for Cost-
Effective Photovoltaic Efficiency 
Improvements

10748 • • •

181
Growth and Characterization of Quantum Dots 
and Quantum Dot Devices

10749 • •
72 Automatic Design of Practical Fixtures 10751 • • •

241
Distributed Reconfigurable Homogeneous 
Microrobotic Systems

10752 • • • •
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243
Robust Planning for Autonomous Navigation 
of Mobile Robots in Unstructured, Dynamic 
Environments

10753 • • • •

488
Functional Materials for 
Electrochemomechanical Actuation of 
Microvalves and Micropumps

10754 • •

75
Microreplication: Precision Metal Parts from 
Electroformed Master Molds

10755 • • **Telecom industry

540
New Architectures for Micro-Total-Analytical 
Systems

10756 • **Industry

132
Large-Scale Nonlinear Optimization Arising 
from PDE Models

10757 • •

346
Network Intrusion Detection Using Adaptive 
Critic Neural Networks

10758 • • •

348
Key Management Techniques for 
Authenticating Highly Secure SCADA Systems 
in the Electric Power Industry

10759 • • *DOE, **Electric power 
industry

491
Making the Connection Between 
Microstructure and Mechanics

10761 • •
564 Self-Assembled, Tamper-Detection Seals 10762 • •
350

Control Strategies for Homogeneous Charge-
Compression Ignition (HCCI) Engines

10763 • •

416
Energetic-Material Burn and Detonation at the 
Mesoscale

10765 • • • • *Security/Intelligence

184
Heterogeneous Integration of Optoelectronic 
Arrays and Microelectronics

10766 • • • **Datacomm

353
Intrusion Detection for Asynchronous Transfer 
Mode (ATM) Networks

10767 • • • • • **Industry and standards

78
IMEMS Packaging and Interconnection 
Technology

10770 • • •

356
Silicon/Carbon Nanocomposites for 
Rechargeable Battery Applications

10771 • • • • •
246 Intense Directed-Energy Theory Initiative 10772 •
81 Assembly of LIGA Using Electric Fields 10773 • •
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100
Biosensors Based on the Electrical Impedance 
of Tethered Lipid Bilayers on Planar Electrodes

10774 • • • • • • •

187
Miniature Sensors for BW Agents Using Fatty-
Acid Profiles

10775 • • • • • **Industry

189
Enhanced-Sensitivity Acoustic-Wave 
Biosensor Arrays

10776 • • • • • • • • •
*EPA, NIH, DARPA, 
**Industry — food safety, 
medical

134
Parallel Methods for Coupling Circuit- and 
Device-Scale Simulations

10777 • • • • **Industry

136
A JAVA-Based Tool for Multifidelity 
Modeling of Coupled Systems

10778 •
494 Switchable Hydrophobic-Hydrophilic Surfaces 10779 • • • •
497

Nanostructured Materials Integrated in 
Microfabricated Optical Devices

10780 • •

192
High-Al-Content AlGaInN Devices for Next-
Generation Electronic and Optoelectronic 
Applications

10782 • • •

194 Microfabrication of Electromagnetic Devices 10783 • • • • •
196 GaAs MOEMS Technology 10784 • • • • • *Classified, **Industry

198
Integrated Microsensors for Autonomous 
Microrobots

10785 • • • *NASA

201 Silicon-Integrated Planar Microbatteries 10786 • • • • • • *DoD, **Industry

419
Small-Scale Multiaxial Deformation 
Experiments on Solder for High-Fidelity Model 
Development

10788 • •

499 All-Ceramic Battery 10789 • • • •
248 Fuzzy Data Mining 10791 • •

687
Ultrahigh-Resolution Radiography for Detailed 
Inspection of Weapon Components and 
Systems

10792 • • • • •
*NIH, **Industry

83
Computer Numerically Controlled 
Micromachines

10793 • • **MEMS
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Appendix E:  Major National Programs

85 Electromicrofluidic Packaging 10794 • • **MEMS

689 Surface-Micromachined Mechanical Timer 10795 •

203
High-Efficiency Optical MEMS by the 
Integration of Photonic Lattices with Surface 
MEMS

10796 • • • • •
**Optical Communications

439 Molecular Integrated Microsystems (MIMS) 11130 • • •
692

Pseudostationary Separation Materials for 
Highly Parallel Microseparations

16167 • •

695
Novel Coatings for Microelectromechanical 
(MEM) Devices

17230 • • • • • • • • • • • • •

358

Use of Apatite and Substituted Apatites for In 
Situ  Barriers for Radionuclide Containment 
and Waste Stabilization and Arsenic Removal 
from Potable Water

19991 •

699 DNA Microarray Technology 20413 • •
701 Shock Response of Diamond Crystals 20414 •
360

Information-Sharing Security Module Research 
and Development

20416 • *Critical Infrastructure

566
Techniques for Improving and Exploiting MTI 
Imagery

21280 • • •

35
Solutions to National and Global Security 
Issues Based on Limited Freshwater Resources

21554 • • • •
*Dept. of Agriculture

363
Regional Dynamic Simulation Modeling and 
Analysis of Integrated Nuclear Futures

21559 • • • • • • • •

37
Understanding and Managing Threats to the 
Social Fabric of the United States

22126 • • • •
703 Investigation of Nanoscience Technologies 22131 • • **University

704 Magnetic Polysilicon MEMS Devices 22132 • •
707

Theoretical Study of Sb as a Surfactant in 
Epitaxy of III–V Materials

22854 • • **Industry

709 Single-Wire Explosion Experiments 22995 •
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712 Scattering from Nanostructured Materials 22996 •
715

The Liquid-Crystal Physics of Evaporation-
Induced Self-Assembly 

22997 •

716
A Micromethanol Steam Reformer for a 
Hydrogen-Based Microfuel Cell 

24101 • •

718 Magnetically Insulated Power Flow Experiment 24102 • •

87
Mesoscale Wide-Bandwidth Linear Magnetic 
Actuators 

26508 • • • •
90 Levitated Three-Axis Microaccelerometer 26509 • • •

92
Microfabrication Processes Combining 
Focused Ion Beam Machining and Thin-Film 
Vapor Deposition Techniques

26510 • • • •
**Industry

94
Resolving Fundamental Limits of Adhesive 
Bonding in Microfabrication 

26511 • • • • **Industry

139
Parallel Atomistic Computing for Failure 
Analysis of Micromachines 

26512 • • •

141
Implementation of Fault Tolerance in Scientific 
Simulation Application Software 

26513 • •

143
Smart Sensor Technology for Joint Test 
Assembly Flights 

26514 •

145
Multilevel Methods for Nonlinear Structural 
Mechanics 

26515 • • **Industry

147
Algorithmic Support for Commodity-Based 
Parallel Computing Systems 

26516 • •

149
Parallel Repartitioning for Optimal Solver 
Performance 

26517 • •

205
II–V:Boron-Based Semiconductors for 
Optoelectronic Materials and Device Studies

26518 • • •

207
The Integration of Advanced Photonics and 
MEMS 

26519 • • • • • **Communications

422
Uncertainty Propagation in Models of 
Thermofluid Systems

26520 • •
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425
Filtered Rayleigh-Scattering Diagnostic for 
Multiparameter Thermal/Fluids Measurements

26521 • • •

428
A Physically Based Approach to Modeling 
Ductile Fracture

26522 • • •

430
Radiation Aging of Stockpile and Space-Based 
Microelectronics

26523 • • •

432
Large-Deformation Solid-Fluid Interaction Via 
a Level-Set Approach

26524 • • **Industry

502
Magnetic-Field Effects on Vacuum-Arc 
Plasmas

26525 •

504
Microstructural and Continuum Evolution 
Modeling of Sintering

26526 • • • **Industry

507
Assuring Ultraclean Environments in 
Microsystem Packages: Irreversible and 
Reversible Getters

26527 • •
**Electronics industry

509
Biocompatible Self-Assembly of Nanomaterials 
for Bio-MEMS and Insect Reconnaissance

26528 • • • • • • • *DARPA, **Hewlett-
Packard

511 Nanoclusters for Supercapacitors 26529 • • •
513

First-Principles Determination of Dislocation 
Properties

26530 • •
251 Air Sterilization and Decontamination 26531 • **Counterterrorism

253
Data Fusion and Visualization of MASINT 
Results for Underground Facility 
Characterization

26532 •

255
Rapid Ultrasensitive Chemical-Fingerprint 
Detection of Chemical and Biochemical 
Warfare Agents

26533 • • • • • • • *DARPA, DoD, C/B 
Defense, **Industry

258
Advanced Unattended Ground Sensor 
Technology

26534 • • •

261
The Endowment of Simulator Agents with 
Human-Like Episodic Memory

26535 • • •

264
Automated Combat Course of Action (COA) 
Development

26536 • • • *Emergency response
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266
An Advanced Learning Model for Agent 
Behavior

26537 • •

268
Threat-Assessment Study for Short-Pulse Laser 
Technologies in Directed-Energy and 
Countersensor Applications

26538 • • •

270
Algorithms for Improved Performance in 
Cryptographic Protocols

26539 • • • •
*DOE, DON, **Banking and 
finance, wireless 
communications

273
Low-Cost Digital Radar for Fuzing, Tags, SAR 
Imaging, and Targeting

26540 • • • • • *DOE (NN & DP), DARPA, 
DTRA, **Industry

275 Triggered Isomer Research 26541 • • • •
277

A Scientific Basis for Robotic Ground-Vehicle 
Design

26542 • • • • • *NASA

278 Adaptive and Mobile Ground Sensors 26543 • • • • *NIJ, **Mining, mineral, and 
resource search

281
Algorithm Development for Prognostic Health 
Monitoring and Maintenance

26544 • • •
**Aerospace, Defense 
industry, equipment 
manufacturers

283 New Mechanism for Upset of Electronics 26545 • • • **Directed Energy

285 Flexible Robotic Maintenance Facility 26546 •
287 Distributed Autonomous Navigation 26547 • • •
289 Obstacle Detection for Autonomous Navigation 26548 • • • • • *FBI, CIA, **Industry

365 Very High Temperature Gas-Cooled Reactor 26549 • • • • •
315 Solid-State Ballistic Chemical Sensors 26550 • • • **Industry

368
Novel Catalytic Systems for Energy-Efficient 
Feedstock Hydrocarbon Separations

26551 • • • • • • • • *DARPA, **Industry

370
A Model of Infrastructure Interdependency 
Using Communication Agents

26552 • • *Joint Programs Office

373
Microchemical Sensors for Characterization 
and Monitoring of Volatile Contaminants

26553 • • • •
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376
Investigation of Potential Applications of Self-
Assembled Nanostructured Materials in 
Nuclear-Waste Management

26554 • • •

378
Development of Detection Techniques and 
Diagnostics for Airborne Carbon Nanoparticles

26555 • • • •
*EPA, NASA

381
Photonic Crystals for Enhancing 
Thermophotovoltaic Energy Conversion

26556 • • • • • *DoD (Navy and Army)

383
Specific Anion Nanoengineered Sorbents for 
Water Purification

26557 • • • • •

568
Risk-Informed Proliferation Analysis 
Development

26558 • • •
571 Development of a Microoptic Gyroscope 26559 • • • **Automotive industry

573

Synergistic Merging of Multispectral Transient 
Radiometry (MSTR) and Multispectral 
Imaging (MSI) Technology for Enhanced 
Global Situational Awareness Through 
Accurate Geolocation

26560 • • •

575
New Glass Technology for Enhanced 
Architectural Surety

26561 • • • • • **Industry

578
Compact UV Laser Source for Chemical and 
Biological Sensing

26562 • • • • *NASA

580
Advanced Digital Detectors for Neutron 
Imaging

26563 • • • • • **Airport screening industry

582 Microfabricated Acoustic Spectrum Analyzer 26564 • • •
585

Enabling Analytical and Modeling Tools for 
Enhanced Disease Surveillance

26565 • • • *Centers for Disease Control 
and Prevention

587
Microtransceiver for Tag, Beacon, and Data-
Exfiltration Applications

26566 • •

589
Extensibility of Knowledge-Based Human 
Agent Simulation

26567 • • •
592 Secure Authenticated Sensor Packs 26568 • • •
595

Remote Monitoring of Difficult, Real-Time 
Targets Using Video SAR Technique

26569 • • • • **Industry
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597 Adaptive Computer Intrusion Detection 26570 • • •
599

Link Analysis Using High-Performance 
Computing

26571 •

602
Coating Chemical Preconcentrators to Improve 
Chemical Agent Collection

26572 • • •

604
Ultralow-Power Spread-Spectrum Transceivers 
for Microtags to Improve Security During 
Critical Operations

26573 • • • • • *NASA, Navy, Army, NIJ 
**Communications industry

607
Detection and Exploitation of Spread-Spectrum 
Waveforms

26574 •

609
Small Power Direct-Conversion Microfluid 
Systems Using Logistical Fuels

26575 • •

612
High-Bandwidth Optical Data Interconnects for 
Satellite Applications

26576 • • • • *Classified, **Industry

615
Development of Robust Algorithms for 
Analysis of Remote Material Spectra in the 
Presence of Practical Error Sources

26577 • •

618
Deployable Large-Aperture Optics System for 
Remote-Sensing Applications

26578 • • • • *NASA, AFRL, and NRO

622
MicroChemLab Technologies for Early 
Detection of Pathogen Exposure

26579 • •

625
Intelligent Tracking of the Telepresent Rapid-
Aiming Platform

26580 • • • *DOE

103
Molecular-Scale Studies of Single-Channel 
Membrane Pores

26581 •

105
Efficient Massively Parallel Techniques for 
Protein Structure Generation

26582 • •

107
Mapping Membrane Protein Interactions in 
Cell Signaling Systems

26583 • • • *NIH, NSF **UCSF–Sandia 
Consortium

543
Interconnection Technology for Next 
Generation of Integrated Microsystems

26770 • • • • • *NASA

435
Effect of Dielectric Photoelectric Effect on 
Surface Breakdown

26781 • •
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443
A Revolution in Lighting: Building the Science 
and Technology Base for Ultra-Efficient Solid-
State Lighting

27328 • • • • • •

655
Use of Intense Ion Beams for Surface 
Modification and Creation of New Materials

28763 • • •
657 Low-Intensity Laser Triggering of Spark Gaps 28764 • • •
659 Enhanced Impulse Experimentation Capability 28766 • •
661 Z-Pinch Power-Plant System Development 28769 • • • • • •
664

Recyclable Transmission Line Concept for Z-
Pinch IFE

28770 • •

665
Suppression of Electron Emission from 
Conductors

28771 • •

667 Solid-State Switch for Advanced Pulsed Power 28772 • • •

291
Laboratory-Scale Coherent Multikilovolt X-
Ray Sources for Advanced Imaging 
Applications

28775 • •

447 Interfacial Bioscience Grand Challenge (IBIG) 28776 • • • • *NIH

40
Investigation of Advanced Power Plants and 
Multiple-Use Applications for Single-
Occupancy Vehicles

32159 • • • •
*DOT

42 Micromachined Patch-Clamp Array 32161 • **Biomedical

44
Microscale Techniques for the Study of Cell 
Signaling

32163 • **Alliance for Cellular 
Signaling

47
Computational Prototype of Chemotaxis as an 
Example of Whole-Cell Modeling

32166 • • **Biotech industry

720 Molecular Self-Assembly 32573 • •
109

High-Throughput Instruments, Methods, and 
Informatics for Systems Biology

32574 • • • *NIH, **Biotechnology

385
Active Management Systems for Water-Quality 
Monitoring

32575 • • *EPA, **Industry
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669
Isentropic Compression Experiments on the 
Saturn Accelerator

32576 • •

388
Low-Work-Function Material Development for 
the Microminiature Thermionic Converter

32807 • • • •

391
Autonomous Microexplosive Subsurface 
Tracing System

32809 • • • **Fossil Energy industry

394
Evaluation of a Prototype Continuous-Wave, 
Borehole, Ground-Penetrating Radar

32810 • • • **Fossil Energy iindustry

396 Security Models of Agent-Based Coalitions 32815 • • • •
399

Vulnerability Assessment of National Power 
Grid

32816 • • • • • *NRC, NERC, FERC, 
**Electric Power Utilities

722 Molecular Simulations of MEMS Coatings 32817 • •

723
Numerical Simulation of Shock-Induced 
Combustion Using Probability-Density 
Function Approaches

32818 • •

725
Fundamental Studies of Water-Surface 
Interactions

32819 • •

209
Aging Mechanisms in Dormant MEMS 
Structures

32913 • •

728
Biomimetic Chloroplasts: An Integrated 
Microdevice Power Source

32914 • • • • • •

516
Study of Polymer Spin-Coating for 
Photolithographic Semiconductors in Near-
Zero-Gravity Environment

32915 • •
**SEMATECH

211 MEMS in µFluid Channels 32923 • • • • •
49

Training Software Agents to Reason in the 
Absence of Data

33317 • • •

152
Numerical Methods Applied to High-Energy 
Physics

33319 • •

627
Engineering Biomicrodevice Interfaces: New 
Microfuel Cells for Harvesting Energy from 
Biological Systems

33323 • • • •
**Industry
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Appendix E:  Major National Programs

630
Embedded Self-Powered Microsensors for 
Monitoring the Surety of Critical Buildings and 
Infrastructures

33505 •

632 Photonic Lattice Coatings 33506 • •

633

Applicability of a Self-Referencing Shearing 
Interferometric Vibration Detector

33508 • • •

635 Small-Scale High-Performance Optics 33509 • •

213

Dispersive Photonics for Next-Generation 
Sensors and Microsystems

33602 • • •

730

Molecular Modeling and Simulation for 
Gaseous Mixtures Adsorbed in Zeolite A and 
Other Novel Molecular Sieves

34438 • • • •

732

Scanning Tunneling Microscopy of Silicon-
Based Nanostructures

34439 • •

518

Understanding Metal Vaporization from 
Transient High-Fluence Laser Irradiation

34465 • •

520 Mechanics and Tribology of MEMS Materials 34466 • • • • *NASA, **Industry

523 Dynamics of Metal/Ceramic Interfaces 34467 • •

524

In Situ  Characterization of Soft-Solution 
Processes for Nanoscale Growth

34468 • •

527

Determination of Critical-Length Scales for 
Corrosion Processes Using 
Microelectroanalytical Techniques

34469 • •

530

Nanoscale Mechanics in an Instrumented 
Transmission Electron Microscope

34470 • •

638 Terahertz Radiation Technology for MASINT 34471 • • • •

640

Radar Tag for the Remote Monitoring of 
Restricted Equipment

34472 • •

643

Evaluation of High-Altitude/Orbit-to-Surface 
Sensor Delivery System

34473 •

644

Conceptual Design of Self-Adjusting Inertial 
Inmate Restraints

34474 • **Federal/state & local 
police jurisdictions
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Appendix E:  Major National Programs

646

Miniaturized Sensor Technologies for Drug 
Detection

34475 • • • • •
*NIJ, U.S. Customs, DEA, 
state, local, federal law 
enforcement, **Industry

649

The Development of Polymer-Based 
Antitamper Systems

34476 • • •

532

LIGA Microsystems Aging: Evaluation and 
Mitigation

34478 •

651 Network-Enabled Firmware 34484 • •

534

Science-Based Processing of Field-Structured 
Composites

34485 • •

293 Atmospheric Plasma Applications 34487 • •

295

Feasibility Study on Fire-Suppression 
Properties of the Sandia Decon Foam

34488 • • • *DOJ, **Industry

297

Feasibility Study for Improved Less-Lethal 
Weapons

34489 •

300

Feasibility Study for 5x Enhanced Energetic 
Materials

34490 • • • • *DTRA

111

Nanolaser Flowchip for Real-Time Cell and 
Tumor Biology

34491 • • • *NIH

733

Self-Assembly of Polymers in Confined 
Geometries

34692 • • •

735

Building Conscious Machines Based on the 
Primate Brain

34693 • • •

302

Ultrahigh-Temperature Ceramic Material 
Research

34694 • • • *NASA

304

Modeling Building Air Flow for Autonomous 
Robotic Agents

34696 • • •

305

Investigation of Advanced Digital-Video 
Compression for the Control of Robotic 
Platforms

34697 • • • •

307 Microfuze 34698 • •

536

Exploration of New Multivariate Spectral 
Calibration Algorithms

34699 • • • • •
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Appendix E:  Major National Programs

51

Nonlinear Modeling and Simulation of Pulsed 
Electromagnetic Stimulation and Response of 
Selected Excitable Biological  Structures

34713 • • • •
*NIH, **Biotech & medical

310 Intelligent Projectile Development 35008 • • • • *NASA

738

Development of Experimental Verification 
Techniques for Nonlinear Deformation and 
Fracture

35376 •

54 MyLink 35510 • •
740 Microcontact Printing of Nanoparticle Arrays 36901 • • •
742 Mathematical Analysis of Deception 36902 • • • •

743

A System Dynamics Approach to Modeling 
Water Demand

36904 • • • • *U.S. Geological Survey, 
U.S. Bureau of Reclamation

652
Indications and Warnings in the Cyber Domain 37690 •

745

Controlling Contamination in Precision 
Mirrors by Surface-Capping Modifications

38108 • **EUVL Program

748 Chip-Based Optical-Cell Manipulation 38109 • • • • • • • *NIH, **Industry

750

Advanced Particle Control for Electric-
Discharge Light Sources

38110 •

752

Wireless Infrastructure Data-Transmission 
System

38822 • **University collaboration

312

Technology Assessment and Systems Analysis 
for Hard and Deeply Buried Target Defeat

39016 • •

754

MEMS–Based Electromechanical Acoustic 
Energy Harvester

39212 • • •

155

Self-Organizing Network Intelligent Algorithm 
(SONIA)

39420 •

653 Cognition-Driven Augmented Analyst 41194 • •
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450
Functional Materials for Microsystems: 
Smart Self-Assembled Photochromic 
Films

10300 • • • • •

453

Innovative Experimental and 
Computational Diagnostics for 
Monitoring Corrosion in Weapons 
Environments

10301 • • • •

456
Self-Healing Molecular Assemblies for 
Control of Friction and Adhesion in 
MEMS

10302 • • • • • • • •

458
Linking Atomistic Computations with 
Phase-Field Modeling

10303 • • •

460
A Combinatorial Microlab Investigation 
of Critical Copper-Corrosion 
Mechanisms

10304 • • • • • • •

462
Self-Assembled Templates for 
Fabricating Novel Nanoarrays and 
Controlling Materials Growth

10305 • • • • •

464
Wetting and Spreading Dynamics of 
Solder and Braze Alloys

10306 • • • • • •

467

Improved Materials-Aging Diagnostics 
and Mechanisms Through 2-D 
Hyperspectral Imaging Methods and 
Algorithms

10307 • • •

471
Microscale Shock-Wave Physics Using 
Photonic Driver Techniques

10308 • • •
114 Heterogeneous Simulation 10313 • • • • • • •

116
Volumetric Video Motion Sensing for 
Unobtrusive Human-Computer 
Interactions

10314 • • • •

Appendix F:  Dual-Benefit Areas and Single-Use Categories
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118
Hybrid Sparse-Dense Incomplete 
Factorization Preconditioners

10315 • • •

121
Advanced Large-Eddy Simulation 
Algorithms for Coupled-Flow Physics 
and Complex Geometry

10316 • • • • • •

124
Molecular Simulation of Reacting 
Systems

10317 • • • • • • • •

126
Massively Parallel Global Climate 
Model for Paleoclimate Applications

10318 • • •

158
Silicon Three-Dimensional Photonic 
Crystal and Its Applications

10328 • • •

160
Monolithic Micromachined Variable 
Tuners for Rapid Prototyping and 
Optimization of Microwave Circuits

10329 • • • • • • • •

163
Quantum Tunneling Transistors for 
Practical Application

10330 • • • • •

165

Development of Magnetically Excited 
Flexural Plate-Wave Devices for 
Implementation as Physical, Chemical, 
and Acoustic Sensors, and as Integrated 
Micropumps for Sensored Systems

10331 • • • •

168
Stress-Free Amorphous Diamond for 
High-Sensitivity Microsensors with 
Integrated Microstructures

10334 • • • • •

402
Structural Simulations Using 
Multiresolution Material Models

10336 • • • •

405 Mechanisms of Adiabatic Shear Failure 10338 • • • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

407
Crack Nucleation and Growth: 
Combining Validated Atomistic and 
Continuum Modeling

10340 • • • • • •

410 Applied Microfluidic Physics 10341 • • • • • • • •

413
Innovative Measurement Diagnostics for 
Fluid/Solid and Fluid/Fluid Interactions 
in Rotating Flowfields

10343 • • • •

57 Microdiagnostic MEMS Lab-on-a-Chip 10347 • • • • • • • • • • • • • • • • • • • • • • •

61
Thin-Film Deposition Processes 
Incorporating In Situ  Monitoring 
Capabilities

10349 • • • •

317
Varying QoS for Fixed and Mobile 
Networks

10356 • • • • • •

546
A Real-Time Decision-Support 
Framework to Guide Facility Response 
to Abnormal Events

10357 • • • •

549
Physical Model–Based Fusion of Sensor 
Array Data

10358 • • • • • •

319
High-Surety SCADA for the Critical 
Energy Infrastructures

10360 • • • • •

321
Agent-Based Mediation and Cooperative 
Information Systems

10361 • • •

324
Dynamically Self-Configurable Network 
Protocol

10362 • • • • •

551
Controlling Information: Its Flow, 
Fusion, and Coordination

10365 • •

217
Surface Decontamination of Bacterial 
Protein Toxins by RF Power

10368 • • • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

219

Intense White-Light Pulse Propagation 
in Air Using Self-Guided Optical 
Filamentation: Applications to Remote 
Sensing and Countermeasures

10369 • • • • •

221
HPM Vulnerability Assessment and 
Tests

10370 • • •

223
Dispersible Granular Sensor (Smart 
Sand) for Landmine Detection Based on 
TNT Immunoassay

10377 • • • •

552
Characterization of Underground 
Facilities in an Urban Environment

10378 • •

226
Dexterous Robotic Manipulation of 
Hazardous Materials in Unstructured 
Environments

10379 • • • • • •

229
Autonomous Dynamic Soaring Platform 
for Distributed Mobile Sensor Arrays

10380 • • •

232
Miniature UV Fluorescence–Based 
Biological Agent Sensor

10381 • • • • •

327
Hybrid Processing of Measurable and 
Subjective Information in Surety 
Analysis

10388 • • • • • •

329
Production Surety and Disruption 
Vulnerability Analysis

10393 • • • • •

672
An Optically-Triggered Semiconductor 
Switch for Firing Systems

10394 • • • • • • • •
332 Source Code Assurance Tool 10395 • • • •
438 Information Collection 10399 • • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

674
Information Extraction from 
Hyperspectral Images Obtained from 
Satellites

10407 • • • • • • • • • •

676
Capillary Elastohydrodynamics in 
Manufacturing Processes

10409 • • •
554 Nanosat 10693 • • • • • • • • • • •

335
A Novel Microcombustor for Sensor and 
Thermal-Energy Management 
Applications in Microsystems

10718 • • • • • • •

172
Radiation-Induced Prompt Photocurrents 
in Microelectronics: Physics

10719 • • •

235 Proton Beam Directed-Energy Weapon 10720 • • • •
63

Volumetric Displacement Control 
(VDC) of Manufacturing Tools

10721 • • • •

66
Process-Based Quality Tools to Verify 
Cleaning and Surface Preparation

10722 • • • • • • • •

69
Fabrication of Three-Dimensional 
Microstructures Using Soft Lithography

10723 • • • • • •

560
High-Speed 2-D Hadamard Transform 
Spectral Imager for IR Applications

10724 • • •

338
A Micro-GC–Based Controller for 
Energy-Intensive Processes

10725 • • • • • •
237 Micro-High-G Acceleration Recorder 10727 • • • • •
129

Algorithmic Advances in Computational 
Structural Biology

10728 • • • •
678 Ultraminiaturization of RF Circuitry 10729 • • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

681
An Actuator Based on an Electrokinetic 
Pump

10731 • •
341 A MEMS Microelectric Generator 10732 • • • •

175
SOI–Based High-Aspect-Ratio Si Bulk 
Micromachining for MEMS 
Applications

10733 • • • • •

474
Next-Generation Output-Based Process 
Control: An Integration of Modeling, 
Sensors, and Intelligent Data Analysis

10734 • • • • • • •

477
Physical Basis for Interfacial Traction-
Separation Models

10735 • •

239

Dynamic Range Imaging for Terrain 
Mapping, Position Determination, and 
Obstacle Avoidance in Autonomous 
Navigation

10736 • • • • •

684
Laser-Assisted Microgas Metal Arc 
Welding

10739 • • • • • • • •

480
Diagnostics for Joining 
Solidification/Microstructural 
Simulations

10740 • • • •

483
Effects of Microstructural Variables on 
the Shock-Wave Response of PZT 95/5

10741 • • •

486
Mechanisms of Dislocation-Grain 
Boundary Interaction

10742 • • • •

178
Defining the Frontiers of Vertical, 
External-Cavity, Surface-Emitting 
Lasers

10744 • • •

97
Predicting Function of Biological 
Macromolecules

10746 • • • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

562
Induced Molecular Markers for 
Pathogen Detection: Microincubators for 
Rapid Toxin Expression

10747 • • • • •

343
Nanostructured Silicon Surfaces for Cost-
Effective Photovoltaic Efficiency 
Improvements

10748 • • • • • •

181
Growth and Characterization of 
Quantum Dots and Quantum Dot 
Devices

10749 • • • • • •

72 Automatic Design of Practical Fixtures 10751 • • • • •
241

Distributed Reconfigurable 
Homogeneous Microrobotic Systems

10752 • • • • • • •

243
Robust Planning for Autonomous 
Navigation of Mobile Robots in 
Unstructured, Dynamic Environments

10753 • • • • •

488
Functional Materials for 
Electrochemomechanical Actuation of 
Microvalves and Micropumps

10754 • • •

75
Microreplication: Precision Metal Parts 
from Electroformed Master Molds

10755 • • • • •

540
New Architectures for Micro-Total-
Analytical Systems

10756 • • •

132
Large-Scale Nonlinear Optimization 
Arising from PDE Models

10757 • • • •

346
Network Intrusion Detection Using 
Adaptive Critic Neural Networks

10758 • • • •

348
Key Management Techniques for 
Authenticating Highly Secure SCADA 
Systems in the Electric Power Industry

10759 • • • • •

491
Making the Connection Between 
Microstructure and Mechanics

10761 • • • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

564 Self-Assembled, Tamper-Detection Seals 10762 • •

350
Control Strategies for Homogeneous 
Charge-Compression Ignition (HCCI) 
Engines

10763 • • •

416
Energetic-Material Burn and Detonation 
at the Mesoscale

10765 • • • • • •

184
Heterogeneous Integration of 
Optoelectronic Arrays and 
Microelectronics

10766 • • • • •

353
Intrusion Detection for Asynchronous 
Transfer Mode (ATM) Networks

10767 • •

78
IMEMS Packaging and Interconnection 
Technology

10770 • • • • • • • •

356
Silicon/Carbon Nanocomposites for 
Rechargeable Battery Applications

10771 • • • • •

246
Intense Directed-Energy Theory 
Initiative

10772 • • •

81 Assembly of LIGA Using Electric Fields 10773 • • •

100
Biosensors Based on the Electrical 
Impedance of Tethered Lipid Bilayers on 
Planar Electrodes

10774 • • • • • • •

187
Miniature Sensors for BW Agents Using 
Fatty-Acid Profiles

10775 • • • • • • •

189
Enhanced-Sensitivity Acoustic-Wave 
Biosensor Arrays

10776 • • • • • • • •

134
Parallel Methods for Coupling Circuit- 
and Device-Scale Simulations

10777 • • • • •



Sandia National Laboratories LDRD Annual Report 2001 826

Pg 
# Title Project #  A

er
on

au
tic

s

 A
pp

lie
d 

M
ol

ec
ul

ar
 B

io
lo

gy

 C
er

am
ic

s

 C
om

po
si

te
s

 C
om

pu
te

r S
im

ul
at

io
n 

an
d 

M
od

el
in

g

 D
at

a 
St

or
ag

e 
an

d 
Pe

ri
ph

er
al

s

 E
le

ct
ro

ni
cs

 a
nd

 P
ho

to
ni

cs

 E
ne

rg
y

 F
le

xi
bl

e 
C

om
pu

te
r-

In
te

gr
at

ed
 M

an
uf

ac
tu

ri
ng

 H
ig

h-
D

ef
in

iti
on

 Im
ag

in
g 

an
d 

D
is

pl
ay

s

 H
ig

h-
Pe

rf
or

m
an

ce
 C

om
pu

tin
g 

an
d 

N
et

w
or

ki
ng

 H
ig

h-
Pe

rf
or

m
an

ce
 M

et
al

s 
an

d 
A

llo
ys

 In
te

lli
ge

nt
 P

ro
ce

ss
in

g 
E

qu
ip

m
en

t

 M
at

er
ia

l S
yn

th
es

is
 a

nd
 P

ro
ce

ss
in

g

 M
ed

ic
al

 T
ec

hn
ol

og
y

 M
ic

ro
- a

nd
 N

an
of

ab
ri

ca
tio

n

 M
ic

ro
- a

nd
 O

pt
oe

le
ct

ro
ni

cs

 P
ho

to
ni

c 
M

at
er

ia
ls

 P
ol

lu
tio

n 
M

in
im

iz
at

io
n,

 R
em

ed
ia

tio
n,

 a
nd

 W
as

te
 M

gm
t.

 S
en

so
rs

 a
nd

 S
ig

na
l P

ro
ce

ss
in

g

 S
of

tw
ar

e

 S
ur

fa
ce

 T
ra

ns
po

rt
at

io
n 

T
ec

hn
ol

og
ie

s

 S
ys

te
m

s 
M

an
ag

em
en

t T
ec

hn
ol

og
ie

s

 D
ef

en
se

-R
el

at
ed

 (m
os

tly
 o

r p
ur

el
y)

 D
ua

l-
U

se
 (d

ef
en

se
 a

nd
 n

on
-d

ef
en

se
-r

el
at

ed
)

 N
on

-D
ef

en
se

-R
el

at
ed

 (m
os

tly
 o

r p
ur

el
y)

Appendix F:  Dual-Benefit Areas and Single-Use Categories

136
A Java-Based Tool for Multifidelity 
Modeling of Coupled Systems

10778 • •

494
Switchable Hydrophobic-Hydrophilic 
Surfaces

10779 • • • • • • • •

497
Nanostructured Materials Integrated in 
Microfabricated Optical Devices

10780 • • • • • • • •

192
High-Al-Content AlGaInN Devices for 
Next-Generation Electronic and 
Optoelectronic Applications

10782 • • • • • •

194
Microfabrication of Electromagnetic 
Devices

10783 • • • • • • • •
196 GaAs MOEMS Technology 10784 • • • • • • •
198

Integrated Microsensors for Autonomous 
Microrobots

10785 • • • • • •

201 Silicon-Integrated Planar Microbatteries 10786 • • • • • • • • •

419
Small-Scale Multiaxial Deformation 
Experiments on Solder for High-Fidelity 
Model Development

10788 • • • •

499 All-Ceramic Battery 10789 • • • • • • •
248 Fuzzy Data Mining 10791 • • • •

687
Ultrahigh-Resolution Radiography for 
Detailed Inspection of Weapon 
Components and Systems

10792 • • • • • • • •

83
Computer Numerically Controlled 
Micromachines

10793 • • • • • • • •
85 Electromicrofluidic Packaging 10794 • • •
689

Surface-Micromachined Mechanical 
Timer

10795 • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

203
High-Efficiency Optical MEMS by the 
Integration of Photonic Lattices with 
Surface MEMS

10796 • • • • • •

439
Molecular Integrated Microsystems 
(MIMS)

11130 • • •

692
Pseudostationary Separation Materials 
for Highly Parallel Microseparations

16167 • • •

695
Novel Coatings for 
Microelectromechanical (MEM) Devices

17230 • • • • • • • • • • • • • • • • • • • • • • • •

358

Use of Apatite and Substituted Apatites 
for In Situ  Barriers for Radionuclide 
Containment and Waste Stabilization 
and Arsenic Removal from Potable 
Water

19991 • •

699 DNA Microarray Technology 20413 • • •
701 Shock Response of Diamond Crystals 20414 • •
360

Information-Sharing Security Module 
Research and Development

20416 • •

566
Techniques for Improving and 
Exploiting MTI Imagery

21280 • •

35
Solutions to National and Global 
Security Issues Based on Limited 
Freshwater Resources

21554 • • •

363
Regional Dynamic Simulation Modeling 
and Analysis of Integrated Nuclear 
Futures

21559 • • •

37
Understanding and Managing Threats to 
the Social Fabric of the United States

22126 • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

703
Investigation of Nanoscience 
Technologies

22131 • •
704 Magnetic Polysilicon MEMS Devices 22132 • • • • • • •
707

Theoretical Study of Sb as a Surfactant 
in Epitaxy of III–V Materials

22854 • • •
709 Single-Wire Explosion Experiments 22995 • •
712

Scattering from Nanostructured 
Materials

22996 • • •

715
The Liquid-Crystal Physics of 
Evaporation-Induced Self-Assembly

22997 • • • •

716
A Micromethanol Steam Reformer for a 
Hydrogen-Based Microfuel Cell

24101 • • • • •

718
Magnetically Insulated Power Flow 
Experiment

24102 • •

87
Mesoscale Wide-Bandwidth Linear 
Magnetic Actuators

26508 • • • • •

90
Levitated Three-Axis 
Microaccelerometer

26509 • • • •

92
Microfabrication Processes Combining 
Focused Ion Beam Machining and Thin-
Film Vapor Deposition Techniques

26510 • • • • • • • •

94
Resolving Fundamental Limits of 
Adhesive Bonding in Microfabrication

26511 • • • • • •

139
Parallel Atomistic Computing for 
Failure Analysis of Micromachines

26512 • • • • • • •

141
Implementation of Fault Tolerance in 
Scientific Simulation Application 
Software

26513 • • • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

143
Smart Sensor Technology for Joint Test 
Assembly Flights

26514 • • • •

145
Multilevel Methods for Nonlinear 
Structural Mechanics

26515 • • •

147
Algorithmic Support for Commodity-
Based Parallel Computing Systems

26516 • • •

149
Parallel Repartitioning for Optimal 
Solver Performance

26517 • •

205
II–V:Boron-Based Semiconductors for 
Optoelectronic Materials and Device 
Studies

26518 • • •

207
The Integration of Advanced Photonics 
and MEMS

26519 • • • • • •

422
Uncertainty Propagation in Models of 
Thermofluid Systems

26520 • •

425
Filtered Rayleigh Scattering Diagnostic 
for Multiparameter Thermal/Fluids 
Measurements

26521 • • • •

428
A Physically Based Approach to 
Modeling Ductile Fracture

26522 • • • • • •

430
Radiation Aging of Stockpile and Space-
Based Microelectronics

26523 • • • •

432
Large-Deformation Solid-Fluid 
Interaction Via a Level-Set Approach

26524 • •

502
Magnetic-Field Effects on Vacuum-Arc 
Plasmas

26525 • •

504
Microstructural and Continuum 
Evolution Modeling of Sintering

26526 • • • • • • • • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

507
Assuring Ultraclean Environments in 
Microsystem Packages: Irreversible and 
Reversible Getters

26527 • • • • • • •

509
Biocompatible Self-Assembly of 
Nanomaterials for Bio-MEMS and 
Insect Reconnaissance

26528 • • • • • • • • •

511 Nanoclusters for Supercapacitors 26529 • • • •
513

First-Principles Determination of 
Dislocation Properties

26530 • •
251 Air Sterilization and Decontamination 26531 • • •

253
Data Fusion and Visualization of 
MASINT Results for Underground 
Facility Characterization

26532 • •

255
Rapid Ultrasensitive Chemical-
Fingerprint Detection of Chemical and 
Biochemical Warfare Agents

26533 • • • • • •

258
Advanced Unattended Ground Sensor 
Technology

26534 • • • • • • •

261
The Endowment of Simulator Agents 
with Human-Like Episodic Memory

26535 • • • • • • • •

264
Automated Combat Course of Action 
(COA) Development

26536 • • •

266
An Advanced Learning Model for Agent 
Behavior

26537 • • • •

268
Threat-Assessment Study for Short-Pulse 
Laser Technologies in Directed-Energy 
and Countersensor Applications

26538 • • • • • •

270
Algorithms for Improved Performance in 
Cryptographic Protocols

26539 • • • • • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

273
Low-Cost Digital Radar for Fuzing, 
Tags, SAR Imaging, and Targeting

26540 • • • •
275 Triggered Isomer Research 26541 • • •
277

A Scientific Basis for Robotic Ground-
Vehicle Design

26542 • • • •
278 Adaptive and Mobile Ground Sensors 26543 • • • • •
281

Algorithm Development for Prognostic 
Health Monitoring and Maintenance

26544 • • • •

283 New Mechanism for Upset of Electronics 26545 • • • •
285 Flexible Robotic Maintenance Facility 26546 • •
287 Distributed Autonomous Navigation 26547 • • • • •
289

Obstacle Detection for Autonomous 
Navigation

26548 • • • • • •

365
Very High Temperature Gas-Cooled 
Reactor

26549 • • •
315 Solid-State Ballistic Chemical Sensors 26550 • • • • •

368
Novel Catalytic Systems for Energy-
Efficient Feedstock Hydrocarbon 
Separations

26551 • • • • • • • • •

370
A Model of Infrastructure 
Interdependency Using Communication 
Agents

26552 • •

373
Microchemical Sensors for 
Characterization and Monitoring of 
Volatile Contaminants

26553 • • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

376

Investigation of Potential Applications of 
Self-Assembled Nanostructured 
Materials in Nuclear-Waste 
Management

26554 • • • •

378
Development of Detection Techniques 
and Diagnostics for Airborne Carbon 
Nanoparticles

26555 • • • •

381
Photonic Crystals for Enhancing 
Thermophotovoltaic Energy Conversion

26556 • • • • • •

383
Specific Anion Nanoengineered Sorbents 
for Water Purification

26557 • • • • • • •

568
Risk-Informed Proliferation Analysis 
Development

26558 • • • •

571 Development of a Microoptic Gyroscope 26559 • • • • • • •

573

Synergistic Merging of Multispectral 
Transient Radiometry (MSTR) and 
Multispectral Imaging (MSI) 
Technology for Enhanced Global 
Situational Awareness Through 
Accurate Geolocation

26560 • • • • •

575
New Glass Technology for Enhanced 
Architectural Surety

26561 • • •

578
Compact UV Laser Source for Chemical 
and Biological Sensing

26562 • • • •

580
Advanced Digital Detectors for Neutron 
Imaging

26563 • • •

582
Microfabricated Acoustic Spectrum 
Analyzer

26564 • • • • •



Sandia National Laboratories LDRD Annual Report 2001 833

Pg 
# Title Project #  A

er
on

au
tic

s

 A
pp

lie
d 

M
ol

ec
ul

ar
 B

io
lo

gy

 C
er

am
ic

s

 C
om

po
si

te
s

 C
om

pu
te

r S
im

ul
at

io
n 

an
d 

M
od

el
in

g

 D
at

a 
St

or
ag

e 
an

d 
Pe

ri
ph

er
al

s

 E
le

ct
ro

ni
cs

 a
nd

 P
ho

to
ni

cs

 E
ne

rg
y

 F
le

xi
bl

e 
C

om
pu

te
r-

In
te

gr
at

ed
 M

an
uf

ac
tu

ri
ng

 H
ig

h-
D

ef
in

iti
on

 Im
ag

in
g 

an
d 

D
is

pl
ay

s

 H
ig

h-
Pe

rf
or

m
an

ce
 C

om
pu

tin
g 

an
d 

N
et

w
or

ki
ng

 H
ig

h-
Pe

rf
or

m
an

ce
 M

et
al

s 
an

d 
A

llo
ys

 In
te

lli
ge

nt
 P

ro
ce

ss
in

g 
E

qu
ip

m
en

t

 M
at

er
ia

l S
yn

th
es

is
 a

nd
 P

ro
ce

ss
in

g

 M
ed

ic
al

 T
ec

hn
ol

og
y

 M
ic

ro
- a

nd
 N

an
of

ab
ri

ca
tio

n

 M
ic

ro
- a

nd
 O

pt
oe

le
ct

ro
ni

cs

 P
ho

to
ni

c 
M

at
er

ia
ls

 P
ol

lu
tio

n 
M

in
im

iz
at

io
n,

 R
em

ed
ia

tio
n,

 a
nd

 W
as

te
 M

gm
t.

 S
en

so
rs

 a
nd

 S
ig

na
l P

ro
ce

ss
in

g

 S
of

tw
ar

e

 S
ur

fa
ce

 T
ra

ns
po

rt
at

io
n 

T
ec

hn
ol

og
ie

s

 S
ys

te
m

s 
M

an
ag

em
en

t T
ec

hn
ol

og
ie

s

 D
ef

en
se

-R
el

at
ed

 (m
os

tly
 o

r p
ur

el
y)

 D
ua

l-
U

se
 (d

ef
en

se
 a

nd
 n

on
-d

ef
en

se
-r

el
at

ed
)

 N
on

-D
ef

en
se

-R
el

at
ed

 (m
os

tly
 o

r p
ur

el
y)

Appendix F:  Dual-Benefit Areas and Single-Use Categories

585
Enabling Analytical and Modeling Tools 
for Enhanced Disease Surveillance

26565 • •

587
Microtransceiver for Tag, Beacon, and 
Data Exfiltration Applications

26566 • •

589
Extensibility of Knowledge-Based 
Human Agent Simulation

26567 • • • • • • • •
592 Secure Authenticated Sensor Packs 26568 • • • • • • •

595
Remote Monitoring of Difficult, Real-
Time Targets Using Video SAR 
Technique

26569 • •

597 Adaptive Computer Intrusion Detection 26570 • • • • • •

599
Link Analysis Using High-Performance 
Computing

26571 • • •

602
Coating Chemical Preconcentrators to 
Improve Chemical Agent Collection

26572 • • • • •

604
Ultralow-Power Spread Spectrum 
Transceivers for Microtags to Improve 
Security During Critical Operations

26573 • • • • • • •

607
Detection and Exploitation of Spread-
Spectrum Waveforms

26574 • • • •

609
Small Power Direct-Conversion 
Microfluid Systems Using Logistical 
Fuels

26575 • • •

612
High-Bandwidth Optical Data 
Interconnects for Satellite Applications

26576 • • • • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

615
Development of Robust Algorithms for 
Analysis of Remote Material Spectra in 
the Presence of Practical Error Sources

26577 • •

618
Deployable Large-Aperture Optics 
System for Remote-Sensing Applications

26578 • • • • •

622
MicroChemLab Technologies for Early 
Detection of Pathogen Exposure

26579 • • •

625
Intelligent Tracking of the Telepresent 
Rapid-Aiming Platform

26580 • • •

103
Molecular-Scale Studies of Single-
Channel Membrane Pores

26581 • • •

105
Efficient Massively Parallel Techniques 
for Protein Structure Generation

26582 • • • • •

107
Mapping Membrane Protein Interactions 
in Cell Signaling Systems

26583 • • • • •

543
Interconnection Technology for Next 
Generation of Integrated Microsystems

26770 • • • • • • • • • • • • • •

435
Effect of Dielectric Photoelectric Effect 
on Surface Breakdown

26781 • • • •

443
A Revolution in Lighting: Building the 
Science and Technology Base for Ultra-
Efficient Solid-State Lighting

27328 • • • • • •

655
Use of Intense Ion Beams for Surface 
Modification and Creation of New 
Materials

28763 • • •

657
Low-Intensity Laser Triggering of Spark 
Gaps

28764 • • • • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

659
Enhanced Impulse Experimentation 
Capability

28766 • •

661
Z-Pinch Power-Plant System 
Development

28769 • • • •

664
Recyclable Transmission Line Concept 
for Z-Pinch IFE

28770 • •

665
Suppression of Electron Emission from 
Conductors

28771 • • • •

667
Solid-State Switch for Advanced Pulsed 
Power

28772 • • • •

291
Laboratory-Scale Coherent Multikilovolt 
X-Ray Sources for Advanced Imaging 
Applications

28775 • •

447
Interfacial Bioscience Grand Challenge 
(IBIG)

28776 • • • • • • •

40
Investigation of Advanced Power Plants 
and Multiple-Use Applications for Single-
Occupancy Vehicles

32159 • •

42 Micromachined Patch-Clamp Array 32161 • • • • •

44
Microscale Techniques for the Study of 
Cell Signaling

32163 • •

47
Computational Prototype of Chemotaxis 
as an Example of Whole-Cell Modeling

32166 • • • •

720 Molecular Self-Assembly 32573 • • •

109
High-Throughput Instruments, Methods, 
and Informatics for Systems Biology

32574 • • • • • • •

385
Active Management Systems for Water-
Quality Monitoring

32575 • • • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

669
Isentropic Compression Experiments on 
the Saturn Accelerator

32576 • • • •

388
Low-Work-Function Material 
Development for the Microminiature 
Thermionic Converter

32807 • • • • • • • • •

391
Autonomous Microexplosive Subsurface 
Tracing System

32809 • • •

394
Evaluation of a Prototype Continuous-
Wave, Borehole, Ground-Penetrating 
Radar

32810 • • • • • •

396
Security Models of Agent-Based 
Coalitions

32815 • • • •

399
Vulnerability Assessment of National 
Power Grid

32816 • • • •

722
Molecular Simulations of MEMS 
Coatings

32817 • •

723
Numerical Simulation of Shock-Induced 
Combustion Using Probability-Density 
Function Approaches

32818 • •

725
Fundamental Studies of Water-Surface 
Interactions

32819 • • • •

209
Aging Mechanisms in Dormant MEMS 
Structures

32913 • • • •

728
Biomimetic Chloroplasts: An Integrated 
Microdevice Power Source

32914 • • • • • • • • • • •

516
Study of Polymer Spin-Coating for 
Photolithographic Semiconductors in 
Near-Zero-Gravity Environment

32915 • • • •

211 MEMS in uFluid Channels 32923 • • • • • • • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

49
Training Software Agents to Reason in 
the Absence of Data

33317 • • •

152
Numerical Methods Applied to High-
Energy Physics

33319 • •

627
Engineering Biomicrodevice Interfaces: 
New Microfuel Cells for Harvesting 
Energy from Biological Systems

33323 • • • • • • • • •

630
Embedded Self-Powered Microsensors 
for Monitoring the Surety of Critical 
Buildings and Infrastructures

33505 • • •

632 Photonic Lattice Coatings 33506 • • • • •

633

Applicability of a Self-Referencing 
Shearing Interferometric Vibration 
Detector

33508 • • •

635 Small-Scale High-Performance Optics 33509 • • • •

213

Dispersive Photonics for Next-
Generation Sensors and Microsystems

33602 • • • • • •

730

Molecular Modeling and Simulation for 
Gaseous Mixtures Adsorbed in Zeolite A 
and Other Novel Molecular Sieves

34438 • • • • •

732

Scanning Tunneling Microscopy of 
Silicon-Based Nanostructures

34439 • • • •

518

Understanding Metal Vaporization from 
Transient High-Fluence Laser Irradiation

34465 • • • • • •

520

Mechanics and Tribology of MEMS 
Materials

34466 • • •

523 Dynamics of Metal/Ceramic Interfaces 34467 • • • •



Sandia National Laboratories LDRD Annual Report 2001 838

Pg 
# Title Project #  A

er
on

au
tic

s

 A
pp

lie
d 

M
ol

ec
ul

ar
 B

io
lo

gy

 C
er

am
ic

s

 C
om

po
si

te
s

 C
om

pu
te

r S
im

ul
at

io
n 

an
d 

M
od

el
in

g

 D
at

a 
St

or
ag

e 
an

d 
Pe

ri
ph

er
al

s

 E
le

ct
ro

ni
cs

 a
nd

 P
ho

to
ni

cs

 E
ne

rg
y

 F
le

xi
bl

e 
C

om
pu

te
r-

In
te

gr
at

ed
 M

an
uf

ac
tu

ri
ng

 H
ig

h-
D

ef
in

iti
on

 Im
ag

in
g 

an
d 

D
is

pl
ay

s

 H
ig

h-
Pe

rf
or

m
an

ce
 C

om
pu

tin
g 

an
d 

N
et

w
or

ki
ng

 H
ig

h-
Pe

rf
or

m
an

ce
 M

et
al

s 
an

d 
A

llo
ys

 In
te

lli
ge

nt
 P

ro
ce

ss
in

g 
E

qu
ip

m
en

t

 M
at

er
ia

l S
yn

th
es

is
 a

nd
 P

ro
ce

ss
in

g

 M
ed

ic
al

 T
ec

hn
ol

og
y

 M
ic

ro
- a

nd
 N

an
of

ab
ri

ca
tio

n

 M
ic

ro
- a

nd
 O

pt
oe

le
ct

ro
ni

cs

 P
ho

to
ni

c 
M

at
er

ia
ls

 P
ol

lu
tio

n 
M

in
im

iz
at

io
n,

 R
em

ed
ia

tio
n,

 a
nd

 W
as

te
 M

gm
t.

 S
en

so
rs

 a
nd

 S
ig

na
l P

ro
ce

ss
in

g

 S
of

tw
ar

e

 S
ur

fa
ce

 T
ra

ns
po

rt
at

io
n 

T
ec

hn
ol

og
ie

s

 S
ys

te
m

s 
M

an
ag

em
en

t T
ec

hn
ol

og
ie

s

 D
ef

en
se

-R
el

at
ed

 (m
os

tly
 o

r p
ur

el
y)

 D
ua

l-
U

se
 (d

ef
en

se
 a

nd
 n

on
-d

ef
en

se
-r

el
at

ed
)

 N
on

-D
ef

en
se

-R
el

at
ed

 (m
os

tly
 o

r p
ur

el
y)

Appendix F:  Dual-Benefit Areas and Single-Use Categories

524

In Situ  Characterization of Soft-Solution 
Processes for Nanoscale Growth

34468 • • • • • • •

527

Determination of Critical-Length Scales 
for Corrosion Processes Using 
Microelectroanalytical Techniques

34469 • • •

530

Nanoscale Mechanics in an Instrumented 
Transmission Electron Microscope

34470 • • • •

638

Terahertz Radiation Technology for 
MASINT

34471 • • • •

640

Radar Tag for the Remote Monitoring of 
Restricted Equipment

34472 • •

643

Evaluation of High-Altitude/Orbit-to-
Surface Sensor Delivery System

34473 • •

644

Conceptual Design of Self-Adjusting 
Inertial Inmate Restraints

34474 • •

646

Miniaturized Sensor Technologies for 
Drug Detection

34475 • • • • • •

649

The Development of Polymer-Based 
Antitamper Systems

34476 • • • •

532

LIGA Microsystems Aging: Evaluation 
and Mitigation

34478 • •

651 Network-Enabled Firmware 34484 • • •

534

Science-Based Processing of Field-
Structured Composites

34485 • • • •

293 Atmospheric Plasma  Applications 34487 • •

295

Feasibility Study on Fire-Suppression 
Properties of the Sandia Decon Foam

34488 • • • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

297

Feasibilty Study for Improved Less-
Lethal Weapons

34489 • •

300

Feasibility Study for 5x Enhanced 
Energetic Materials

34490 • •

111

Nanolaser Flowchip for Real-Time Cell 
and Tumor Biology

34491 • • • • • • •

733

Self-Assembly of Polymers in Confined 
Geometries

34692 • • • • • •

735

Building Conscious Machines Based on 
the Primate Brain

34693 • • • • •

302

Ultrahigh-Temperature Ceramic 
Material Research

34694 • • • •

304

Modeling Building Air Flow for 
Autonomous Robotic Agents

34696 • •

305

Investigation of Advanced Digital-Video 
Compression for the Control of Robotic 
Platforms

34697 • •

307 Microfuze 34698 • • • • • • •

536

Exploration of New Multivariate 
Spectral Calibration Algorithms

34699 • • • • • • • • •

51

Nonlinear Modeling and Simulation of 
Pulsed Electromagnetic Stimulation and 
Response of Selected Excitable 
Biological Structures

34713 • • • •

310 Intelligent Projectile Development 35008 • • • •

738

Development of Experimental 
Verification Techniques for Nonlinear 
Deformation and Fracture

35376 • • • •

54 MyLink 35510 • • • • • •
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Appendix F:  Dual-Benefit Areas and Single-Use Categories

740

Microcontact Printing of Nanoparticle 
Arrays

36901 • • • • • • • • • • • •

742 Mathematical Analysis of Deception 36902 • • • • • •

743

A System Dynamics Approach to 
Modeling Water Demand

36904 • • •

652

Indications and Warnings in the Cyber 
Domain

37690 • •

745

Controlling Contamination in Precision 
Mirrors by Surface-Capping 
Modifications

38108 • • • •

748 Chip-Based Optical-Cell Manipulation 38109 • • • • • • •

750

Advanced Particle Control for Electric-
Discharge Light Sources

38110 • •

752

Wireless Infrastructure Data-
Transmission System

38822 • • • •

312

Technology Assessment and Systems 
Analysis for Hard and Deeply Buried 
Target Defeat

39016 • • • •

753

MEMS–Based Electromechanical 
Acoustic Energy Harvester

39212 • • • • •

155

Self-Organizing Network Intelligent 
Algorithm (SONIA)

39420 • • • •

653 Cognition-Driven Augmented Analyst 41194 • • • • • •
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A     B     C     D     E     F     G     H     I     J     K     L     M     N     O     P     Q     R     S     T     U     V     W     X    Y    Z 
 
 
 

A 
2,4,6-trinitrotoluene, 223 
µFluid 
      See Microfluid 
2-D 
      See Two-dimensional 
Acceleration, 237 
Accelerator, 669 
Ackermann, M. R. 
      Terahertz Radiation Technology for MASINT, 638 
Acoustic  
      Energy harvester, 754 
      Spectrum analyzer, 582 
      See also: Biosensor 
      See also: Sensor 
Actuator 
      Magnetic, 87 
      Electrokinetic pump, 681 
Adams, D. P. 
      Combined Microfabrication Processes, 92 
      Computer-Controlled Micromachines, 83 
      Thin-Film Deposition with In Situ Monitoring, 61 
      Three-Dimensional Microstructures, 69 
      Verify Cleaning and Surface Preparation, 66 
Adhesion, 456 
Adhesive (bonding), 94 
Adiabatic, 405 
Adkins, D. R. 
      Adhesive Bonding in Microfabrication, 94 
      Flexural Plate-Wave Devices for Sensors, 165 
      Microfabricated Acoustic Spectrum Analyzer, 582 
      Microsensors for Autonomous Microrobots, 198 
Aging 
      Diagnostics, 467 
      LIGA, 532 
      MEMS, 209 
      Microelectronics, 430 
Alam, T. M. 
      Amorphous Diamond for Microsensors, 168 
Alford, C. R. 
      Dispersive Photonics for Sensors, 213 
Algorithm 
      Aging, 467 
      Commodity-based, 147 
      Cryptography, 270 
      Health monitoring, 281 
      Large-eddy simulation, 121 
      Remote material, 615 
      SONIA, 155 
      Spectral calibration, 536 
      Structural biology, 129 
Allen, J. J. 
      Micro-High-G Acceleration Recorder, 237 
 
 

 
Allerman, A. A. 
      Defining the Frontiers of VECSELs, 178 
      Nanosat, 554 
      Optoelectronic Arrays and Microelectronics, 184 
      Ultra-Efficient Solid-State Lighting, 443 
Allman, R. E. 
      Defining the Frontiers of VECSELs, 178 
Alloy, 464 
Amatucci, B. A. 
      Interactions in Rotating Flowfields, 413 
Anderson, D. R. 
      Very High Temperature Gas-Cooled Reactor, 365 
Anderson, L. F. 
      Flexural Plate-Wave Devices for Sensors, 165 
      Microfabricated Acoustic Spectrum Analyzer, 582 
Anderson, M. U. 
      Shock-Wave Response of PZT 95/5, 483 
Anderson, R. A. 
      Laser-Assisted Microgas Metal Arc Welding, 684 
      Nanoclusters for Supercapacitors, 511 
Anion, 383 
Antitamper, 649 
Antoun, B. R. 
      Mechanisms of Adiabatic Shear Failure, 405 
      Modeling Ductile Fracture, 428 
Apatite, 358 
Apblett, C. A. 
      Engineering Biomicrodevice Interfaces, 627 
Arc 
      Welding, 684 
      See also: Vacuum-arc
Arguello, J. G., Jr. 
      Microstructural Modeling of Sintering, 504 
Arlin, J. A. 
      Hybrid Processing in Surety Analysis, 327 
Armendariz, M. 
      Nanosat, 554 
Armour, D. L. 
      Assembly of LIGA Using Electric Fields, 81 
      Nanosat, 554 
Arms, R. M. 
      MyLink, 54 
Armstrong, R. C. 
      Smart Sensors for Joint Test Assembly Flights, 143 
Array 
      Biosensor, 189 
      Mobile sensors, 229 
      Nanoparticle, 740 
      Optoelectronic, 184 
      Patch-clamp, 42 
      Sensor data, 549 
      See also: Microarray 
      See also: Nanoarray
Arsenic, 358 
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Artau, A. 
      Molecular Integrated Microsystems, 439 
Ashby, C. I. H. 
      Amorphous Diamond for Microsensors, 168 
      Detection of Chem/Bio Warfare Agents, 255 
      High-Al-Content AlGaInN Devices, 192 
      MEMS in µFluid Channels, 211 
      Ultra-Efficient Solid-State Lighting, 443 
Asher, R. B. 
      Building Conscious Machines, 735 
      Modeling of Pulsed Electromagnetic Stimulation, 51 
Ashley, C. S. 
      Smart Sand, 223 
Asprey, P. L. 
      Cognition-Driven Augmented Analyst, 653 
Assembled 
      See Self-assembles 
Asynchronous Transfer Mode, 353 
ATM 
      See Asynchronous Transfer Mode 
Atomistic 
      Crack nucleation, 407 
      Failure analysis, 139 
      Phase-field modeling, 458 
Attaway, S. W. 
      Large-Deformation Solid-Fluid Interaction, 432 
Authenticate 
      SCADA, 348 
      Sensor packs, 592 
Automate 
      Combat course of action, 264 
      Design, 72 
Autonomous 
      Microrobots, 198 
      Robotic agents, 304 
      Soaring platform, 229 
      Tracing systems, 391 
      See also: Autonomous navigation 
Autonomous navigation 
      Distributed, 287 
      Obstacle detection, 289 
      Robust planning, 243 
      Terrain mapping, 239 
Axline, R. M. 
      Information Collection, 438 
      Nanosat, 554 
 

B 
Baca, A. G. 
      High-Al-Content AlGaInN Devices, 192 
      Semiconductor Switch for Firing Systems, 672 
Baca, W. E. 
      Quantum Tunneling Transistors, 163 
Bachand, G. D. 
      MEMS in µFluid Channels, 211 
      Single-Channel Membrane Pores, 103 
 
 
 
 

 
Bacon, L. D. 
      HPM Vulnerability Assessment and Tests, 221 
      New Mechanism for Upset of Electronics, 283 
Bacteria, 217 
Baer, M. R. 
      Energetic-Material Burn and Detonation, 416 
      Simulation of Shock-Induced Combustion, 723 
Baer, T. A. 
      Large-Deformation Solid-Fluid Interaction, 432 
Baker, A. B. 
      Modeling of Integrated Nuclear Futures, 363 
Ballistic (chemical sensors), 315 
Bammann, D. J. 
      Modeling Ductile Fracture, 428 
Bandwidth 
      Actuator, 87 
      Interconnects, 612 
Barbour, J. C. 
      Copper-Corrosion Mechanisms, 460 
Barker, D. L. 
      Isentropic Compression Experiments, 669 
Barnett, J. L. 
      Miniaturized Sensor for Drug Detection, 646 
Barriers (apatite), 358 
Bartberger, J. C. 
      Remote Monitoring of Restricted Equipment, 640 
Bartel, L. C. 
      Information Collection, 438 
Bartelt, N. C. 
      Self-Assembled Templates for Nanoarrays, 462 
Bartlett, R. A. 
      Nonlinear Optimization from PDE Models, 132 
Barton, D. C. 
      Learning Model for Agent Behavior, 266 
      Model of Infrastructure Interdependency, 370 
Bartram, M. E. 
      Self-Assembled Templates for Nanoarrays, 462 
Bastasz, R. J. 
      Solid-State Ballistic Chemical Sensors, 315 
Bateman, V. I. 
      Micro-High-G Acceleration Recorder, 237 
Battaile, C. C. 
      Microminiature Thermionic Converter, 388 
      Microstructure and Mechanics, 491 
      Monitoring Corrosion in Weapons, 453 
Battery 
      All-ceramic, 499 
      Rechargeable, 356 
      See also: Microbatteries 
Bauer, K. C. 
      Intrusion Detection for ATM Networks, 353 
Beacon, 587 
Beam 
      Focused ion, 92 
      Intense ion, 655 
      Proton, 235 
Beard, S. G., Jr. 
      Orbit-to-Surface Sensor Delivery System, 643 
Beauchamp, E. K. 
      Glass Technology for Architectural Surety, 575 
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Beaver, C. L. 
      Algorithms for Cryptographic Protocols, 270 
      Authenticating Highly Secure SCADA Systems, 348 
      High-Surety SCADA, 319 
      Information-Sharing Security Research, 360 
      Secure Authenticated Sensor Packs, 592 
      Security Models of Agent-Based Coalitions, 396 
Beckmann, R. C. 
      Transceivers for Microtags to Improve Security, 604 
Beezhold, W. 
      Radiation-Induced Prompt Photocurrents, 172 
Behavior (agent), 266 
Behrens, R., Jr. 
      Early Detection of Pathogen Exposure, 622 
      Interfacial Bioscience Grand Challenge, 447 
      Mapping Membrane Protein Interactions, 107 
      Microincubators for Rapid Toxin Expression, 562 
Bell, N. S. 
      Silicon-Integrated Planar Microbatteries, 201 
      Soft-Solution Processes for Growth, 524 
Benavides, G. L. 
      Computer-Controlled Micromachines, 83 
      Electromicrofluidic Packaging, 85 
      Z-Pinch Power-Plant System Development, 661 
Bender, S. F. 
      Miniaturized Sensor for Drug Detection, 646 
Bennett, D. J. 
      Micro-Total-Analytical Systems, 540 
Bennett, P. C. 
      Robotic Manipulation of Hazardous Materials, 226 
Bentley, A. E. 
      High-Surety SCADA, 319 
Beresh, S. J. 
      Filtered Rayleigh-Scattering Diagnostic, 425 
      Interactions in Rotating Flowfields, 413 
Berg, T. M. 
      Cognition-Driven Augmented Analyst, 653 
      Controlling Information, 551 
Bergstresser, T. K. 
      Isentropic Compression Experiments, 669 
Bernstein, A. C. 
      Intense White-Light Pulse Propagation in Air, 219 
Bernstein, R. 
      Improved Materials-Aging Diagnostics, 467 
Berry, N. M. 
      Cognition-Driven Augmented Analyst, 653 
      Controlling Information, 551 
      Fusion of Sensor Array Data, 549 
      MyLink, 54 
      Simulator Agents with Episodic Memory, 261 
      Smart Sensors for Joint Test Assembly Flights, 143 
Bertram, L. A. 
      Laser-Assisted Microgas Metal Arc Welding, 684 
Beyeler, W. E. 
      Modeling of Integrated Nuclear Futures, 363 
Bickerstaff, R. J. 
      Information Collection, 438 
 
 
 

 
Biefeld, R. M. 
      Characterization of Quantum Dots, 181 
      Miniature UV Fluorescence-Based Sensor, 232 
      Ultra-Efficient Solid-State Lighting, 443 
Bieg, L. F. 
      Computer-Controlled Micromachines, 83 
      VDC of Manufacturing Tools, 63 
Bielek, T. P. 
      Remote Monitoring Using Video SAR, 595 
Biochemical (warfare), 255 
Biocompatible, 509 
Biological 
      Computational, 129 
      Harvesting energy, 627 
      Macromolecules, 97 
      Modeling, 51 
      Sensor (compact UV), 578 
      Sensor (miniature UV), 232 
      Systems, 109 
      Tumor, 111 
      Warfare, 187 
Bio-MEMS, 509 
Biomicrodevice, 627 
Biomimetic, 728 
Bioscience (IBIG), 447 
Biosensor 
      Acoustic-wave, 189 
      Lipid bilayers, 100 
Bitsie, F. 
      Microdiagnostic MEMS Lab-on-a-Chip, 57 
Blair, D. S. 
      Risk-Informed Proliferation Analysis, 568 
Blair-Stahn, N. D. 
      Algorithms for Cryptographic Protocols, 270 
Boggs, P. T. 
      Computational Prototype of Chemotaxis, 47 
      Nonlinear Optimization from PDE Models, 132 
Bolton, W. R., Jr. 
      Information Collection, 438 
Boman, E. G. 
      Parallel Repartitioning for Performance, 149 
Bonding (Adhesive), 94 
Boney, C. M. 
      Informatics for Systems Biology, 109 
Borehole, 394 
Boslough, M. B. E. 
      Distributed Mobile Sensor Arrays, 229 
      Massively Parallel Global Climate Model, 126 
Boundary (interaction), 486 
Bourdon, C. J. 
      Interactions in Rotating Flowfields, 413 
Bow, W. J. 
      Remote Monitoring Using Video SAR, 595 
Boyack, K. W. 
      Cognition-Driven Augmented Analyst, 653 
      Informatics for Systems Biology, 109 
Boyce, B. L. 
      Multiaxial Deformation Experiments on Solder, 419 
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Boye, L. A. 
      Improving and Exploiting MTI Imagery, 566 
      Information Collection, 438 
      Short-Pulse Laser Technologies, 268 
Boyle, T. J. 
      All-Ceramic Battery, 499 
Brabson, J. M. 
      Data Fusion and Visualization of MASINT, 253 
Bradshaw, R. W. 
      Security Issues Based on Limited Freshwater, 35 
Brady, P. V. 
      Sorbents for Water Purification, 383 
Braginsky, M. V. 
      Microstructural Modeling of Sintering, 504 
Braithwaite, J. W. 
      Copper-Corrosion Mechanisms, 460 
Branch, D. W. 
      Acoustic-Wave Biosensor Arrays, 189 
Brandt, L. D. 
      Real-Time Decision-Support Framework, 546 
Brannon, N. G. 
      Cognition-Driven Augmented Analyst, 653 
      Knowledge-Based Human Agent Simulation, 589 
      Self-Organizing Network Intelligent Algorithm, 155 
Bray, B. K. 
      Remote Monitoring Using Video SAR, 595 
Braze, 464 
Breiland, W. G. 
      Copper-Corrosion Mechanisms, 460 
Brenkosh, J. P. 
      Varying QoS for Fixed and Mobile Networks, 317 
Brennan, J. S. 
      Microincubators for Rapid Toxin Expression, 562 
Briggs, R. D. 
      Interconnection Technology for Microsystems, 543 
Brinker, C. J. 
      Bio-MEMS and Insect Reconnaissance, 509 
      Biomimetic Chloroplasts, 728 
      Evaporation-Induced Self-Assembly, 715 
      Molecular Integrated Microsystems, 439 
      Nanostructured Materials in Optical Devices, 497 
      Scattering from Nanostructured Materials, 712 
      Self-Assembled Nanostructured Materials, 376 
      Self-Assembled Templates for Nanoarrays, 462 
      Smart Sand, 223 
      Smart Self-Assembled Photochromic Films, 450 
Britanik, J. M. 
      Fuzzy Data Mining, 248 
Brocato, R. W. 
      Transceivers for Microtags to Improve Security, 604 
Brock, B. C. 
      Nanosat, 554 
Brockmann, J. E. 
      Modeling Building Air Flow, 304 
      Real-Time Decision-Support Framework, 546 
Brooks, J. A. 
      Diagnostics for Joining Solidification, 480 
Brown, J. R. 
      Polymer Spin-Coating for Semiconductors, 516 
 

 
Brozik, S. M. 
      Acoustic-Wave Biosensor Arrays, 189 
      Bio-MEMS and Insect Reconnaissance, 509 
      Biosensors Based on Electrical Impedance, 100 
      Engineering Biomicrodevice Interfaces, 627 
      Interfacial Bioscience Grand Challenge, 447 
      Micromachined Patch-Clamp Array, 42 
      Molecular Integrated Microsystems, 439 
      Nanostructured Materials in Optical Devices, 497 
      Water-Quality Monitoring, 385 
Bryan, C. R. 
      Self-Assembled Nanostructured Materials, 376 
Buchheit, T. E. 
      Mechanics and Tribology of MEMS Materials, 520 
      Microstructure and Mechanics, 491 
      Multiaxial Deformation Experiments on Solder, 419 
Bukaty, M. E. 
      Advanced Unattended Ground Sensors, 258 
      Data Fusion and Visualization of MASINT, 253 
Buller, D. L. 
      Radiation-Induced Prompt Photocurrents, 172 
Bunde, D. P. 
      Commodity-Based Parallel Computing, 147 
Bunker, B. C. 
      Aging Mechanisms in Dormant MEMS, 209 
      Hydrophobic-Hydrophilic Surfaces, 494 
      Molecular Integrated Microsystems, 439 
Burg, M. S. 
      Surface-Micromachined Mechanical Timer, 689 
Buried (target), 312 
Burns, A. R. 
      Interfacial Bioscience Grand Challenge, 447 
      Investigation of Nanoscience Technologies, 703 
      Molecular Integrated Microsystems, 439 
      Nanostructured Materials in Optical Devices, 497 
      Single-Channel Membrane Pores, 103 
      Smart Self-Assembled Photochromic Films, 450 
Buss, R. J. 
      Nanostructured Silicon for Photovoltaics, 343 
Butler, M. A. 
      Flexural Plate-Wave Devices for Sensors, 165 
      Microfaricated Acoustic Spectrum Analyzer, 582 
BW 
      See Biological (warfare) 
Byrne, R. H. 
      Microsensors for Autonomous Microrobots, 198 
 

C 
C de Baca, A. J. 
      Model of Infrastructure Interdependency, 370 
Cadden, C. H. 
      LIGA Microsystems Aging, 532 
Caffey, T. W. H. 
      Ground-Penetrating Radar, 394 
Calibration, 536 
Cameron, S. M. 
      Intense White-Light Pulse Propagation in Air, 219 
      Short-Pulse Laser Technologies, 268 
Campbell, D. V. 
      Range Imaging for Autonomous Navigation, 239 
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Campbell, J. E. 
      Prognostic Health Monitoring, 281 
Campbell, P. L. 
      Source Code Assurance Tool, 332 
Campin, M. J. 
      Copper-Corrosion Mechanisms, 460 
Capillary, 676 
Carlson, D. C. 
      Data Fusion and Visualization of MASINT, 253 
Carlson, J. J. 
      Distributed Autonomous Navigation, 287 
      Obstacle Detection for Navigation, 289 
      Telepresent Rapid-Aiming Platform, 625 
      Unobtrusive Human-Computer Interactions, 116 
Carlson, R. E. 
      Authenticating Highly Secure SCADA Systems, 348 
      High-Surety SCADA, 319 
      Vulnerability Assessment of Power Grid, 399 
Carlton, R. J. 
      Microexplosive Subsurface Tracing System, 391 
Carr, R. D. 
      Computational Structural Biology, 129 
Casalnuovo, S. A. 
      Microsensors for Autonomous Microrobots, 198 
      Molecular Integrated Microsystems, 439 
      Nanosat, 554 
      Solid-State Ballistic Chemical Sensors, 315 
      Transceivers for Microtags to Improve Security, 604 
Cashen, J. J. 
      Detailed Inspection of Weapon Components, 687 
Castro, J. P. 
      Multifidelity Modeling of Coupled Systems, 136 
Catalytic, 368 
Cederberg, J. G. 
      Characterization of Quantum Dots, 181 
Cell 
      Modeling, 47 
      Signaling (microscale), 44 
      Signaling (protein), 107 
      Tumor, 111 
      See also: Microfuel Cells 
      See also: Optical 
Ceramic 
      Battery, 499 
      Metal interfaces, 523 
      Ultra-high temperature, 302 
Cernosek, R. W. 
      Acoustic-Wave Biosensor Arrays, 189 
Cesarano, J., III 
      Bio-MEMS and Insect Reconnaissance, 509 
Chambers, R. S. 
      Structural Simulations Using Material Models, 402 
Chanchani, R. 
      Interconnection Technology for Microsystems, 543 
      Microtransceiver for Data Exfiltration, 587 
Channels (µfluid), 211 
Charge-Compression, 350 
Chavez, J. C. 
      Nanosat, 554 
 

 
Chemical 
      Collection, 602 
      Fingerprint, 255 
      See also: Sensor 
Chemotaxis, 47 
Chen, J. H. 
      Control Strategies for HCCI Engines, 350 
Chinn, D. A. 
      Digital Detectors for Neutron Imaging, 580 
      Electrochemomechanical Actuation, 488 
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