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Introduction 

The Ernest Orlando Lawrence Berkeley National 
Laboratory Perkeley Lab or LBm) is a multi- 
program national research facility operated by the 
University of California for the Deparlment of 
Energy (DOE). As an integral element of DOE’s 
National Laboratory System, 3erkeley Lab 
supports DOE’s missions in fundamental science, 
energy resources, and environmental quality. 
Berkeley Lab programs advance four distinct 
goals 

rn 

rn 

For DOE and the nation: 

To perform leading multidisciplinary 
research in the energy sciences, general 
sciences, biosciences, and computing 
sciences in a manner that ensures employee 
and public safety and protection of the 
e n v i r O l U l - l ~ t .  

To develop and operate unique national 
experimental facilities for qualiEied 
investigators. 

To educate and train future generations of 
scientists and engineers to promote nationd 
science and education goals. 

To transfer knowledge and technological 
innovations and to foster productive 
relationships among Berkeley Lab’s 
research programs, universities, and 
industry in order to promote national 
economic competitiveness. 

Berkeley Lab’s programs, all unclassified, support 
DOE’s mission for “a secure and reliable energy 
system that is environmentally and economically 
sustainable” and for “continued United States 
leadership in science and technology,” as 
enunciated in DOE’s Strategic Plan, These efforts 
support the Comprehensive National Energy 
Strategy to “work internationally an global 
issues,“ to “improve the efficiency of the energy 
system,“ and to ”expand future energy choices 
through wise inveshents in basic science and 
new technologies.” 

The Berkel~y L R ~  L a b o l ~ f o r y  Directed Reseal-ch nrrd 
Developnzent Progrnnz FY 1999 report is compiled 
from annual reports submitted by principd 
investigators following the dose of the fiscal year. 
This report describes the supported projects and 
summarizes their accomplishments. It constitutes 

a part of the Laboratory Directed Research and 
Development (LDRD) program planning and 
dotlumenfation process that &dudes an annual 
planning cycle, projection selection, 
implementation, and review. 

The Berkeley Lab LDRD program is a critical tool 
for directing the Laboratory’s forefront scienfic 
research capabilities toward vital, excellent, and 
emerging scientific challenges. The program 
provides the iesources for Berkeley Lab scientists 
to make rapid and signihcant contributions to 
critical national science and technology problems. 
The LDRD program also advances Berkeley Lab’s 
core competencies, foundations, and scientific 
capability, and permits exploration of exciting 
new opportunities. All projects are work in 
forefront areas of science and technology. Areas 
eligible for support include the following: 

Advanced study of hypotheses, concepts, or 
innovative approaches to scientific or 
technical probIems; . Experiments and analyses directed toward 
“proof of principle” or early determination 
of the utility of new scientific ideas, 
technical concepts, or devices; and 
Conception and preliminary technical 
analyses of experimental facilities or 
devices. 

The LDRD program supports Berkeley Lab’s 
mission in many ways, First, because LDRD 
fund5 can be allocated within a relatively short 
t ime frame, Berkeley Lab researchers can support 
the mission of the Department of Energy (DOE) 
and serve the needs of the nation by quickly 
responding to forefront scientific problems. 
Second, LDRD enables Berkeley Lab to attract 
and retain highly qualiEied scientists and supports 
their efforts to carry out world-leading research. 
Zn addition, the LDRD program also supports 
new projects that involve graduate students and 
postdoctoral fellows, thus contributing to the 
education mission of Berkeley Lab. 

Berkeley Lab has a formal process €or allocating 
funds for the LDRD program. The process relies 
on individual scientific investigators and We 
scientific leadership of Berkeley Lab to idenbfy 
opportunities that will contribute to scientific and 
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institutional goals. The process is also designed to 
maintain compliance with DOE Orders, in 
particular DOE Order 413.2 dated Mach 5,1997. 
From year to year, the distribution of funds 
among the scientific program areas changes, This 
flexibility optimizes Berkeley Lab's ability to 
respond to opportunities. 

Berkeley Lab LDRD policy and program 
decisions are the responsibility of the Laboratory 
Director. The Director has assigned general 
programmatic oversight responsibility to the 
Deputy Director for Research. Adminisbation 
and reporting on the LDRD program is supported 
by the Directorate's Office for Planning and 
Communications. LDRD accounfing procedures 
and hancial management are consistent with the 
Laboratory's accounting principles and stipula- 
tions under the contract between the University 
of CaLifomia and the Department of Energy, with 
accounting maintained through the Laboratory's 
Chief Financial Officer. 

In FY99, Berkeley Lab was authorized by DOE to 
establish a funding ceiling for the LDRD program 
based on 3.9% of Berkeley Lab's FY99 operating 
and capitd equipment budgets. This funding 
level was provided to develop new saentific 
ideas and opporhmities and allow the Berkeley 
Lab Director an opportunity to initiate new 
directions. Budget consbajnts limited available 
resources, however, so only $9.9 M was expended 
for operating and $0.7 M for capital equipment. 

In FY99, scientists submitted 183 proposals, 
requesting over $27.8 M in operating funding. 
Eighty-five projects were h d e d ,  with awards 
ranging from $20 I< to $368 K. These projects are 
Listed in the Table of Contents. 

xii 



Accelerator and Fusion Research Division 

Dynamics of Low-Emittance Hecfron 
Rings with Applications to High 
Energy Physics Coliiders 

Principal Investigators: John Corlett 

Project No.: 99001 

Project Description 
This proposal represents a collaboration between the 
Accelerator and Fusion Research and Physics 
Divisions jn the conceptualization of future high 
energy physics colliders. Consistent with the goals 
set by the recent HEPAP subpanel report "Planning 
for the F u l r e  of US. High Energy Physics" the 
project will develop and apply our existing and 
sigmftcanf experience in low-emittance storage ring 
accelerator physics and engineering, and radiation- 
hardened electronics and novel. controls systems for 
large accelerators, 

We propose to develop the understanding and key 
technologies of low-emitkance storage ring systems. 
This work will include optimizing latiice schemes 
for low-emittance and rapidly-damped beams, 
studies of impedance minimization and collective 
effects, and feedback systems to control residual 
beam motion. In collaboration with the Physics 
Division, we propose to utilize the existing expertise 
in radiation-hardened electronics to develop novel 
concepts in control system design, integrating 
radiation-hardened elecbonics located near the 
accelerator and incorporating complex algorithm's 
to allow efficient accelerator physics studies and 
manipulation of the beams in feedback and 
feedforward loops. 

Accomplishments 

We have begun studies of minimal impedance 
components for storage rings, most notably the 
accelerating radio frequency (rf) cavities, and fast- 
pulsed injection/extraction kickers. To take full 
advantage of low-emittance beams, it is important to 

operate below instability thresholds. Instabilities 
may be driven by electromagnetic fields coupling 
between particles within a single bunch, or by 
coupling through fields generated by a leading 
bmch and experienced by following bunches. In 
both cases, the dominant mechanism is wakefields 
produced in the vacuum chamber. O+er instability 
mechanisms include coupling through ion clouds in 
the residual gas. The strength of the interaction 
between the beam and its environment is 
characterized by the beam impedance. Instabilities 
generally have a threshold current or impedanie 
below which the natural damping mechanisms 
suppress the motion induced by the beam self-fields. 
Above threshold, the growth rate of the sa-hduced 
motion exceeds the damphg rate, and beam quality 
degrades, Feedback and feedforward systems may 
help avoid instabilities by adding to the natural 
damping rate. 

For the case of the rf cavities, a design using 
waveguide-damped structures has been 
conceptualized and modeled in 3-D electromagnetic 
simulation computer codes. The impedance appears 
to be suitably low, with cavity higher-order-modes 
reduced by several orders of magnitude. Since the rf 
cavities offer a very inviting geometry for 
accumulation of r€ power, they are the dominant 
impedance in most rings, driving coupled-bunch 
motion in many modes. Clearly, suppression of this 
impedance is a goal to be strongly pursued. We have 
a sound conceptual design for the cavity, and ate 
pursuing the design now by investigating more 
efficient and cost-effective means of absorbing the 
power deposited in higher-order-modes of the 
cavity. One concept is to connect waveguides to the 
cavity and absorb the rf power in resistive material 
inside the waveguide; a n  alternate approach is to 
convert from waveguide modes into coaxial modes, 
and then use commercially available high-power 
coaxial loads to absorb the power. Since the 
bandwidth requited is large (approximately 1 to 8 
GHz), we are currently favoring h e  waveguide load 
approach, and are developing 3-D computer 
simulations of wave propagation and power loss in 
waveguides loaded with lossy materials. 

We have also begun to study an accelerating cavity 
design which operates in a mode optimized to 
reduce he interaction between cavity and beam. 
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This jncreases the stability of the rf system to beam 
loading transients, by vir tue of its greater stored 
energy. This is unusual practice in cavity design, 
where one usually optimizes for a strong interaction 
in the accelerating mode. One consequence of this 
design is the increased power needed in order to 
provide the required operating electric field. The 
benefit is that the individual bunches in the trains of 
bunches in the ring will be equally phased along the 
drive rf waveform. h the case of strong beam-cavity 
interaction (beam loading) the energy deposited in 
the cavity by bunches at the head of a train can 
substantidy change the field in the cavity for 
following bunches, resulting in a bunch-to-bunch 
phase shift along a bunch train. This phase shift may 
be detrimental to beam quality once the beam is 
extracted from the ring, A reduction of phase 
transients by a factor of about four or five is 
expected, allowing residual motion to be controlled 
with feedforward systems. Increasing the stored 
energy of the cavity requires changing its geometry, 
or the mode in which it operates. We have studied 
other possible operating modes and have concluded 
that the additional problems of having modes at 
both lower and higher frequencies than the 
operating mode are worse khan the problem to be 
addressed. Thus, we have concentrated on geometry 
changes of TM,,,, mode cavities, to increase the Q- 
value of the mode. 

In the Lambertson Beam Elechodynamics 
Laboratory at Berkeley Lab, we have performed 
beam impedance measurements using microwave 
measurement techniques of a prototype 
injection/extraction kicker. In order to inject beam 
into a storage ring, pulsed elechomagnetic kickers 
are used to bend the trajectory of fhe incoming beam 
onto the stored-beam orbit. Fast rise and fall times 
are required in order that bunch trains may be 
injected or extracted without disturbing preceding 
or following trains. The kicker must s w i t c h  on/off 
within the time interval between bunch trains 
(ideally as short as possible). 

The results obtained so far will be used, in 
conjunction with estimaled impedance of other 
components, to provide the basis for an impedance 
budget for a future low-emittance storage ring. We 
will compute collective ef€ects and design feedback 
systems to control them. The nature of the 
interaction which produces the deflection in the 
beams also implies a strong coupling to the fields of 
the stored beam-characterized by the beam 
impedance. We seek to minimize this impedance, by 
allowing relatively unimpeded passage of the image 

current produced by the stored beam, and by 
minimizing resonant modes within the kicker 
structure. In our measurements, we found 
resonances trapped within the power feedthrough 
section of the kicker. Our work has helped in re- 
engineering the kicker, and we are pursuing other 
conceptual designs to elimiriate this problem. 

A technique used to store high-current beams is to 
produce many small bunches. Each bunch has a 
relatively modest current, which will not induce 
instabilities within a carefully designed storage h g .  
The large total current, however, may drive 
coupled-bunch instabilities, and these may be 
suppressed using fast feedback systems, By 
sampling the deviation of each bunch, we may 
derive a corrective kick term and apply it to the 
same bunch on each turn of the machine. The system 
bandwidth required is half the bunch rate, and may 
be a few hundred megahertz. Operating in the 
lowest modes, from kilohertz to hundreds of 
megahertz, is challenging, and we have proposed 
schemes which utilize higher frequency 
components. In this case the fractional bandwidth is 
much reduced and hardware is available, but the 
kickers required to impart the correction to each 
bunch become more f i c u l t .  We have 
conceptualized a kicker design which will provide a 
large impedance when operated at high frequency 
(in the gigahertz range), increasing the efficiency of 
the system and reducing costs of rf power. This 
kicker consists of several stripline plates connected 
with a pi/2 phase shift between each plate. As the 
beam passes through the structure, and the 
electromagnetic wave applied to the kicker by the 
feedback system propagates in the opposite 
direction, &e beam experiences a bansverse kiclc in 
one direction, as required. Several plates are needed 
to provide good efficiency, and this technique of 
connecting plates in series is unique in accelerator 
feedback systems. 

In the design and optimization of low-emittance 
lattices, we have begun to analyze a theoretical 
minimum emittance design. While h the early 
stages of this analysis, we are hopeful that a machine 
with flexibility in operating point, and insensitivity 
to errors, can be achieved. A measure of the 
eLficiency of a storage ring in capturing and 
containing beam is the dynamic aperture-the 
aperture within which a particle is bound inside the 
machine by the magnetic fields. A major 
contribution to the high-harmonic fields in the 
lattice, which may seriously decrease the dynamic 
aperture, is the wiggler. The wiggler is used to 
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increase the synchrotron damping rate of the 
machine, by forcing rapid bending of the beam back 
and forth; at each bend the beam emi ts  synchrotron 
radiation which results in a natural damping 
process. To understand its properties, we have 
begun to study the basic lattice with a n  ideal 
wiggler. We wilI then incorporate a model of the real 
wiggler magnetic fields to ascertain their effects. Our 
analysis begins with a model gerierated in the 
Methodical Accelerator Design (MAD) code, which 
we convert to in-house codes to perform the more 
elaborate modeling studies, 

Publications 
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Damping Ring RF System," Particle Accelerator 
Conference '99, New York (March 29-April2,1999). 

W. Barry  and J. Corlett, "Coupled-bunch Feedback 
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Linear Collider Workshop (submitted, October 
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Laser-Driven Acceleration of 
Particles 

Principal Investigators: Wim Leemans, Swapan 
Chattopadhyay, and Jonathan Wurtele 

Project No.: 97002 

Project Description 
This LDRD is to conduct an experimental and 
computational study of a partide accelerator based 
on ultrahigh gradient (10's of GeV/m) laser-driven 
acceleration over long distances (1 to 10 cm) in 
pIasmas. Experimental techniques are being 
developed to a) channel ultrahigh intensity laser 
pulses in cm-Iong, laser-produced plasmas, b) excite, 
probe, and control longitudinal wakes with mdti- 
GeV accelerating gradients in these plasma chanriels 
and c) inject femtosecond (fs)-long electron bunches 
into the channel. Numerical took and computa+tional 
codes are being developed and integrated with the 
experimental program for fast and accurate 
modeling of the experiments. This work may lead to 
future compact accelerators using plasma or other 
advanced accelerator concepts. 

Accomplishments 

Durhg FY99, experiments on laser guiding in 
plasma channels and production of femtosecond 
electron bunches through laser wakefield 
acceleration continued. 

The laser guiding experiments have concentrated on 
the development of diagnostics for measurement of 
channel profiles and wakefields. The initial 
experiments (see PY9S report) used on-axis Mach- 
Zehnder interferomeby to measure the plasma 
channel profile. Whereas this method was 
successfully used in diagnosing slab channel 
profiles, for round channels the guiding properties 
complicate the interpretation of the observed 
interferorneh-ic pattern. To have a direct measure of 
channel profile, we have implemented side-on 
folded-wave interferometry using a single b$am 
which, after going through the plasma, is split and 
folded on top of itself to produce an interferogram. 
Phase retrieval algorithm and Abel inversion are 
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applied to infer the plasma density proi3e under the 
assumption of axisymmetry. 

To measure the wakefield amplitude generated by 
the laser pulse propagating down the channel, we 
have studied the possibility of using Fourier domain 
interferometry. A novel holographic inversion 
method has been found and we are currently testing 
this technique experimentally. This measurement 
requires the use of two co-linearly propagating 
probe laser pulses, one behind and one ahead of the 
intense drive laser p S e .  The two probe pulses are 
then allowed to interfere inside a spectrometer to 
produce a beat pattern. The modulation frequency 
of the beat pattern depends on the plasma wave 
amplitude and hence can be used to measure the 
properties of this wave. 

To study the laser drive pulse evolution we have 
aIso begun to use a frequency resolved optical 
gating (FROG) system, The FROG system is capable 
of measuring the wavelenfl of a femtosecond laser 
pulse as a function of time. With this method we 
expect to measure the amount of coupling between 
the laser and plasma by measuring the redshifting of 
the drive laser pulse as energy is transferred from 
the laser photons to the plasmons. 

An important aspect of the experimental 
implementation of these various methods was found 
to be beam poinhg stability and movement during 
pump down of the vacuum chambers. Due to the 
small channel dimensions, tolerance for beam 
motion is on the order of 10 microns. This has been 
s u c c e s s ~ y  obtained by strengthening €he vacuum 
vessel. 

The electron production experiments have 
succeeded in producing electron beams by 
propagating an intense (I SIO1’ W/cm’), high power 
(I? 5 12 TW) laser pulse in a dense plasma (n, 5 5 x 
IO1’ cm”). For such parameters, the laser puke will 
become self-guided due to relativistic self-focusing 
and can undergo an instability which leads to a 
longitudinally modulated intensity profile with 
periodicity given by h e  plasma period and a large 
amplitude plasma wave. For sufficiently long 
propagation distances of the laser pulse in the 
plasma, the plasma wave can reach amplitudes 
comparable to the cold-wavebreaking limit, at which 
moment background electrons can be trapped and 
accelerated in the wave. 

To achieve th is parameter regime, an additional 
ampNer arm operating at 10 Hz and with average 
power of about 10 W (Le. 1 J/pulse), a new target 

chamber and vacuum cornpressor system was 
designed, built, and commissioned. After 
amplification, the laser pulse was propagated 
through an evacuated beam pipe into a vacuum 
compressor where it was compressed to pulse 
durations on the order of 50 to 250 fs, depending on 
the compressor settings. The peak power for the 
shortest pulses was on the order of 10 to 12 TW. 
After compression, the laser pulse was focused on a 
Helium gasjet (backing pressure up to 1000 psi) 
using an F/4 off-axis parabola to a spot size on the 
order of 6 to 7 mm, resulting in peak intensities on 
the order of 10” W/m*. Folded wave 
interferometry was used to measure the plasma 
density produced by ionization of the Helium gas 
plume: by the front of the intense pulse, The plasma 
length was measured to be on the order of 1.2 to 1.5 
mm. After interaction with the gasjet, an ultrathin 
mirror deflected the laser beam onto a single-shot 
auto-correlator and power meter. The mirror 
substrate was sufficiently thin to allow energetic 
electrons to pass through. The electron detection 
system consisted of a phosphor screen, protected by 
a 75-micron thick AI foil, which was mounted on the 
faceplate of a fiber-coupled 14bit charge-coupled 
device (CCD) camera, The sensitivity of the camera 
was measured using Cs-137 and 1-129 radioactive 
sources and found to be on the order of 3 to 4 
eleckrons/count. The camera was sursounded by 8“ 
thick lead shielding t-0 reduce the amount of 
radiation inside the experimental cave. 

By tuning Pahe position of the gasjet and laser pulse 
duration, electrons were observed. These 
measurements constitute the first time electron 
acceleration has been achieved using ultrashort laser 
pdses produced by a Ti:A1203 laser system. All 
previously reported results were obtained using 
longer pulse (0.4 to 1 ps) Nd-glass laser systems. 
Furthermore, those systems operate typically at very 
low repetition rate (1 to 20 minutes between shots) 
compared to the 10 Hz system here at Berkeley Lab. 
A permanent magnet based bend magnet was used 
to distinguish between electron and x-ray/gamma- 
ray induced signals on the phosphor screen. Based 
on the sensitivity calibrations of the detection 
system, a total of greater than 10’ electrons per pulse 
was measured. Experiments are currently underway 
to accurately measure the amount of charge using an 
integrating current hansfomer. A solenoidal 
magnet has been installed to allow focusing of the 
electron beam. An imaging bend magnet 
spectrometer is being designed to measure the beam 
energy and its spatial dependence, The expected 



energy distribution is expected to be very broad 
(100%) wi& most of the electrons having energies on 
the order of 1 to 2 MeV and only a haction having 
10's of MeV energy. 

To sign&cantIy reduce the energy spread and 
increase the mean energy, injection of two additional 
laser pulses is being implemented (see FY98 report). 
The additional laser pulses will provide the mean5 
to control the injection phase into the plasma wave 
by providing a time-gated electron trapping pulse. 

On the theory side, sigruticant progress has been 
made in providing andytic and computational tools 
to predict and analyze the experimental results. 
New resdts on laser propagation in plasma 

channels have been obtained by extending the 
conventional paraxial propagation model through 
the ipclusion of non-paraxial tenns, The new model 
d o w s  for fast and accurate modeling of the self- 
modulated and Raman forward scattering laser 
instabilities, which are relevant to the experiment. A 
novel fluid code has been developed which allows 
laser and plasma evolution to be calculated self- 
consistently, under the assumption that no particle 
trapping occurs. To further extend OUT capabilities, 
we have implemented a colIaborative effort with UC 
Berkeley and University of Colorado, on the use of 
particle-in-cell (PIC) codes for self-consistent 
modeling of the laser-plasma interactions, including 
particle trapping and acceleration. 
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Figwe I. ExpenmntnZ set-zip lnser bennz spot nrzd line profile, nizd electron benm images 
o n  phosphor screeiz. 
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Advanced Light Source Division 

Time-Resolved X-Ray Measurements 
of Complex Magnetic Materials 

Principal Investigators: Roger Falcone, lnuk Kang, 
Philip Helrnann, Howard Padmore, and Zi Qiang Qiu 
Project No.: 99002 

Project Description 

This project involves a time-resolved x-ray study of 
dynamical phase transitions of the colossal 
magnetoresistance (CMR) materials. The CMR 
materials exhibit exfmmely r i ch  phase transition 
phenomena owing to strong electron-spin and 
electron-phonon interactions. Understanding the 
dynamical interplay of these two interactions in the 
CMR materials is one of the most important 
problems in condensed-matter physics. This project 
will use time-resolved x-ray diffraction to 
investigate h e  role of the electron-phonon 
interaction in the phase transitions, and will develop 
a new time-resolved x-ray magnetic circular 
didxokm (XMCD) measurement technique to probe 
the dynamics of the electron-spin interaction. 

We will monitor the temporal evolution of the lattice 
and magnetic structure during the laser-induced 
phase transitions in the CMR materials. Laser 
systems producing light pulses 5y13chrOrkWd with 
the Advanced Light Source (ALS) x-ray pulses 
permit us to do pump (laser)-probe (x-ray) 
measurements. The change of the lattice structure of 
the CMX materials durjng the laser-induced phase 
transitions can be monitored by measuring x-ray 
diffraction at different temporal delays between the 
laser- and x-ray pulses. Interrogation of element- 
specific magnetic dynamics requires development of 
a he-resolved XMCD technique. This XMCD 
capabzty will be developed at beamline 7.3.3 of the 
ALS. The x-ray measurement will be complemented 
by conventional magneto-optic techniques. The 
dependence of the laser-induced phase transitions 
on the composition of the materials, temperature, 
and magnetic field will be tested. 

Accomplishments 
We investigated the role of the Jahn-Teller 
interaction in the charge-ordered CMR materials by 
time-resolved x-ray measurements of the polaron 
dynamics. The formation and relaxation of the 
polarons, induced by photo-carriers, were observed 
for the first time in picosecond dynamics of the 
diffuse x-ray scattering. We monitored how h e  
lattice structure of Ndl/lSr,,,Mn03 evolved after the 
material was irradiated with 150 fs, 800 nm laser 
pulses between 10 and 300 K. We implemented a 
low-temperature x-ray diffraction set up. The pump- 
laser wavelength overlapped with the broad Mn3’ to ’ 

Mn4* charg&mnsfer transition band. The lattice 
dynamics was probed with the time-resolved x-ray 
Bragg Wact ion  from the orthorhombic Pbrirn (112) 
plane of a single crystal Nd,,,Sr,~,Mno,. The 
experiment was performed at beamline 7.3.3 of the 
ALS, Strong diffuse scattering, indicative of a large 
lattice distortion, was observed to develop over -30 
ps and to relax in 300 ps. This difhrse scattering is 
similar to the diffuse scattering observed at the 
phase boundary between the charge-ordered and 
ferromagnetic states. We interpret this as the 
formation of local patches of new structural phases 
induced by the Jahn-Teller coupling of the lattice to 
the charge-bansfer. 

Publications 
I. Kang, et al., “Time-Resolved X-ray Measurements 
of Polaron Dynamics of Charge-ordered 
Ndr,2Srl,2hh03,” ALS Users’ Meeking (November 
1999). 
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Ultrafasf X-Ray Spectroscopy via 
Optical Ga king 

Principal Investigators: Thorton Glover, Philip 
Heirnann, and Howard Padmore 

Project No.: 98032 

Project Description 
Synchrobons have provided valuable information 
about the static properties of materials important to 
the physical and life sciences. Their role in studying 
material dynamics, however, has been limited due 
to inadequate time-resolution. The ability to perform 
x-ray spectroscopy with sufficient time resolution to 
observe the fast (-100 fs) primary events which 
drive many interesting &emical reactions, phase- 
transitions, etc., will have an important impact on a 
number of fields in physics, chemistry, and biology. 
The goal of our research is to expand Advanced 
Light Source (ALS) capabilities for performing 
dimfast x-ray spectroscopy by developing a fast 
(femtosecond) x-ray detector based on optical 
gating. Optical gating will be based on multiphoton 
processes driven by the combination of visible 
(laser) and x-ray (synchrotron) light. Such two-color 
experiments represent an interesting new direction 
for synchrotron-based research. From a fundamental 
perspective, x-ray/laser two-color experiments offer 
a means of studying novel structure and dynamics 
of matter exposed to intense, coherent (laser) 
radiation. From a n  applications perspective, x- 
ray/laser multiphoton processes can serve as the 
bask for a high time-resolufiion x-ray detector via 
optical gating. 

In opticd gating, a thin (temporal) slice of a long x- 
ray pulse is isolated using an x-ray/laser 
multiphoton process, Specifically, a short laser pulse 
will induce modifications to a n  x-ray photoelect-ron 
spectrum (XPS). Narrow-band synchrotron light is 
tuned to a core-level absorption edge and will 
produce a narrow photoelectron peak. When a laser 
pulse is present during the x-ray ionization event, 
additional peaks (spaced by multiples of the optical 
photon energy} will appear on either side of the 
primary x-ray peak These additional peaks are due 
to absorption and emission of optical photons 

during the narrow window in time when a short 
laser pulse overlaps the longer x-ray pulse. For 
moderate laser intensity, the optical scattering peak 
ampLitudes are linearly proportional to the flux 
contained within a Ehin slice of the x-ray pulse and 
can be used to record materials dynamics with time- 
resolution equal to the duration of a short laser 
pulse (as short as 5 to 10 fs for current lasers). The 
goal of this project is to demonstrate that such two- 
color processes can serve as a basis for an dbahigh 
time-resolution x-ray detector. 

Accomplishments 

Experiments have been perhrmed at the micro-X- 
ray photoelectron spectroscopy ( X P S )  endstation at 
beamline 7.3.12. X-rays at approximately 800 eV 
emit 2p core-shell electrons from silicon. The 
electron spec- (Figure I) indicates a 2p- 
photoemission h e  at 730.5 eV, When a laser pulse 
(800 run, 1.55 eV photons) is present during the 
photoemission p~ocess, the Si 2p line is shifted to 
higher kinetic energy by -250 MeV. This shift is due 
to laser-induced surface charge and is used to 
ensure that the x-ray and laser pulses are spatially 
and temporally overlapped on the Si target. We note 
that h e  dynamics of the laser-induced line-shift are 
determined by recombination processes at the Si 
surface so that picosecond and femtosecond time- 
resolved measurements of the Si 2p line position 
provide information about surface recombination 
dynamics. While such information can be obtained 
using optical gating, the Si Line dynamics have not 
yet been mapped and we turn attention to OUT hitid 
observations of optical gating. 

We describe two (related) pieces of data which 
suggest that we have observed optical gating. First 
(Figure 1 left inset), an x-ray/laser cross-correlation 
curve and second (Figure 1 right inset), a laser- 
perturbed Si XPS, The data are obtained by 
measuring the Si photoelectron spectrum as a 
function of laser arrival time at the sample (for fixed 
x-ray arrival time). The left inset to Figure 1 shows 
h a t  the electron counts (in the vicinity of 730.5+1.55 
= 732 ev) are 4 to 5% above the baseline for a time- 
interval corresponding to -JOOps. This curve 
amounts to an x-ray/laser cross-correlation 
measurement of the x-ray puke indicating an  x-ray 
pulse duration of -1OOps. We note that the 
magnitude of the measured effect (4 to 5%) is 
approximately a factor of two larger than the 
calculated effect (2%) It is possible, however, that 
the calculation (performed for a single atom in 
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isolation) underestimates the optical scattering 
efficiency by not accounting for collisions within the 
solid. In the time-interval between ionization and 
photoemission from the surface, the photoelectron 
can undergo collisions and these collisions provide 
additional opportunities for scattering optical 
photons. 

The right inset to Figure 1 shows the laser-perturbed 
XPS, The spectrum is obtained by taking a Si 
spectrum corresponding to coincident x-ray/laser 
arrival at the sample (-50 ps on Figure 1 left inset) 
and subtracting the spectrum corresponding to non- 
coincident arrival (-150 ps). The specirux~ shows a 
peak at 732 eV, corresponding to the primary x-ray 
peak (730.5 ev) plus one opticalphoton (1.55 eV). 

While these preliminary experiments suggest that 
we are indeed observing laser-induced continuum 
transitions, we note two reasons for caution. First, 
sin& the Si Zp line is shifting as a function of time 
(due to laser-induced surface charge and associated 
recombination dynamics), these line-shifting 
.dynamics may distort the cross-correlation curve 
resulting from optical gating+ A second, and related, 
issue is that the measured x-ray pulse (-1DD ps) is 
longer than expected (-30 ps for ALS in nonnal 
made). We note, however, that beam-damping was 
not operative for the data of Figure 1 and this may 
account for the discrepancy. Follow-up experiments 
are in progress. 
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Publications 

T.E. Glover, G. D. Ackermann, €3. W. Chong, I?. A. 
Heimann, Z. Hussain, €3. Padmore, R.W. Schoenlein, 
A.A. Zholentss, and M. Zolotorev, "X-ray + Laser 
Mdtiphoton Processes: Ultrafast Detectors for 
Femtosecond Spechoscopy at SynChTotr~ns,~' 
presented at ALS User Meeting (1999). 
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Phase- and Amplitude-Con frasf 
Tomography using Infermediafe- 
Energy X-Rays: Research for 3-D 
imaging of Complex Materials 

Principal Investigators: Malcolm Howells, Alastair 
MacDowell, Howard Padmore, Robert Ritchie, and 
Wenbing Yun 

Project No.: 99003 

Project Description 

The general goal of this project is to develop three- 
dimensional x-ray tomographic imaging techniques 
at high spatial resolution using intermediate-energy 
x-rays. The project will combine &e high brightness 
of the Advanced Light Source (ALS) superbend 
sources with the high performance of x-ray imaging 
optics such as a zone plate. A prototype phase 
confrast microscope sindm to that established in the 
soft x-ray region as well as in visible spectrum will 
be developed, The phase contrast microscope will 
have a spatial resolution better than 100 run and 
detection sensitivity substantially better than 
absorption contrast. The outcome will address the 
needs of the materials science community, 
particularly in the study of crack initiation and 
propagation in microelectronic and structural 
materials. This includes metallic and polymer-based 
composites and bioceramics such as partidy- 
stabilized zirconia and pyrolytic carbon, Other 
applications indude imaging of bones, soils, Micro- 
Electro Mechanical S t r u c b e s  (MEMS) and Bio 
MXMs, laser fusion targets, and integrated 
semiconductor devices, all  benefiting from the high 
spatial resolution and detection sensitivity of the 
microscope and the high penekating power of x- 
rays. 

Accomplishments 
We have constructed a prototype fdl-field imaging 
x-ray microscope and deployed it on b e a d h e  7.3.3 
at the ALS. The instnunent consists of a field 
aperture, the zone plate, a phase shifter (in the first 
case a simple zero order stop) and a detector 
consisting of a scintillator screen, visible-light 
imaging system and charge-coupled device (CCD) 

detector, and a high-precision mechanical system for 
alignment and sample manipulation. Most 
components can be aligned by remote control. 

Trnaging of many objects ranging from biological to 
materials objects has been done using either 
absorption or dark-field phase contrast, depending 
on the contrast type of the particular object. High 
quality images of objects ranging from lichen, bone 
joints, metal grid, human hair, a shark tooth, and 
semiconductor integrated circuits have been 
obtained. Figure 2 shows the images of part of an 
integrated circuit chip supplied by Dr. Neogi of Intel 
Corporation in collaboration with Dr. Levin of 
National Institute of Standards and Technology 
(NIST). The chip is made using the recent Cu 
technology for integrated devices. It consists of Cu 
interconnects at two layers connected by vias. All Si 
of the original integrated circuit (IC) chip was 
removed from the sample because it was origindy 
prepared for low energy (-2 keV) imaging. A Si 
substrate of < 50 p m  could have been left on the IC 
for the x-ray energy used in our experiment, without 
affecting the exposure h e  significantly. 

Figure 2 shows clearly the image of the vias whose 
dimension is about 0.4 pn. Preliminary analysis 
indicates that the spatial resolution of the x-ray 
image is about 120 nm, which is considerably better 
than obtainable in optical microscopes. It is also 
interesting to note that the edges around the Cu 
interconnects are markedly darker than the rest of 
the interconnect, indicahg stronger absorption at 
the edges. This resulted from 30-nm Ta liners used 
to prevent the diffusion of Cu into Si. The fact that 
the 30-nm Ta liners are clearly detected indicates 
that the feature that can be detected by the 
microscope is much smaller than its spatial 
resolution. 



Publications 
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W. Yun, M. R. Howells, J. Peng, R. Celestre, C-H 
Gang, A. A. MacDoweU, H. A. Padmore, and J. 

Hig h-Efficiency Hec tron-Spin 
Detector for Photoemission 

Spence, "Ward X-ray Microscopy and Toniography Experiments 
at the ALS: E x p e h e n t s  and Plans," to be published 
in the proceeding of V P  hternationd Conference on 
X-Ray Microscopy, August 14,1999, Berkeley, 
California (in press). Shen 

W. Ym, M.R. Howells, J, Feng, R. Celestre, C-H. 
Chang, A.A. MacDowd, H.A. Padmore, and J. 
Spence, "A Zone Plate Based Hard X-ray Imaging 
Microscope," to be submitted to Applied Physics 
Letter. 

Principal Investigators: Zahid Hussain and Zhi-Xun 

Project No.: 98033 

Project Description 
Over a decade after the discovery of high-T, 
superconductors, neither h e  origin of the 
superconductivity nor the nature of the peculiar 
normal state in these materials is satisfactorily 
understood. The heart of this problem lie5 in the 
larger problem of understanding highly-correlated 
materials, which includes colossal magneto- 
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resistance materials, half-metallic ferromagnets, and 
Wiper  crystals. Further understanding the nature 
of fhese materials depends on improved 
characterizations of their properties, in particular the 
discovery of new electronic states of matter. 

Studies are currently underway at the Advanced 
Light Source (ALS) to study highly-correlated 
electronic materids, with emphasis on transition 
metal oxides (e.g., high-T, superconductors), alloys, 
and compounds. The objective of this project is to 
build a high-efficiency electron-spin detector that 
will compliment the High-Energy Resolution 
Spechometer (HEW) at ALS Beamline 10.0. This 
new spin detector will be mounted on the exit plane 
of a Scienta SES-100 analyzer. Initially the system 
wiU be used with a frequency doubling argon laser 
that can deliver up to 10l6 photons per second. This 
will allow us to carry out ultrahigh energy and spin- 
resolved photoemission experiments of threshold 
electrons (low energy <2 eV) with an energy 
resolution comparable with KT (€20 mev). This has 
not been achieved before. 

The first sample we plan to investigate with the new 
electron spin analyzer is CaBs. This compound will 
meet-two objectives. The first is as a test of the new 
electron-spin analyzer (ESA). Because CaB, is 
ferromagnetic and has a small work function, we 
wilI be able to use a laser to excite a large polarized 
photoelectron current suitable for testing. Our 
second reason for choosing this sample is the 
interesting physics recently found in measurements 
on electron-doped CaB, showing that the ground 
state is ferrornagnetically polarized with a saturation 
moment of 0.07pB per electron. Surprisingly, the 
magnetic ordering temperature of this itinerant 
ferromagnet is 600" K, which is three times larger 
than estimates based on conventional band theory. 
The strong spin-spin correlation is expected to be 
responsible for such a high magnetic ordering 
temperature. We expect the new instrument to 
provide new correlation using spin-polarized 
photoemission. 

Figtire 3. Spin-resolved detector coiitrol pmrel. 
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Accomplishments 

Considerable progress has been made during the past 
year (FY99). 

rn The ESA has been fabricated and mounted on 
an ultrahigh vacuum chamber. 

A frequency-doubling Argon laser (contributed 
by Stanford University) was put together in a 
temporary laser laboratory at the ALS. The 
laser system has been success€uIIy tested and is 
operationid. 

All the necessary electronics for the ESA, 
including power supplies, have been tested. 

A sophisticated computer control and data 
acquisition system has been developed and is 
currently being tested. (Figure 3). 

A specialized, custom-made electron gun, 
which simulates the electron emission pattern 
from the exit slit of the electron energy 
analyzer, has been developed. It is being used 
to test and optinize the ESA. 

A Scienta SES-100 electron energy analyzer has 
been purchased and is being tested. 

The completion and testing of the spin detector were 
accomplished and successful. With the follow-on 
program +ding now received, we are ready to 
assemble allthe components (each unit: having been 
tested separately) and create a state-of-the-art 
capability that will enable spin-resolved 
photoemission experiments with unprecedented 
energy resolution. 

Studies in Beam Dynamics and 
Operations with Superconducting 
Magnets at Critical Energy of 12 KeV 

Principal Investigators: David Robin end Ron 
Scanlan 

Project No.: 98034 

Project Description 

The concept of implementing superconducfing 
magnets to enhance the capabilities of the Advanced 
Light Source (ALS) has been endorsed by the ALS 

Science Policy Board, the Workshop on Scientific 
Directions €or the ALS, the ALS Science Advisory 
Committee and Department of Energy/Office of Basic 
Ener& Sciences, A sigrufrcant fraction of the ALS user 
community is interested in using high-brightness 
intermediate energy x-ray light from such 
superconducting magnets for applications such as 
protein crystallography, sub-micron spot size x-ray 
diffraction of heterogeneous materials, and sub- 
micron spot size x-ray absorption on environmental 
and ear& sciences samples, 

It appears likely that a magnet cart be built with a 
sufficiently robust operating margin. The purpose of 
this project was to build and test a proof-of-principle 
model including tests of t h e  cooling system and 
current leads, Also, accelerator physics simulations 
are being performed to study the impact of the 
machine performance (dynamic aperture) with the 
superbends. 

Accomplishments 
In FY98 a conceptual design for h e  superbend 
cryosystem was made based upon two key features: a 
Gifford MCMahon cryocooler and high-temperature . 
superconducting (€ITS) leads. The Gifford McMahon 
cryocooler was chosen because it is regarded as more 
reliable than cryocoolers with Joule-Thomson circuits. 
HTS leads have a very low heat leak compared with 
normal conducting leads which is an essential for 
operatton with such a low power cryocooler. 

In FY99 a test cryosystem was built to test the 
performance of the cryocooler and the € iTS  leads. A 
1.5 watt Sumitorno cryocooler and a set of American 
Super Conductor HTS leads were purchased. These 
were incorporated in a test cryostat that was 
constructed by Berkley Lab, in conjunction with 
Wang nuclear magnetic resonance (NMR). A picture 
of the test cryosystem can be seen in Figure 4. 

In all aspects the system performed well. The 
cryocooler was very easy to set up and operate and it 
had sufficient capacity for cooling the supefbmd. 
Measured heat leaks from the leads were low and in 
agreement with the estimated heat leaks. The 
American Superconductor (ASC) leads (2223 with Ag 
alloy matrix) were found to be very stable and robust 
against temperature excursions. The results of these 
tests m w e  us that the design concept for the 
cryosystem is sound and the system should perform 
reliably. 
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In addition to the cryocooler tests, a design package 
for the superbend magnet/cryosystem was 
completed incorporating the new cryosystem 
features. Also, accelerator simulations were done to 
study the effects of ramping and eIectron beam 
stability. 

SUMnOMO CRYOCOOLER fir 
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Chemical Sciences Division 

Numerics/ Treatment of Lepton Pair 
Production in Relativistic Heavy lon 
Collisions using Parallel Processing 

Principal Investigators: Ali Belkacem 

Project No.: 97004 

Project Description 

The purpose of this project is to use the T3E 
supercomputer to numerically solve the 
momentum-space tirne-dependent Dirac equation 
that describes the production of electron-positron 
pairs in relativistic heavy ion collisions, as well as 
other atomic processes such as ionization, charge 
transfer, and excitation. The solution on a grid will 
give a direcrvisualization of the pair creation and 
excitation processes as the collision between the ions 
evolves in time, Such an  approach has enormous 
advantages in that it provides a great deal of insight 
through the "animation" of the collision and also 
provides a powerfulnon-perturbative treatment For 
an inherently difficult problem. The goal is to apply 
this powerful non-perturbative method to study the 
dynamics of electron-positron pair production in 
heavy ion collisions. We also seek to apply the 
method to study ionization dynamics in the high 
fields generated by two highly charged ions, 

AccompIishments 

In FY99, we successfully implemented the main code 
on the T3E supercomputer. In its initial version the 
computer code scaled eflicienfly on up to 128 
Processor Elements (PE's) but the scalability was lost 
beyond that. After analytically constructing wave 
packets representing electrons and positrons, we 
started a set of intensive production m s  on the T3E. 
In these production runs, we limited the energy of 
the collision to up to 10 GeV/n where we have the 
best handle on the level of precision and Lime of 
integration of the code. We used the calculations 
output hom the T3E to generate, on a desktop 

computer, the first animation showing the evolution 
of the couision over time. 

We applied the calculation to two distinct situations. 
In the first, we study pair production by starting 
with a wave packet imbedded in the negative 
energy continuum and following, through 
visualization, the evolution of the wave packet in the 
extremely high field generated by the heavy ions. 
Here we choose bare gold ion impinging on bare 
uranium ion at 1 GeV/n and 10 GeV/n. The 
uranium ion is at rest in the laboratory frame. The 
comparison of the dynamics of the collision for 
Merent hitid conditions constructed from the 
negativeenergy continuum states shows a very 
striking behavior of the "quantum electrodynamics 
(QED) vacuum" in strong fields. Most of the deckon 
density flows away horn the two-center strong 
Coulomb field in circular patterns. However, toward 
the end of the collision, a sizable fraction of the 
electron density flows back to the center of the 
Coulomb field and remains localized around the 
uranium ion. This density is related to the 
probability for the electron to make a transition from 
the negative energy continuum to the positive 
bound states, changing the charge state of the 
uranium ion from V" to V1+. A first analysis shows 
capture from pair production probabilities a few 
times larger than predictions of perturbative 
methods. 

Furthermore, to study excitation and ionization 
mechanisms, we applied the method to a head-on 
collision between a bare Aum' and a hydrogen-like 
urmium target at energy of 100 MeV/n. Figure 1 
shows snapshots of the dectronprobability density 
in coordinate space at two Werent times. A narrow 
peak centered at  the origin is assodated wih 
electronic exatations to the target bound states. A n  
additional local maximum is dearly seen at the 
position of the moving ion, a signature of charge 
transfer horn the target to the projectile. In order to 
unravel the specific features of the di€fwent 
excitation mechanisms, in the contour plots shown 
in Figure 1, we eliminated contributions associated 
with transitions to the target K-shell, whkh is the 
dominant reaction channel. Of particular interest are 
structures appearing in the contour plots in the 
region between h e  target and the projectile, where a 
local m h u m  separates into two distinctly 



different ones, moving symmetrically and roughly 
perpendidar with respect to the beam direction. 
We interpret this as a new (and unexpected) 
ionization mechanism in which electrons are emitted 
with very high transverse velocities. Note tha t  in 
contrast to the wd-known saddle point emission, 
these electrons have velocities much higher than the 
projectile velocity. The results of this work are 
written and submitted for publication in Plrysicnl 
Review Letters. 
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Figwe 1. Time evohitioiz of the e l e c h n  deizsify far the collisiofz 0fAt1'~" otz n hydrogen- 
like urnidzuiz at ZOO M e V h  The siinpshots shozuri lime fit tilne E=ZZ nrzd t=27 ure 
exbncterlfio?iz n1r nnitiinh'on rerideredfiorn the data cnZcrilnted on the T3E. The projectile 
niouesfiaiii lefi to  riglzf in both the 3-D plofs ~ i z d  the cowespondirzg conlour dingrms. 
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New Approach to Efficient Large-Scale 
Conversion of Terminal Alkenes info 
Linear Alcohols and Linear Amines 

Principal Investigators: Robert Bergman and Don 
Tilley 

Project No.: 99004 

Project Description 

The conversion of simple hydrocarbon feedstocks 
such as alkenes into higher-vdue functionalized, 
organic cornpomds, such as alcohols and amines, is a 
primary goal of laboratory organic synthesis and 
large-scale industrial technology. Udortunately there 
is at present no efficient way to convert terminal 
alkenes ("alpha-olefins") into prinary amines and 
alcohols of the same carbon chain la@, These 
materials are instead prepared by converting smaller 
alkenes into alcohols using 
hydroformylation/hydrogenation, which requires a 
carbon monoxide/hydrogen (CO/HJ mixture that 
must, in turn, be prepared horn petroleum or natural 
gas by a high-temperature, energy-consumhg 
process.. If terminal alkenes could be converted to 
primarqi alcohols and amines directly-by the 
addition of the N-H or 0-H bonds of ammonia, water, 
or other amines or alcohols across the carbon-carbon 
double bonds of the alkenes with the proper 
regiochemistry at ambient- temperatur+it would 
constitute an important advance in the efficiency with 
which these materials are made, and therefore a major 
saving in the energy required by the chemical 
industry. ClassicaI methods for adding N-H or 0-H 
bonds across alkene double bonds proceed with the 
wrong regiochemistry, leading to branched rather 
than h e a r  amines and alcohols, Therefore the 
solution to this problem requires a method for N-€3 or 
0-H addition that takes place by a completely new 
approach or reaction mechanism. 

In this proposal, we suggest a new approach to the 
catalyzed overall addition of 0-H and N-H bonds to 
the carbon-carbon double bonds of t-al alkenes 
to convert them to linear alcohols and amines. This 
envisions initial catalytic conversion of the alkene to a 
three-membered ring intermediate-an oXirane 
(epoxide) in the case of hydration, and an aziridine in 
the case of hydroamination-followed by catalyzed 
rearrangement of this intermediate to the desired 

linear alcohol and amine,Several catalysts that should 
be useful in carrying out these steps are proposed. 

Accomplishments 

A major problem in the e€fiaent industrial utilization 
of terminal or "alpha" olefins is the difficulty of 
converting them into linear alcohols or amines by the 
addition of the elements of H,O or NH, to the carbon- 
carbon double bond. Our goal is to find a method to 
reverse the classical "Markovnikov" regioch&stry 
of this reaction and add the elements of H,O and NH3 
to terminal alkenes using chemistry that will place the 
functional group at the terminal carbon atom. 

Our new approach to the attainment of such "anti- 
Markovnikov" hydration and hydroamination 
envisions the initial conversion of the starting alkene 
to a three-membered ring intermediate (art oxirane in 
the case of hydration, and a n  aziridine in the case of 
hydroamhation). This would be followed by ring 
openhg of these h t m e d i a t e s  with a regiochemistry 
that would result in the formation of h e a r  alcohol or 
amine as the final product. Ideally, the system that we 
develop would allow us to carry out the three- 
membered ring formation and conversion to alcohol 
in the same reaction vessel. This requires not only 
identrfylng catalysts that can carry out each reaction 
efficiently, but also requires that the two catalytic 
systems be compatible (i.e., they cannot react 
irreversibly with one mother), 

We decided to focus on the alkene hydration problem 
first, and then apply any positive results we obtain to 
the amination. Our first goal was to idenbfy reagents 
that would provide efficient epoddation of alkenes 
under mild conditions. We carried out an extensive 
literature survey of these materials to obtain an 
evaluation of their &ciency. As a result of that 
survey, we decided to focus on two catalytic systems 
to use €or the epoddations. These are hhe 
CH,ReO3/H,O2/3-cyanopyridine system discovered 
recently in Herrrnanrt's group and improved by 
Sharpless, and the Re,O,/siIyI peroxide system 
described by Jadcson and Sharpless. We have worked 
out andytical methods using vapor phase 
chromatography to carefully monitor the rate and 
yield of these reactions, and then carried out 
expoxidation reactions using both systems on 1- 
decene as a trial alpha-olefin. In these experiments we 
have confirmed that both catalyst systems can be used 
to efficiently convert 1-decene to the corresponding 
expodde. 



In more recent work, we have begun to investigate 
systems that can be used for converting 1-decene 
epoxide into the corresponding linear alcohol or to 
the corresponding aldehyde (which can be converted 
to h e  alcohol by catalytic hydrogenation). Once 
again, the Lewis acid isomerizations were subjected to 
literature analysis. It was decided that aIUminum and 
nickel reagents offered the best potential for efficient 
isomerization rates and potential compatibility with 
the reagent used for epoxidation. 

In work carried out near the end of our project year, 
we found that both ((CH,),CHCH,),AI and 
(PPh3)@iBr2 can be used for cleaving the three- 
membered ring in 1-decene expoxide, although we 
are stdl working on reproducing the efficiencies 
reporkd in the literature. Perhaps most sigrufrcarttly, 
our work with the aluminum reagents has generated 
a modified approach that should provide substantial 
improvement over the literature method for the 
epoxide-to-linear-alcohol conversion, The goal is to 
replace the alkyl groups on the aluminum reagent 
with alkoxy groups such as isopropoxy, giving 
[(CH,),CH-O-],AJ, and run the reaction in the 
presence of isopropyl alcohol as a hydrogen source. 
This should allow us to generate a working catalytic 
cycle. If this is successfuI, a similar approach to the 
amination reaction would employ aziridines in place 
of epoxides, and [R,N],Al complexes as catalysts, 

This project was not renewed for a second year and 
continuation of &he work is being explored with the 
Department of Energy. 

Overcoming Computational 
Bottlenecks in the simulation of 
Molecular Processes 

Principal Investigators: David Chandler, Martin Head- 
Gordon, and William Miller 
Project No.: 96030 

Project Description 
We have completed h e e  years of research funded by 
LDRD and supported by the National Energy 

Research Scientific Computing (NERSC) Division at 
the Berkeley Lab. The common theme of Lhis research 
has been to advance the possibilities for numerical 
simddtion of molecular processes. Three major 
computational bottlenecks have been attacked with 
outstanding progress on a l I  honts. 

The titrzescnfe boktleneck in rnolectilnr simrkitions. 
Condensed-phase chemistry often occurs on 
timescales that are three-to-ten orders-of- 
magnitude longer than the nanosecond 
timescale of molecular simulations. Novel 
ways of following the crucial, infrequent 
events, which determine such reactions, are 
required. 
The pnrticfe i~irnzber bottheck in elecbanic 
sbxctiire cnlniln~oiolzs, AU widely used 
elecbonic-structure methods show nonlinear 
increases in computational cost as molecular 
size increases. This translakes into sublinear 
improvements in the size of systems that can 
be simulated €or a given improvement in 
computer power. The development of new 
Enear-scaling methods is the most direct attack 
on this botkneck. 
The diiiolze~zsimnlihj bottleneck in q1ul~zl-1~711 renctive 
scnff eiirig. Although first-principles quantum- 
mechanical calculations of chemical reaction 
rates are now a reaLity for small systems, the 
complexity of such exact calculations grows 
exponentially wih the number of degrees of 
freedom. To permit reliable treatment of larger 
systems, new methods that circumvent this 
acute dimensionality dependence are needed. 

Accomplishments 

Overcoming the Time-Scale Bottleneck 

To achieve simulation of rare events, it is necessary to 
focus computational d o r t  on the fleeting passage 
between metastable states, In the past, this focus has 
been achieved within the framework of transition 
state theory-shooting trajectories from 
predetermined dynamical bottlenecks. This procedure 
is not applicable, however, in high dimensional 
systems with complex potential energy surfaces 
exhibiting a huge multitude of local minima and 
saddle points. Instead, we have developed a general 
computational method for finding the transition 
pathways for infrequent events, which requires no 
preconceived notion of mechanism or transition state. 
Called “bansition pa& sampling,” the method is 

, 
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metaphorically akin to throwing ropes over rough 
mountain passes, in the dark. "Throwing ropes" in 
the sense that one shoots short trajectories, attempting 
to reach one stable state horn another. "In the dark" 
because high dimensional systems are so complex, it 
is generally impossible to literdty visualize the 
topography of relevant energy surfaces, In such cases, 
it is unlikely that the first throw of the rope will be 
successful, but one can learn from €ailures, and there 
should be an optimum algorithm, Le., sequence of 
throws, with which success is efficiently obtained. We 
have discovered and demonstrated this type of 
sequence, and we believe it opens the way for many 
heretofore impossible computational studies of the 
dynamic pathways of chemical reactions in clusters 
and in condensed phases. 

Transition path sampling is based upon the statistical 
mechanics of directed trajectories. We have derived 
the fundamental prinaples governing ensembles o€ 
stochastic and deterninistic trajectories, including the 
concept of annealing and the isomorphism between 
bee-energy calculations and he-correlation function 
calculations. We have derived ef€iaent transition path 
sampling algorithms, "shoohg" and "shifting," 
scaling linearly with trajectory length and number. 
We have further established statistical criteria, 
including prhaples governing separatrix 
distributions, for extracting and characterizing 
transition state ensembles from the ensembles of 
trajectories harvested by transition path sampling. 

Overcoming the Particle-Number Bottleneck 

To achieve simulation of very large molecules, it is 
necessary to develop electronic structure methods 
whose computational requirements rise only linearly 
with the number of particles; this is the so-called 
partidenumber bottleneck of quantum chemistry. 
Most methods for achieving a h e a r  scaling solution 
of either tight-binding or Kohn-Sham density 
functional theory Hamiltonians are based on 
exploiting the short-range character of the one- 
particle density matrix in large-gap systems. Such 
methods do not work (Le. fail to yield linear scaling 
until the system size is absurdly large) for small gap 
systems with long range density matrix correlations, 
However, the long-range correlations may oftenbe 
relatively smooth, and cart therefore, in principle, be 
described in terms of a small number of judiaously 
chosen collective variables. In this project, we have 
pioneered a new method we call the Energy 
Renormalization Group (ERG) as a systematic tool for 
obtaining such variables. For the first time, we have 

been able to demonstrate near-linear scaling for 
several one- and two-dimensional metallic and small- 
gap model problems involving tight-binding 
Hamiltonians. These developments help to lay a basis 
for being able to leverage future advances in 
computer power directly into the ability to simulate 
proportionately larger syskmi ,  This scaleability with 
the number of particles is at least as important as the 
more commonly discussed issue of &e scaleability of 
an a l g o r i h  wih the number of processors. 

Overcoming the Quantum Dynamics Bottleneck 

Very sigdicant progress has been made over the last 
year in developing the semiclassical initial value 
representation (SC/IVR) a5 a way for incorporating 
quantum effects into (otherwise classical) moledar 
dynamic5 simulations. Work is progressing along two 
honts: one is the application of the SC/rvrC approach 
to an increasingly wide range of dynamical 
phenomena to establish the limits of its validity, and 
the other is exploring new algorithms to make the 
SC/IVR calculations more efficient and thus capable 
of being applied to more complex molecular systems. 

Some of the recent applications have been to inelastic 
scattering, to femtosecond pump-probe 
photodetachment of negative ions, and to the 
hydrogen atom transfer reaction in 7-azairtdole 
dimers. This work demonstrates the broad 
applicability of the SC/IVR approach to a variety of 
dynamical phenomena, 

The most important methodological development. has 
been a "forward-backward" IVR. This expresses the 
two time-evolution operators, which appear in the 
quantum time evolution for a typical time correlation 
function, as a single phase space average over initial 
conditions of the classical trajectories. This approach 
gives promise for being able to incorporate quantum 
features into classical molecular dynamics with only a 
modest additional effort beyond a purely classical 
treatment. 

Another interesting theoretical development showed 
how h e  S C / M  expression for time correlations can 
be written in a form that makes the classical limit 
especially transparent in the limit as the classical 
dynamics become chaotic. The goal now is to see how 
one can incorporate this analytical observation into a 
computational algorithm to simph€y calculations in 
this limit. 

The evidence is mounting, therefore, that the SC/IVR 
model provides a useful description of quantum 
effects in essentially all aspects of molecular 



dynamics. The appropriate (linearized) version of it is 
very easy to implement-not much more difficult 
than ordinary classical molecular dynamics-and is 
perhaps adequate for many purposes, while the full 
SC/NR seems to be more generally accurate, We plan 
to pursue both of these directions. 
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Selective Chemistry with 
Femtosecond infrared Laser Pulses 

Principal Investigators: C. Bradley Moore 

Project No.: 99005 

Project Description 

The basic goal is to use the intense fields of 100 
femtosecond (fs) infrared @c) pulses to move a 
molecule horn its equilibrium configuration to a 
desired transition state in a short time, compared to 
the time for vibrational energy randomization. In this 
way, it may be possible to carry out bond-selective 
and functional-group-selective reactions using IR 
photons. 

Since the first experiments on infrared multiphoton 
dissociation,(IRMPD) 25 years ago, chemists have 
wanted to be able to select specific reactions by using 
intense IR lasers to drive vibrational modes 
corresponding to the desired reaction coordinate. 
Attempts with nanosecond and microsecond lasers 
failed because intramolecular redistribution of 
vibrational energy (rVR) occurs on shorter timescales. 
Thus all modes are energized simultaneously. 
Inspired by the increasing availability of intense 
femtosecond IR pulses, a collaboration with Professor 
K.-L. Kompa and his group at the Max Planck 
Institute for Quantum Optics in Garching has been 
initiated. Initially, a single tunable IR frequency will 
be used to exate a molecule and products will be 
detected by standard methods. Ultimately, two 
tunable Ix frequencies wi l l  be generated. Pulses of 
100 fs duration are €ask compared to many IVR 
processes. Theoretical and experimental studies on 
diatomic molecules suggest that substantial 
multiphoton vibrational excitation can take place at 
optical fidds below that for which substantial non- 
resonant ionization takes place. In thhe event that 
selective reactions do not occur, time-resolved 
measurements of IVR rates may be carried out €or 
individual modes and relaxation pathways identified, 
These experiments are just on the edge of feasibility 
with current technology and therefore it is critical to 
design the excitation schemes correctly the first h e .  
The measurements of spectroscopic level widths and 
sh-uc'rures, of reaction rates and of picosecond TRMPD 

in our lab and dynamical caldations in Kompa's lab 
should allow the optimum conditions for these 
experiments to be defined in advance. 

hitially, we will select unimolecular reactions with 
low energy thresholds that require only a few IR 
photons to activate. The hydrocarbon free radicals on 
which we have recently initiated dynaaicd studies in 
clrossed laser and molecular beams are an ideal 
starting point: 

CH,O +CH,O +H 

CH,CH +HCCH +H 

Since the reaction coordinate involves simultaneous 
stretching of the CH bond and contraction of the C=O 
or C=C bonds, it will be possible to carry out part of 
the excitation using a nanosecond (ns) IR laser to 
exdte long-lived CH stretching states. Then fs 
exdtation at either the CH or C=O/C=C frequencies 
will take the molecule through the transition state to 
products. Products will be detected by Resonance 
Enhanced MdWhoton Ionization (EMPI) or Laser- 
induced fluorescence (IS) in the molecular beam on 
fs or 11s timescales. 

A second approach heads more directly toward the 
interests of synthetic chemists. Here he collaboration 
includes Chemical  Science Division's Professor Robert 
Bergman, Many important synthetic reaction steps 
have activation energies that correspond to a few IR 
photons. This chemistry happens mostIy in solution 
where energy is dissipated to thhe solvent, as well as to 
other vibrational degrees of freedom within the 
molede. Our first target is to stimulate reaction of 
diazo groups. Jake Yeston (a Bergman/Moore 
student) has been studying ultraviolet 
photolysis of diazo compounds using an excimer 
laser €or photolysis and a continuous-wave (cw) IR 
diode laser for measuring concentration vs. time for 
products. The asymmetric stretch of the diazo group 
near 2150 un-' is almost identical to the reaction 
coordhate: 

HRC=N=N +HRC +I" 
where R is an alkyl or cyano group. If these reactions 
can be driven, we will look et molecules contahing a 
second functional group with lower activation energy 
and see i f  thhe diazo can be driven to react without the 
normal thermal reaction occurring. 

Accomplishments 

An experimental apparatus for spectroscopic and 
dynamic studies of CH,O has been completed and 



double resonance (depletion of W fluorescace by IR 
excitation) spectra of the fundamental and first 
overtone of mettroxy isotoporners has been carried 
out. Dissociation is expected to OCCUT at the energy of 
the second overtone. Experiments to record spectra by 
hagment detection and by fluorescence depletion are 
underway. 

Appropriate diazo molecules have been synthesized 
and picosecond W flash photolysis studies using the 
visible absorption of the carbene product have been 
initiated. 

Study of Radionuclide-Bacferial 
Interaction Mechanisms 

Principal Investigators: Heino Nitsche and Petra 
Panak 

Project No.: 99006 

Project Description 
This project proposes to determine the influence of 
microorganism on radionuclide transport in the 
envirommt. The god is to develop a quantitative 
and mechanistic understandhg of radionuclide 
interaction, in particular of the actinides neptunium 
and plutonium, with aerobic and anaerobic soil 
bacteria. The information from this study is 
important for improving reactive transport models 
for predicting the movement of neptunium and 
plutonium at contaminated sites and assessing the 
risk of potential nuclear waste disposal sites. 
Furthermore, the results will be transferable to 
possible biotechnology processes €or stabilization and 
remediation of radionuclide-contaminated sites. This 
interdisciplinary study combines actinide Chemistry, 
microbiology, and molecular environmental science. 

The production and testing of nuclear weapons, 
nuclear reactor accidents, and accidents during the 
hansport of nuclear weapons have caused significant 
environmental contamination with radionuclides. 
Due to their long half-lives and high chemical- and 
radio-toxicity, the actinides pose a signifmutt threat to 
human health. Their migration behavior is contTolled 
by a variety of complex chemical and geochemical 
reactions such as S O h b a t y ,  sorption on the geo- 

medim, redox reactions, hydrolysis, and 
complexation reactions with inorganic, organic, and 
biological complexhg agents. In addition, 
microorganisms can strongly influence the actinides’ 
transport behavior by both direct interaction 
(biosorp tion, bioaccumulation, oxidation, and 
reduction reactions) and h d i r e c t  interaction (change 
of pH and redox potential), thus immobilizing or 
mobilizing the radioactive contaminant. Very lit& 
information is available about these processes. Our 
research focuses on the interaction of aerobic bacteria 
that are present in the upper soil layers and anaerobic 
bacteria that can be found in deeper geologic 
formations. 

Accomplishments 

We studied the interaction of Pu(VI) wiEh two stfains 
of B n c i h s  sphaen’ais (ATCC 14577 and ATCC 4525), 
Bncilliis siibh’lis ATCC 6051, Pseitdornoiins neriigi7zosa 
ATCC 10145, and two strains of Pseirdonroizns shttzwi 
(ATCC 17588 and ATCC 51152), representatives of the 
main aerobic groups of soil bacteria present in the 
upper soil layers. The accumulation shrdies have 
shown that these soil bacteria accurndate high 
amounts of rum) in the concentration range 
examined (4-81 mg/l). 

The sorption efficiency increases with increasing 
P u O  concentration and depends on the amount of 
biomass in the sample. To study h e  biosorp tion 
e€Eiaericy as a function of biomass, we used 
Pseudoiomorzns shifzzeri ATCC 17588 and Bncillris 
splinericrrs ATCC 14577. The biosorp tion efficiency 
decreases with increasing biomass concentrations. 
This is due to increased agglomeration of the bacteria 
at higher biomass concentrations, thus Ieading to a 
decrease of the tootal surface area and the number of 
avaiIable complexing groups. The spores of Bmillris 
s ~ l z ~ s ~ i c z ~ s  show very high biosorption at low biomass 
concentration, which decreases SigLZlhcantzy with 
increasing biomass concentration. The vegetative cells 
of Pseridomoinns skitzeri and Bacillus splmericus display 
a very simiIar sorption behavior. They also show 
decreasing biosorption effickncy with increasing 
amount of biomass, but the decrease is less than for 
the Bncillris splinericiis spores. At higher biomass 
concentrations (> 0.7 g/l), the vegetative c& of both 
strains and the spores of B. sphaen’cris show 
comparable sorption efficiencies. 

Information on binding strength and reversibility was 
obtained from extraction studies with 0.01 m 
ethylenediamineteha acetic acid (EDTA) solution. For 
all biomass concentrations, &he plutonium bound to 
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the biomass was almost quantitatively released. These 
results indicate that the plutonium is bound to the cell 
walls and is not transported to the inside of the cells. 
The complex formed with the functional groups of the 
cell surface is less stable &an the EDTA-complex. We 
observed no significant differences of extraction 
behavior between the different sbctins or between the 
vegetative cells and the spores. 

Using optical absorption spectroscopy, we found that 
the amount of Pu(VI) decreased with increasing 
concentration of biomass. The spectra also confirmed 
that no Pu(VI)-bacterial complexes were formed. 
Synchrotron-based x-ray absorption spectra [x-ray 
absorption near-edge structure ( X A N E S ) ]  and 
extended x-ray absorption fine structure ( E W S ) ]  
revealed that the plutonium, initially present as 
Pu(VI), was reduced to PuFr), which was 
coordinated to phosphate groups of the bacterial cells. 

aerobic soil bacteria. 
. This is the fitst observation of actinide reduction by 

Publications 

P. J. Pan& and H. Nitsche, “Interaction of Aerobic 
Soil Bacteria’with Hexa- and Pentavalent Plutonium,” 
Xndiochinz. Acta, (draft), 





Computing Sciences 

High- Precision Arithmetic wifh 
Applications in Physics and 
Ma thema tics 

Principal Investigators: David Bailey 

Project No,: 99007 

Project Description 

For a growing number of investigators in 
mathematics, physics, and engineering, the standard 
computer hardware arithmetic (IEEE &bit) 
available on today's computer systems is 
inadequate. Some problems require twice this 
amount ("double-double precision"), while other 
problems require much more-hundreds or even 
thousands of digits. High-precision arithmetic of this 
sort is typically performed using software packages, 
one of which is the Prjncipd Investigator's 
" M p m "  package. 

Some of the more interesting applications of high- 
precision arithmetic are the recent discoveries of 
new mathematical identities. In these studies, 
hundreds of new identities were discovered, using 
the "PSLQ algorithm and high-precision arithmetic. 
Perhaps &e most remarkable discovery of this 
general type is a new formula for the mathematical 
constant pi, which was found in 1997 by the 
Principal Investigator and two Canadian 
mathematicians. This formula, which eluded 
mathematicians for centuries, has the remarkable 
property that it permits one to determine the n-th 
hexadecimal or binary digit of pi, without 
computing any of the first n-1 digits' using a simple 
scheme that can be implemented on a workstation or 
personal computer. This is the first instance in 
history of a new formula for pi discovered by 
computer. 

In the past two years, these results have been 
overshadowed by same remarkable discoveries by 
the British physicist David Broadhurst. Using a 
high-precision PSLQ program written by h e  
Principal Investigator, he has found an impressive 
number of new results in quantum field theory. For 

example, he has shown that in each of the ten cases 
with unit or zero mass, the finite part of the scalar 3- 
loop tetrahedral vacuum Feynman diagram reduces 
to four-letter "words" in an alphabet of seven 
"letters." 

This project proposes to develop new computer 
sofhvare for perfDrming high-precision arithmetic, 
and to explore applications of this software. Some 
specific task5 include: (1) porting the MPFUN 
package to the C/C++ language; (2) developing 
portable software libraries to perbrm double-double 
and quad-double precision arithmetic, with related 
transcendental and ukility routines; (3) designing a 
library of basic linear algebra subroutines (ELAS) 
utilizing double-double precision arithmetic; (4) 
develophg parallel programs for performing the 
PSLQ algorithm, using very high-precision 
arithmetic; (5) developing anew package for 
arbitrary precision arithmetic, based on the 
properties of IEEE arithmetic; and (6) exploring 
some specific applications of this software that 
require VET high precisian arithmetic. One specific 
application that will be pursued is to investigate t h e  
phenomenon of vortex roll-up in fluid mechanics. 

Accomplishments 
Accomplishments in the first year of this project 
indude: 

The MPFUN package has been converted 
from Forkan-77/90 to C/Ctt= This was done 
mostly in a complementary effort by 
Professor Sid Chatterjee and Herinann 
Harjono of University of North Carolina. 

A library of double-double precision routines, 
together with supporting routines for 
transcendental functions and binary-decimal 
conversion, has been completed and is 
available at the web site 
www.nersc.gov/-dhbdey. 

A library of basic h e a r  algebra subroutines 
(BLAS) utilizing double-double precision 
arithmetic has been designed and is now 
mostly complete. This was done mostly in 
another complementary effort by Sherry Li of 
National Energy Research ScienWic 
Computing (NERSC), together with several 
students working with Professor James 
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Demmel of University of CaIi foda at 
Berkeley. 

A new variant of the “PSLQ” integer relation 
detection algorithm has been discovered that 
is well-suited for patallel programming. This 
new algorithm has now been successfully 
implemented on both a distributed shared 
memory parallel system (the SGI Origin 2OoO) 
and ahighly parallel, distributed memory 
system (the SGI/Cray T3E), . 
Using the new parallel PSLQ programs 
mentioned above, several very large integer 
relation computations have been performed, 
These include the identification of the fourth 
bifkrcation point in the “logistic iteration” of 
chaos theory (a 121-dimensional hteger 
relation search, requiring 10,000 digit 
arithmetic), the verification of a conjechue by 
Broadhurst regarding the dimension of Euler 
sum constants {a 145-dimensiond integer 
relation problem, requiring 5,000 digit 
arithmetic), and fie discovery of a relation 
involving the real root of Lehmer‘s 
polynomial (a 125-dimensional integer - relation problah, requiring 50,000 digit 
arithmetic). 

The computations mentioned in the last item are 
easily the largest integer relation computations ever 
performed. They clearly demonstrate that these 
computational tools can be used to discover new 
mathematical and physical principles, principles 
that are well beyond the reach of present-day 
theoretical techniques. Even more intriguing, these 
results suggest that there is an intimate relationship 
between quantum field theory and algebraic number 
theory in pure mathematics. The implications of 
these discoveries are cmently being investigated by 
researchers in the U.S., Canada, and Great Britain. 

Publications 
D.H. Bailey and DJ. Broadhurst, “Parallel Integer 
Relation Detection: Techniques and Applications,” 
LBNL-44639 (submitted to MnBz. of Conpfantioiz, 
October 1999). 

D.H. Bailey and D.J. Broadhurst, “A Seventeenth- 
Order Polylogarithm Ladder,” LBNL-44640 
(submitted to E,upa-inzaztnl Math., October 1999). 

D.H. Bailey, ”Integer Relation Detection,” LBNL- 
44481 (to appear in Conzp. in Scieitce nrzd Eizgineeling, 
November 1999). 

D.H. Bailey and J.M. Borwein, “Experimental 
Mathematics: Recent Developments and Future 
Outlook” LBNL-44637 (to appear as a chapter in 
upcoming book Fribire ofMdzenmtics, November 
1999). 

Numerkal Simulation of Turbulent 
Swirling Boundary Layers 

Principal Investigators: John Bell and Alexandre 
Chorin 

Project No.: 98005 

Project Description 
Numerical simulations of intense vortices 
interacting wifh the surface have been valuable tools 
in the s t ~ ~ d y  and analysis of phenomena such as 
tornadoes, waterspouts, and dust devils. 51 
particular, numerical models have idenkified the 
importance of the no-slip boundary condition at &he 
surface. It is the resulting strong radial inflow in the 
swirling boundary layer that allows tornadoes to 
achieve such high wind speeds. However, accurate 
simulations of this phenomenon at a high Reynolds 
number are difficult, due to the sigruficant scale 
separation between the boundary layer and the 
larger vortex circulation, 

Accomplishments 
We have applied adaptive mesh refinement (AMR) 
to the simulation of an axispmetric tornado-like 
vortex. Tornadoes are generally believed to form 
when rotating air near the earth’s surface is forced to 
converge underneath a strong thunderstorm 
updraft. It is known from previous work that 
tornado-like vortices with remarkably realistic 
swirling velocity fields (as compared to 
observations) can be produced when a simple 
vertical forcing field is used to drive the 
convergence of rotating air. 

To facilitate high-resolution studies of swirhg 
boundary layers, we have developed a refinement 
criterion based on the cell Reynolds number. 
Statistically, numerical results with this new 
refinement criterion show excellent agreement 
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compared to uniform fine grid solutions, even for 
long time simulations. The results indicate that, at a 
fraction of the computational cost of a uniform grid, 
we can accurately predict mean maximum 
windspeeds in the tornadic vortex within one 
percent of those predicted by full-resolution 
simulations. AMR facilitates increased resolution in 
the boundary layer and allows us to expand the size 
of the domain to be several times larger than the 
tornado-like vortex under study, eliminating edge 
effects that can pollute computational results. An 
example of this is shown in the figure, which shows 
the azimuthal velocity field throughout a cylindrical 

kilometers in radius. Each box indicates a region of 
refinement by a factor of two, and enclosed boxes 
indicate multiple levels of refinement. Regions of 
sub$tantial refinement are rnosLZy limited to f ie  
boundaries, with a few exceptions due to intense 
a>dsymmebic rolls in the interior of the domain. The 
maximum azimuthal veloaty occurs in the lower 
left-hand corner, at a radius of 100 meters and a 
height of only 70 meters. A close-up of the swirling 
velocity field in the core of the tornadic vortex, 
shown in the inset in the figure, bears strong 
similarity to tornadic velocity fields recently 
observed with portable Doppler radar. 

domain four kilometers in height and four 

Azimuthal Velocity 

Publications 

D.S. Nolan, AS. Almgren and J.B. Bell, "High 
Reynolds Number Simulations of Axisymmetric 
Tornado-like Vortices with Adaptive Mesh 
Refinement," submitted for publication to J o i i i 7 d  of 
the Attnosp~ieric Scieiices Ouly 1999). 



~~ ~ 

Agenda for Combustion Visualkation 
idenhfymg potentially fruitful research and 
development paths for future visualization efforts. 

Principal Investigators: E. Wes Bethel and Terry 
Ligocki 

Project No.: 99009 

Project Descrip€ion 

The scope of this project was to perform basic 
research and development of scientific visualization 
processes, including working prototypes and 
recommendations for future work, as applied to 
combustion research. 

Two fundamental challenges are encountered when 
considering scienti f ic visualization of combusfion 
simulation data. First is the problem of sheer data 
size. Second is the data modeling problem. 
Increasing computational and storage capacities 
have enabled undertaking simulations of higher 
resolution and complexity. Such simulations result 
in large data sets. The size of these data sets often 
necessitates careful consideration of data 
management issues, In some cases, the simulation is 
performed on a remote resource, and transferring 
the data to local storage is not feasible using existing 
Wide Area Network (WAN) technology. In other 
cases, the data will not fit onto the researcher's 
workstation, so processing and visualization must 
be performed remotely. 

The data modeling challenge stems &om the fact 
that combustion simulation codes and data models 
are built upon a sofhvare application programming 
interface (MI) that supports dynamic adaptive grid 
rehement (AMR) with data storage and rehieval 
from opaque C++ ohjects. The data modeling 
infrasbucture code is a large, complex and under- 
documented system, reflecting its heritage as an 
ongoing research effort. Current resear& efforts 
include development of techniques to extend the 
base data modeling system to accommodate new 
variables, including embedded boundary 
information, as well as face- and volume-fraction 
data. The existing data model assumes that a l l  data 
is local. 

Our goals for this project indude developing a n  
understanding of the issues involved with the end- 
to-end visualization process, developing some 
working prototypes of tools that would be of 
immediate use to combustion researchers, and 

Accomplishments 
Our efforts on this project were divided into two 
primary phases. First, we became familiar with the 
research data modeling infrastructure currently in 
use by local combustion researchers. Second, we 
undertook multiple visualization research and 
development paths for the purpose of producing 
working prototypes, Our efforts produced a better 
understanding of issues that will contribute to 
fruitful h k e  research and development efforts in 
combustion visualization. 

To become familiar with the existing combustion 
data modeling inhastructure, we first attempted to 
copy and compile the source code for he 
infrastructure. Among f ie  snags encountered along 
the way, we discovered that the C++ compilers on 
our machines were eifd-ier out-of-date or inadequate, 
as the data modeling infrastructure makes use of 
features in the C-t-i- language that are not always 
implemented by vendors. Replacing or upgrading 
compilers is a challenging effort involving personnel 
from mdtiple groups. 

We identified a three-tier approach for visualization 
of combustion data. First, we modified existing 
example code in the infrastructure to output grids 
that had been "flattened." Flattened grids are those 
that are structured and exhibit no local refinement. 
Contemporary visualization tools expect grids of 
this type. By flattening grids, we were able to 
quickly make use of existing tools for the purpose of 
simuItaneously rendering combustion simulation 
variables as well as embedded boundary 
information. 

In the future, there are two potential approaches that 
warrant further exploration. The first such technique 
involves visualizing and rendering data from the 
highest-resolution grid available at any point in 
space in the problem domain. In an adaptive grid 
model, any given point in space may be contained in 
multiple grids. Our suggestion is to first render all 
the coarse data, then the next finest level, and so 
forth, in a "painter's" type algorithm, The first 
improvement in this approach is to detect areas in 
coarse grids that are occupied by higher resolution 
grids, and perform processing only in areas not 
occupied by higher resolution grids. The next 
improvement involves actually "blendingff the data 
between coarser and finer resolution grids. Multi- 
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resolution techniques that address this problem 
have been explored in other visualization systems 
tooled for terrain-style visualization. However, we 
feel that grid “zippering” must be addressed by the 
same code that performs the combustion 
calculations so a5 to not introduce m o r  or other 
artifacts into the visualization process. 

We also explored the possibility of a “protocol- 
based” interface to the research data modeling 
infrastructure. In contrast to a file-based interface (a 
flattened grid), or a direct programmatic interface 
(visualization tools compiled wifh the research data 
modeling interface), the protocol interface is like a 
transaction server. A remote client connects to a data 
server and requests information and data. The data 
server is by necessity built atop the research data 
modeling inbastruckme. The client, however, has no 
such dependencies. This type of interface appears 
promising, especially for ‘%rowsing” a number of 
data sets that are remotely located from the 
researcher. We took this concept one step further, 
and designed a network-based application 
infrastructure around this concept. This project, 

called Image-Based-Rendering-Assisted Volume 
Rendering, is a scalable parallel volume rendering 
framework that combines computational, data 
modeling and visualization technology. This 
framework implements a client-server model, where 
the client is a viewer that funs on commodity grade 
graphics hardware, while the server is implemented 
using specific data modeling technology. The 
existing project shows the use of both combustion 
and Distributed Parallel Storage System data 
modeling technology. 

We explored combining a research visualization tool 
and the research data modeling infrastructure at the 
programming language level, We learned that such 
a n  effort had been independently initiated by 
researchers at the National Center for 
Supercomputing Applications (NCSA). We obtained 
their tools and successfully combined them in om 
environment and were able to generate 
visualizations. Except for the data size Limitations, 
this approach will be fmim for rapid prototyping 
of visualization tools by combustion researchers. 



Numerical Methods for Time- 
Dependent Viscoelastic Flows 

Principal Investigators: Grigoty Barenblatt and 
Alexandre Chorin 

Project No.: 98007 

Project Description 

Liquid crystalline polymers (LCPs) are inherently 
anisotropic. At rest, concentrated solutions and 
melts exhibit orientakional texture, in which there is 
a local preferred orientation that extends over 
distances on the order of micrometers, but the 
sample is isotropic on a macroscopic scale. The 
texture is related to local orientational defects and is 
sometimes described as consisting of “domains.” 
The texture evolves with shear and seems to vanish 
at high shear rates, but a texture always returns 
when the flow stresses have relaxed. Existing 
theories of anisotropic liquids predict tihe evolution 
of orientational 5 h c b r e  in shear flow. However, 
the calculated textures are unlike those seen in 
liquid crystalline poIymers, where the length scde of 
the texture appears to be independent of the 
macroscopic scale of the experimental equipment+ It 
is generally believed that long-range interactions 
(elastic coupling) must be included in the nematic 
potential to generate a constitutive theory of liquid 
crystalLine polymers that can accommodate defect 
texhxes. The first such proposal seems to be by 
Marrucci and Creco (MG). 

Accompiishments 

We have developed and studied a new model for 
LCPs under shear flow, which is an extension of the 
well-known Doi theory with an inter-molecular 
potentid of MG type that accounts for long-range 
elastic coupling. To the best of our knowledge, ow 
work is the first to have considered the fill set of 
equations that couple the dynamics of the nematic 
structure tensor to the flow equations, via the stress 
tensor. Our model turns out to exhibit a remarkably 
rich spectrum of dynamics, even for h e  simplest 
case of highly symmetric shear flow; this richness 
results directly from the coupling between the flow 
and the nematic order. In particular, we discovered 

that the shear fidd may develop unsuspected 
discontinuities associated with the formation of 
defect lines, and strong vorticity ”bursts“ associated 
with’the release of accumulated elastic energy. It is 
unclear at this stage whether the defect dynamics 
obswed in OUT simulations are similar to the , 

defects observed in experiments, but it is very likely 
that for the full range of dynamics to be observed 
one has to simulate the proposed equations in three 
dimensions. 

We have also made progress on the formulation of 
models for polymeric solutions and mdts at large 
s h a i n  rates, taking into account the fact that both 
materials are suspensions of aggregates whose 
bonds are stranger when the aggregates are of 
smaller size. At large strain rates the largest 
aggregates are destroyed. This explains the fact that 
the shear-stress-shah rate dependence is not 
monotonic. This does not lead to an instability of the 
solutions if one takes into account the finite time it 
takes the equilibrium microstructure of the fluid to 
form in response to a given non-steady strain rate. 
This leads to a model described by a nonlinear 
pseudo-parabolic equation of third order. We have 
performed numerical investigations of h e  initial 
value problem for this equation, and have observed 
the formation of steps in the velocity distribution 
across We flow, which we identify with mushy 
regions. The agreement with the data is better than 
in previous models. In the next stage of the work, 
we shall assume that the characteristic time of the 
microstruchrral transfornation is a constant. We 
expect to eventually develop a more complete 
theory of kinetics of microshctural transformation. 

Publications 

R. Kupferman and M.M. D m ,  ”Emergence of 
Structure in a Model of Liquid CrystaUine Polymers 
with Elastic Coupling,” J. Noli-Nezot. F h i d  Mech. (in 
press, 1999). 
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Integrated Systems and Network 
Resource Management 

Principal Investigators: Bill Kramer 
Project No.: 99010 

Project Description 

Scheduling work effectively in large computer 
systems traditionally focused on scheduling central 
processing unit (CPU) time, with only modest efforts 
made to schedule other resources. This made sense 
in the past, since CPU power was the most 
expensive resource and it was relatively 
straightforward to achieve high CPU ufihation 
rates with Symmekic Multi-Processor (SMP) 
systems. Therefore, CPU oriented benchmarking 
often gave a good indication of the overall efficiency 
of a given computer system for scientific 
applications. 

The advent of Massively Parallel Processing [e.g. the 
National Energy Research Scientific Computing 
(NERSC) T3E] and SMP cluster systems (e.g. the 
NERSC IBM SF) makes it more complex to manage 
systems in order to achieve a given level of 
effectiveness. Despite that, it is possible to develop 
software and system management procedures that 
allow highly effective system operation. An example 
is the effort to improve T3E utilization when 
NERSC, working closely with Cray Research, was 
able to improve utilization through the gradual 
introduction and exploitation of system software 
functionality. During the first 18 months in service, 
the T3E-512 utilization increased hom 
approximately 55% to over 90% while s t i l l  focusing 
most of fhe system resources on large jobs. This 
represents almost a factor of two in price 
performance increase for the system or, in other 
words, the equivalent (in 1999 costs) of $10.25M. 

No single metric existed to either predict or help 
guide system managers in determining how 
effective a system could be or what functionality 
would have the most impact on effectiveness. 

The purpose of this project was to address this 
shorkfdl in the measurement of modern computer 
system. 

Accomplishments 

This LDRD contributed to the development of a 
meaningful mettic of system-level effective 
performance. Designated the Effective System 
Performance (ESP) test, this metric attempts to 
dishguish the theoretical maximum system 
capability from measured system utilization. h 
particular, the ESP test measures the elfiuency of the 
overall system and the ease with which the system 
can handle large configuration jobs and typical 
system management tasks. 

The first implementation of the ESP test consists of a 
"mix" of individual jobs that are multiple copies and 
different sized versions of application programs. 
Two additional jobs are "full configuration" (FC), 
namely calculations that use the entire system. The 
mix is submitted at staggered times to the system in 
three "lots", with the composition of the "lots" and 
the order of the jobs random. The first of the two EC 
jobs is submitted at a certain predetermined time in 
the test+ This job is to be rn immediately upon 
submission. Immediately after the FC job is 
completed, the system is shut down and then 
rebooted. After the system has been rebooted, the 
mix is restarted, and eventually, the second FC job is 
submitted. The objective of the ESP test is to 
m i n i m i z e  the total elapsed wall clock time until all 
jobs are completed. "'!ne ESP test is illustrated in 
Figure 3. 

The initial application of the ESP test had dramatic 
impact on four activities. First, an early version of 
the test was used a5 a key requirement in the 
recently completed NERSC-3 contract. It sets a 
baseline measure of system effectiveness €or the 
NERSC-3 IBM SI?. The test then will be used to 
measure improvements in system effectiveness. The 
conkact has specific improvement goals for 
effectiveness based on ESP test results. 

The second impact is in the Department of Energy 
"Valuation of Ultra-scale Computing Systems: A 
White Paper " report, developed by representatives 
of 12 major supercomputing sites and four computer 
vendors. The report states the following 
recommendation "Design benchmark suites and 
performance models to predict the effectiveness of 
the systems instead of solely measuring utilization 
dter the fact. It is recommended that the results of 
the [LBNL] ESP effort mentioned in the previous 
section, for example, be brought to the attention of 
advanced platform managers in government, 
industry and at educational institutions." 



The ESP test is part of a paper being prepared for 
submission by NERSC staff. Running the test on 
several more systems and co&gurations is currently 
underway. A draft of the paper can be found at 
www.nersc.gov/ -dhbaiIey. 

Finally, the concepts developed during the work on 
ESP were part of the well-regarded tutorial entitled 
"High Performance Computing Facilities for the 
Next Millennium," given by NERSC at 
SuperComputing '99, This tutorial was attended by 
60 people from throughout the supercomputing 
c o m ~ t y .  

The work developed by th is LDRD will continue in 
several different areas. NERSC staff are expanding 
the ESP concepts and developing simulation tests 
that provide a "prediction" of effectiveness before a 
test is run on an actual system. N E E C  and several 
vendors will run the test in different environments 
and report results. One or more f o m d  papers will 
be presented on the ESP test in W O O  and, of course, 
the ESP test will continue to innuace the NERSC-3 
contract to the benefit of Berkeley Lab and NERSC 
users. This work is also a key technical component 
in proposals for additional funding from 
Department of Energy and other sources. 

. .  

Figwe 3. ESP Test Timeline 

Once the test run is complete, a system effectiveness ratio E is computed as 
PI t, 4- pz t2 -t- + * *  + P n  tl 

E =  
P (S+T) 

where 
pi: = Number of processors utilized by job i 
ti 
n = Number of individual jobs run during the test 
P = Total number of processors in the system 
S = Time required for shutdown and reboot 
T = 

= Wall clock run time in seconds required by job i on a dedicated system 

Averaged wall clock run time (not counting shutdown and reboot) 
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Accurate Segmentation of Nuclei and 
Cells from Confocal Microscope 
images using Geometric Methods 

Principal Investigators: Ravi Malladi 

Project No.: 98008 

Project Description 
If one is able to measure/quanhfy cell and tissue 
organization, and changes pertaining to it, using 
image cytometry, one wil l  be able to characterize the 
changes that occur d&g carcinogenesis. Once . 
those morphological changes have been 
characterized, one can start correlating them with 
other elements involved, such as genetic instability, 
the abnormal pattern of expression of some proteins, 
etc. This correlation will help one to understand the 
relationship between stntcture and cell function and 
could be clinically applied as a new marker for 
cancer diagnosis and prognosis. The two key 
technical capabilities required in such study are (a) 
cell and nuclei staining and imaging using a 
confocal microscope, and (b) efficient and reliable 
image analysis techniques that make denoising, 
segmentation, and measurement possible. In this 
project, we focussed on the latter aspect and built 
both models and code for reliable and fast image 
denoising and segmentation algorithms. The work 
should ultimately help address specific biological 
hypotheses; develop new algorithms to accurately 
segment whole cells and ofher structures inside 
cells, including those from 3-D x-ray microscope 
images; and develop measurement algorithms based 
on spatial statistics to skdy the internal and external 
organization of cells in tissue. 

Accomplishments 

Fluorescence-labeled lmagery 

We have both devised schemes and b d t  code to 
efficiently segment nuclei shapes from confocal 
microscope imagery of fluorescence-labeled cells. 
The core dgorithms and techniques are borrowed 
from real-time image analysis work, due to Malladi 
and Sethian, which wa5 tested extensively in the 
medical imaging setting (magnetic resonance 
imaging, computerized tomography, ultrasound, 

etc.). The idea is to exploit the strengths of both the 
automatic and interactive segmentation techniques, 
namely, (a) preprocess the 3-D image to reduce noise 
by i a y h g  close attention to edge-geometry, (b) an 
automatic segmentation method based on 
gradient-weighted thresholding, (c) regularization of 
‘the rough shapes describing the nuclei via 
m a t u r e -  and edgebased speed, and (d) finally, 
split the nuclear clusters that are sometimes found in 
cases where cells are structurally dominated by their 
nuclei. 

. 

Larnin Surface Markers 

We also focussed on segmenting nuclei shapes from 
a different imaging technique. The fluorescence- 
labeled DNA does not necessarily extend out to the 
surface o€ the nucleus. Our collaborators therefore 
used specific nuclear surface markers (lamin 
antibodies) to delineate nuclear sur€aces. However, 
these surface markers do not uniformly label the 
surface and the images are much noisier, presenting 
a more challenging segmentation task. Some results 
used a modified shock-based flow and a 
segmentation method utilizing the Fast Marching 
algorithm. More importantly, due to poor definition 
of cell  boundaries, h e  adjoining cell shapes in a 
cluster tend to incorrectly merge into one. We used a 
mdtiple interface flow idea to handle this particular 
difficulty. 

Publications 
C. Or&, R. Mdadi, S .  Lelievre, and S. Lockett, 
“Segmentation of Nuclei and Cells using Membrane 
Related Protein Markers,” submitted to J o i i i ~ ~ l  of 
Micsoscopy @u-uary ZOOO), 
A. Sarti, C .  Ortiz, S. Lockett, and R. Malladif “A 
Geometric Model For 3D Confocal Image Analysis,” 
submitted to IEEE Traizsncfioiorrs 011 Bioinedicnl 
Eizgiizeeiiiig (September 1999), 



Electron Collision Processes above 
the Ionization Threshold 

Principal Investigators: C. William McCurdy and 
Thomas Rescigno 

Project No.: 9901 1 

Project Description 
The computational prediction of the electronic 
shrctzrre of atoms and molecules has become a 
practical task on modem computers, even for very 
large systems. By contrast, sophisticated calculations 
on electronic collisioirs have been limited in terms of 
the complexity of the targets that can be handled 
and the types of processes that can be studied. 
Collision processes are, nevertheless, central to the 
problems of interest to the Department of Energy 
(DOE), playing a key role in such diverse areas as 
fusion plasmas, plasma etching and deposition, and 
waste remediation. The intermediate energy region, 
extending from the ionization threshold to a few 
hundred eV, presents the greatest challenge for nb 
initio theory, since the infinity of energetically 
accessible final states precludes one hom writing 
down a wave function that describes all possible 
scattering events, and is simply a reflection of the 
fact khat ionization persists as one of the 
fundamentally unsolved problems of atomic 
collision theory. 

A practical route to solving the intermediate energy 
electron collision problem cannot rely on close- 
coupling approaches, but rather must be based on 
formalisms that d o w  the wave function itself to be 
computed without recourse to the explicit 
asymptotic f o m ,  and on methods that extract cross 
section information horn the wave function without 
knowing its detded asymptotic form. The purpose 
of this project is to develop such an approach for 
both atoms and molecules. The approach will build 
on the algebraic variational formalism we have 
previously developed to study electron-molecule 
scattering+ The approach will be extended to include 
the scattered-wave, flux operator formalism, which 
we have developed, complex optical potential 
interactions, and a variety of techniques based on 
analyticity. Por atomic ionization problems, we will 

carry out direct solutions of the Schroedinger 
equation on a (complex) numerical grid and use the 
projected flux operator formalism to extract totd 
and differential ionization cross sections. 

Accomplishments 
There have been two major accomplishments during 
the past year: 

0 We completed and published a theoretical 
study of low-energy elecbon scattering by 
carbon dioxide. This is, sigruficantly, the first 
nb initio calculation to obtain quantihtive 
agreement with experirnmizilly measured 
cross sections for this system. 

We produced the first essentially exact 
quantum mechanical results for low-energy 
electron impact ionization of an atom, a 
problem that has resisted accurate numerical 
heatment since the formal theory was set 
forth over thirty years ago. 

CO, is a n  important atmospheric constihent and 
plays an important role in many gaseous electronics 
applications. Electron-CO, collisions are of 
fundamental and practical importance and continue 
to attract the attention of experimentalists and 
theorists. Using the complex Kohn variational 
method, we carried out a study of electron-CO, 
scattering from 25 to 10 eV. This is the first ab iizilio 
study to accurately reproduce the two dominant 
features observed in experiment, namely the 
dramatic rise in the integral cross sections below 2 
eV and the resonance enhancement near 3.8 eV. We 
also obtained elastic differential cross sections that 
agree well with very recent experimental 
measurements. Previous theoretical studies have 
failed to achieve even qualitative agreement wifh 
experiments below 5 eV. These calculations show 
the importance of including a proper bdance 
between electron correlation and polarization in the 
scattering wave functions. Our calculations also 
included a preliminary consideration of the effects of 
vibrational motion, which was found to be 
important ~II describing the cross sections in the 
resonance region. Further work on Ihis problem is 
currently underway. 

Our work on electron impact ionization of 
hydrogen, which is being published in Science, 
represents a breakthrough in quantum collision 
physics. An exact numerical treatment of the 
complete Coulomb three-body problem is a goal that 
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had resisted sohtion for over thirty years, since the 
problem was originally formulated. The key to our 
successful treafment was the use of a formulation 
that does not requh us to know the detailed 
asymptotic behavior of the wave function, which is 
extremely complicated for three "free" charged 
particles. Our calculations required the solution of 

very large (-4 million) systems of complex hear 
equations to produce wave functions that contain 
complete information about the collision process, 
including probabilities for detecting final scatthed 
electrons with specific energies and angles of 
ejection. Our results are in essentially perfect 
agreement with absolute measurements. 
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Publications 

T. N, Rescigno, "Aspects of an Ab britio Approach to 
Electron Scattering by Small Molecules," in 
"Supercomputers, Collision Processes and 
Applications," edited by D. CroEhers and K. Taylor 
(Plenum, Yew York, 1999) p. 67. 

M. Baertschy, T. Rescigno, W. A. Isaacs, and C. W. 
McCurdy, "Benchmark SingIeDiffermtial 
Ionization Cross Section Results for the s-Wave 
Model of Elecbon-Hydrogen Sca!Aering," Plzys. Rea 
A 60, R13 (1999). 

D. A. Byfilm, W. A. Isaacs, and C. W. McCurdy, 
'Theoretical Studies of Low-Energy Electron-CO, 
Scattering I: Total, Elastic and DZferential Cross 
Sections," Plys .  Em. A 60,2186 (1999). 

T. Icescigno, M. Baertschy, W.A. Isaacs, and C.W. 
McCurdy, "Collisional Breakup in-a Quantum 
System of Three Charged Particles," Science 286, 
2474 (1999). 

T. rCescigno, C. W, McCurdy, M. Baertschy and W. 
A. Isaacs, "On the Use of Two-Body Close-Couphg 
Formalisms to Calculate Three-Body Breakup Cross 
Sections," PhysimE Review A 60,3740 (1999). 

Feature Extraction from Observed 
and Simulated Data 

Principal Investigators: Bahram Parvin and Qing 
Yang 

Project No.: 9901 2 

' 

Project Description 
The current generation of environmental satellites 
and numerical simulation models generates a 
massive m o w t  of spatio-temporal data. These data 
represent different geophysical field5 (such as sea 
surface temperature, wind slress, precipitation) at 
different spatid and temporal resolutions. For 
example, the NASA MODIS sensor could potentially 
generate 200 gigabytes of data per day, where 50-100 
gigabytes of it are ocean products. Similarly, a 20- 
year ocean circulation model, with O(5 - 10) km 
resolution, at 20-minute time steps produces about 4 
terabytes of prognostic data. Such a vast amount of 
data poses serious performance, management, and 

comprehension problems. Furthermore, existing 
comparative analyses of climate codes are based on 
aggregate measures such a5 average temperature 
andraindrops, ignoring higher-level feature 
activities, Particular features of interest include 
vortices and saddle points. Ocean vortices are an 
important component of global circulation because 
hey  are an efficient transport and mixing 
mechanism for salt/freshwater, heat, plankton 
communities, nutrients, and momentum. Similarly, 
atmospheric vortices are important for 
meteorological studies, e.g., their frequency, 
strength, duration, and hacks. If vortices can be 
detected and tracked, pertinent questions can be 
asked about other sources of data. For example, how 
does the precipitation vary along these tracks, and 
how does precipitation vary for individual storms? 
What is the correlation between storm strength and 
sea surface temperature (SST)? How do the stoms 
alter SST? Such an integrated knowledge-based 
system provides a detailed view of the &/sea 
interaction that goes beyond simple means. Thus far, 
our research has focused on a featurebased 
representation of spatio-temporal SST data for 
providing an intelligent summary  of the underlying 
images and to facilitate correlation studies between 
different types of events (in different fields) for 
hypothesis testing, comparative analysis of 
numerical simulation and observational data, and 
effiaent visualization of meaningful information. 
This is achieved by computing the feature velocities 
from the fluid motion and then computing pertinent 
features from the computed vector field. We have 
applied o w  methods to 12 years of sea surface 
temperature data. The data set has a spatial 
resolution of 9 to 18 Irm that is recorded by the 
Advanced Very High-Resolution Radiometry 
(AVHRR) sensor once every two days. 

Accomplishments 
Specific accomplishments include: 

0 A izovel fomrrrlantiorz offlowJdd conzpzttntion fhf 
iizcorporates air iizconzpressibilihj coizstrnink for 
bdcingJriid nroh'oii. The algorithm is then 
implemented through a multigrid 
representation for reducing the 
computational complexity. Computed flow of 
feature velocities are then compared with 
ground truth data in selected regions. 

A iabrist approndz for detecfioii nnd trnckirzg 
vortices a i d  snddle points f iom tlte vectorfield 
represaztntiort. Vortices are important in two 
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ways. First, they are an important component 
of the global circulations. Thus, their 
duration, direction, and localization are 
valuable to h a t i c  studies. Second, hey are 
singular events that provide a compact 
representation of the spatio-temporal images, 
Thus, they can be used as indices for 
representation and quick access. 

Interesting climnlic results iiidicntilzg thnt the 
iizrmbers of si?ig~rlnr events (in SST dantn) m e  
seasoiznlly correlated and tlznt t l q  h o e  n 
prefmved locnlizntion. This is observed by 
accumulating event features over a 12-year 
period and representing their occurrences as 
a probability density function. The result is 
shown in Table 1. . 

Tnble I shorvs the irrmiber of events luorfices nizd saddle points) for ench yenr nizd ench 
senson. T7iis table iizdicntes (nbtiost) eqrial izrintber of events in each year. The manber of 
eveirts is higher in thefirst 90 dnys than Me second 90 days. It i-ises ngniiz diiiiiig the 
third 90 days nitd their drops dwhg t l~efoi~rtl i  90 ~ R Y S ,  This sensolin1 periodic effect hns 
i2at beai obseived in the pnst d r a  to lnck of e#icfiue co~~ipptitntioiznl fechniqrres. 

I 

Inter-annual observations indicate preferred 
localization of events at 40"s and 40"E during 1986- 
89,1993, and 1998. Figure 6 shows preferred 
occurrences of events for a 12-year period (2190 
images). The results clearly indicate preferred 

occurrences of events along the equator, Gulf Stream 
and to the north of it, and 40"s. These areas are &he 

East PaciEic instability region, the Gulf Sheam 
vortices, the meander region, and the sub-polar front 
of the Southern Oceans. 

Fig-~ir-e 6. Freqzinicy ofoccwreiice of vortices nizd snddle poirzfs, slrozuiz nt  1" resolzitioiz, 
fi.on2 1986 to 1998. 
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Publications 
Q. Yang and B. Parvin, "Detection and Tracking 
Vortices and Saddle Points in SST Data," 16tlz Inter- 
?intion Conjiereizce on InMtermiine bzfoi-~nntion nnd 
Processing Syslstenzsfar MeteorologIJ, Ocennogmphy, mid 
HydroZopj (to be published, January 2000). 

Q. Yang and B. Parvin, "Feature Based Visualization 
of Large Scale Geophysical Data," (submitted to 
IEEE Conference on Computer Vision and Pattern 
Recognition, June 2000). 

Q. Yang and B. Parvin, "Detection of Singular 
Events from SST Data," (submitted to Tnternation 
Conference on Pattern Recognition, September 

Q. Yang, 8. Parvin, A. Mariano, and R Evans 
"Detection and Tracking of Vortices in SST Data," 
(submitted to Joiinial O J  Geophysicfll Research Letters). 

Q. Yang, B. Parvin, A. Mariano, mdR. Evans 
"Seasonal and Interannual Studies of Singular 
Events from SST Data (submitted to Joiininl of 
Geopliysicnl Resenrch Leffers). 

2000). 

Berkeley Lab Disfribution (BLD): 
Software for Scalable Linux Clusters 

Principal Investigators: William Saphir 

' Project No.: 99013 

Project Description 

An exciting development in scientific computing 
over the past few years has been the demonstration 
that clusters of PCs can achieve performance of 
supercomputers for many problems of interest to 
DOE. Such clusters promise to greatly increase the 
impact of computation on science. Despite their 
promise, we believe that clusters are destined for 
only a minor role d e s s  two critical barriers are 
overcome: 

Most existing and planned system soforrare 
for clusters is not scalable, making infeasible 
large clusters that can be applied to DOE 
mission-critical applications. 

Cluster software is ad-hoc, poody integrated, 
lacking in functionality, and difficult to use, 

I making the setup and management of 
dusters very labor intensive, and limiting 
their flexibility. 

1 

We are designing, implementing, and integrating 
scalable system software and architectures for 
clusters, This software will form the basis of the 
"Berkeley Lab Distribution," or BLD, a complete 
package of plug-and-play software for configuring, 
managing, and using Lhux clusters. 

Accomplishments 

In the first year of this LDRD, we have focused on 
understanding cluster requirements, developing 
basic infrastructure for the cluster, and building 
collaborations with other labs that will eventually 
form the basis for coordinated multi-lab system 
software development. 

The building block far the BLD architecture is a 
subcluster consisking of a filesystem server and one 
or more compute nodes that perform computations. 
The compute nodes of the cluster boot from and 
mount their root file system over a private Internet 
Protocol (E) network. Most existing dusters have 
not used such a "diskless boot" system because it'is 
difficuIt to configure by hand, even though it has a 
number of technical advantages aver local operating 
system installation. 

We have developed software called BCCM (Berkeley 
Cluster Configuration Manager) that makes it 
signzficantly easier for a system administrator to set 
up the compute node root filesystems using a 
minimum amount of storage on the server, and also 
handles other tasks required to add a compute node 
to a cluster. BCCM is scalable, in that the effort and 
storage space required for an N-node duster do not 
vary sigruficantly with N, We do not have a testbed 
cluster large enough to determine the largest feasible 
N, but this limit must exist (because of NFS 
limitations) and clusters Iarger than N will build 
from N-node subclusters. BCCM is the first major 
step BLD project, which will eventually handle all 
important aspects of cluster administration. 

We have established a shong collaboration with Los 
Alamos and Argonne National Labs to coordinate 
OUT cluster development efforts, This collaboration 
resulted in a fd-day tutorial at Scientific 
Computing '99 on production Linux dusters. 

I 



We have developed a n  extensive collection of 
benchmark results for processors used in Lhux 
clusters. These results have become an important 
and highly visible resource for the community. 

Pu brications 
Tutorial "Production L h u x  Clusters," presented at 
Scientific Computing '99 (LBNI-43738). 

"Linm for Scientific Computing," presented at the 
Oreilly Linux Conference (August 1999). 

Linear Algebra and Statistical 
Algorithms for Text Classification in 
Large Databases 

Principal Investigators: Horst Simon 

Project No.: 99014 

Project Description 

The goal of this research is to use high-performance 
computing to help understand and improve 
subspace-based techniques for information retrieval, 
such as latent semmtic indexing (LSI). In the past, 
LSI has been used only on very small data sets. We 
are developing an environment and scalable linear 
algebra algorithms where LSI-based information 
retrieval can be applied to matrices representing 
millions of documents and hundreds of thousands 
of key words. The computational power of the T3E 
is required to accomplish this. 
There are two main components to this: t h e  retrieval 
accuracy and the efficiency of the algorithms used in 
retrieval algorithms. 

To this end we hope to: 

m Further develop ow subspace-based model 
and gain deeper understanding of the 
effectiveness of LSI. We will also explore the 
possibility of extending the subspace-based 
model for handling image and multimedia 
retrieval problems. 

Develop more robust and computationilly 
efficient statistical tests for the determination 

of the o p h a l  latent-concept subspace 
dimensions, We will especially hvestigate 
methods based on cross-validation. 

Further explore the low-rank-plus-shift 
structures of the term-document matrices and 
develop fast and memory-ef€icient numerical 
algorithms for the computation of low-rad 
matrix approximations. We will also 
hves tigate linear-time partial Singular Value 
Decomposition (SVD) algorithms based on 
term and document sampling. 

hvestigate a variety of statistical methods 
such as canonical correlation analysis and a 
generalized h e a r  model for translingual text 
retrieval. 

This project will be one of the first to compute 
decompositions of complete large term-dotrument 
matrices. Other efforts have had to resort to 
sampling to keep M g s  computationally tractable. 
As such, we are in a unique position to study how 
scale aEIects subspace-based retrieval techniques. 

We also believe that: tihe algorithms developed here 
will be of use not only in text retrieval, but in more 
complicated settings such as classification of image 
collections, and extraction of images with desired 
features from large collections. Combining effective 
sear& and classification algorithms for image 
problems with the compute and storage capabilities 
of h k e  NERSC systems wiU aIso help the 
development of algorithmic techniques for the data 
and visualization corridors of the next decade. 

Our computational approach is planned to explore 
the use of the SVD. In the future, other low-rank 
approximations to the document structure will be 
considered, 

Accomplishments 
First, we have been successful in porting 
M X T L A B T  to the Cray T3E at National Energy 
Research Scientific Computing (NERSC). This tool 
provides the ability to manipulate both dense and 
sparse mahices stored on the T3E, using the p o p u l ~  
MATLAB environment. The goal is to reduce the 
programming overhead in setting up our numerical 
experiments. 

Preliminary experiments on a large collection with 
over 500,000 documents have demonstrated the 
feasibility of our software. We have been able to 
perform LSI on the complete collection where 
previous attempts have had to restrict their attention 
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to a smaller subset of the data. We are now in the 
process of interpreting the results and designing 
new experiments that will deepen our 
understanding of the techniques used. 

Third, we investigated the question of computing 
approximate SVDs with possible applications to LSI, 
This ,resulted in a new algorithmic approach 
described in a series of two reports, which are 

Figwe 7. MATLAB*P creates datn shricttires on Me pnrnllel semer (liere flre T3EL All 
MATLAB tools are nunilable on the worksfation. 

Publications 
P. Husbands, C. Isbell, and A. Edelman, “MATLAB*P: 
A Tool for Interactive Supercomputing,” Proceedings 
of the 9& SLAM Conference on Parallel Processing for 

H. Zha and H. Simon, ”On the Updahg Problems in 
Latent Semantic Indexing,” SLAM Jozumnf of Scierztfic 

C. Ding, “A Similarity-Based Probability Model for 
Latent Semantic Indexing.” Proceedings of 22nd 
International ACM SIGIR Conference on Research 
and Development in Information Retrieval, Berkeley, 
California (1999). 

scientific computing (1999). 

COnzylLfing (1999). 

Z. Zhang, H. Zha, and H. Simon, ”Low-Rank 
Approximations with Sparse Factors I: Basic 
Algorithms and Error Analysisl” LBNL-44003, (1999) 
(submitted to SIAM JuiniznE 0fMnh-k Annly5is). 

Z. Zhang, H. Zha, and H. Simon, ”Low-Rank 
Approximations with Sparse Factors II: Penalized 
Methods with Discrete Newton-Like Iterations,” 
LBNL-44217, (1999) (submitted to SWM Joiimnl of 
M R K Y  Analysis). 
Z. sang and H. Zha, “Structure and Perturbation 
Analysis of Truncated S W  for Column-Partitioned 
Matrices,“ LBNL-43597, (1999) (submitted ta SIAM 
Jorrninl of Matrisc Annlysis). 



Earth Sciences Division 

Ocean Particulate Carbon Dynamics Development of autonomous vehicles for 
carbon system monitoring. 

Principal Investigators: Jim Bishop 
Project No.: 98035 

Project Description 
There is an urgent need to devise strategies to 
stabilize the levels of carbon dioxide in the 
atmosphere. The purpose of this project is to carry 
out fundamental research into the dynamics of 
partidate carbon off the coast of California and in 
the world's oceans. The sedimentation of particulate 
organic carbon is the ultimate burial of atmospheric 
carbonJ but particulate carbon dynamics is not well 
understood because of the difficulty and exorbitance 
of direct high-precision measurements of bace 
constituents<in the water column. This project seeks 
to explore the development of an economical 
autonomous' device that profiles particulate organic 
carbon (POC) and particulate inorganic carbon (PIC) 
concentratiops in the water column on time scales 
fast enough (-diurnal) to capture biological 
variability. Biological formation of PIC produces 
CO, as a byproduct and therefore counteracts the 
CO, drawdown due to formation of POC. The 
device and sensors will be inexpensive enough to 
pennit the first largescale quantification of the 
geographic and temporal distribution of POC and 
PIC. We will &a study existing samples of 
particulate matter collected by largevolume, in sitri 
Htration from the North Pacific and other 
environments, and analyze them for compositional 
information that may yield insight into the processes 
of formation and removal of particulate organic and 
inorganic carbon. 

Accomplishments 

Our approach to understanding ocean particulate 
carbon dynamics wiIl enable and refine strategies to 
meet targets for stabilizing carbon dioxide in the 
atmosphere. 

Development of PIC and POC concentration 
sensors for the vehicles. 

Data/sample analysis synthesis and 
publication. 

LDRD support in 1999 initiated three activities in the 
area of ocean carbon cycle research at Berkeley Lab. 
AU activities strongly tie to the vision of the original 
LDRD proposal and several additional pending 
initiatives are likely to result in additional funding. 

We worked to implement an optical POC 
sensor and to develop and implement a PIC 
sensor (see below) on the Sounding 
Oceanographic Lagrangian Observer (SOLO) 
float. An autonomous profiling float 
developed at Scripps, SOLO is capable of 150 
round trips betureen the surface and 1000 
meters. Satellite tdemetry of data &fer each 
surfacing permits real-time observational 
data to be obtained from remote locations. 
With twice-a-day profiling, SOLO can 
observe ocean carbonbiomass variability for 
four months. 

LDRD support enabled studies to investigate 
environmental acceptabiliv and effectiveness 
of different ocean carbon sequesbation 
strategies. The emphasis is on understanding 
carbon cycle dynamics and on carbon cycle 
perturbations resulting from ocean 
fertilization with iron. The focus is also on the 
development of low-cost, hut effective, 
autonomous monitoring technology required 
to evaluate ocean carbon sequestration 
strategies. 

The LDRD work also supported the 
preliminary design of an autonomously 
operating POC and PIC flux m o n i t o ~ g  
device based on the concept of SOLO floats 
and modified versions of the POC and PIC 
concentration smsors. 

m 

LDRD also supported the synthesis of data and 
samples on particulate matter dynamics, obtained 
during four recent oceanographic cruises to the 
subarctic northeastern Pacific Ocean. 
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carried out fundamental investigations that will help 
quantlfy Ehe effects of global climate change. 

Quantitative Measures of Global 
Climate Change and Carbon FIuxes 

Principal Investigators: Donald DePaolo 

Project No.: 98009 

Project Description 

Bringing together scientists from Berkeley Lab and 
the newly formed Center for Atmospheric Sciences 
at University of California at Berkeley, this project 

Accomplishments 

The Influence of Soil Minerals on Sforage and 
Turnover of Soil Organic Carbon 

The project on soil carbon sequestration focused on 
using isotopes to quanbfy the turnover time of soil 
organic matter and soil respiration rates. We 
investigated soil mineralogy, as originally 
envisioned, and also expanded the scope of the 
project to take advantage of a large global-change 
experiment that was established at the nearby Jasper 
Ridge Biological Preserve in Stanford, California. 

Quantitatively important rates of C sequestration in 
soils have proven hard to detect with conventional 
methods due to the large initial stock and high 
variability. However, the cornbination of isotopic 
techniques and soil fractionation can greatly increase 
our ability to detect early chimges in carbon cycling, 
by rnagnifymg the signal for changes in carbon 
stocks and sources, In addition, the isotopic 
signature of C fluxes can be used to investigate root 
vs. microbial respiration, treatment effects on 
productivity and decomposition rates, and how 
these affect soil carbon storage. We added this suite 
of measurement approaches to elevated CO, 
experiments at Jasper Ridge, to develop new 
understanding of, and techniques for, ecosystem 
carbon cycling and global change 

With the support of the FY99 LDRD, a global-change 
experiment at Jasper Ridge wa5 outfitted for Ehe 
study of the carbon cycling effects of elevated CO, 
alone and C02 plus warming, water, and/or 
nitrogen. The modifications included installing 
permanent soil chamber bases, soil gas probes, and 
lifter bags. Laboratory capabilities were enhanced 
for this, specifically by development of an 
autosampler for stable isotope analysis of I3C in soil 
respiration and soil leachate collected at the field 
site. 

The second facet of work concerns sensitive 
detection of changes in soil carbon storage, using a 
combination of isotopic tedmiques and soil 
fractionation. We used soils from a previous Jasper 
Ridge experiment in which elevated-CO, 
consistently led to positive fluxes of carbon into the 
soiI of the grassland ecosystem. Hungate et al. could 
not empirically 'find' this carbon, however, due to a 
large initial stock of soil organic carbon and high 



spatial variability. This past year, a graduate student 
and the P.I. have chemically separated the labile vs. 
mineral-associated carbon fractions in soils collected 
from the last year of the experiment. Since the 
experiment was replicated on sandstone and 
serpentine parent materials, it provides the first 
long-term tracer experiment for investigating 
mineral innuences on carbon turnover. 

The isotopic content of soil respiration was used to 
estimate the proportion of CO, flux that is derived 
from root respiration and root exudates of the 
current growing season versus soil organic matter 
produced in previous years. The results are that by 
the end of the growhg season (May 1999), 
approximatdy 70% of respiration was derived from 
the current year's photosynhesis (root respiration, 
fine root turnover, and exudates) and 30% was 
produced by microbial respiration of soil organic 
matter from previous years (Figure 1). There was no 
effect of nitrogen, warming, or water treatments on 
the contribution of roots to total soil respiration. 
PreJtcnhary analysis of soil leachate indicates tihat: 
the warming treatment increased the contribution of 
roots to dissolved inorganic carbon losses from soil. 
This is the first in sit21 experimental test of the 
influence of these environmental factors on root 
carbon cycling in either respiration or leachate. 

In the soil organic matter study, the light (labile) 
fraction shows a detectable increase in soil carbon 
(p<O.O31, n=lO) in the elevated CO, treatment. The 
"C isotopic mdysis confirms that the light fraction 
contains more labile carbon, and that the heavy 
fraction contajrts more of the older (ie., mare stable) 
mineral-associated carbon. The radiocarbon content 
of the heavy fraction of the sandstone and 
serpenfine soils was used to estimate and compare 
the m o v e r  times of mineral-stabilized C on these 
soil types, and the capacity of soils to stabilize 
organic C for long-term storage. We found that the 
turnover t ime of mineral-stabilized organic carbon 
in the top 15 cm of soil is 270 years in sandstone, and 
450 years in serpentine. 

The Atmospheric Budget of Methyl Bromide (CH,Br} 

Pure samples of CH,Br were obtained from the three 
major industrial manufacturers (Albemarle, Dead 
Sea Bromine, and Great Lakes) for isotopic analysis. 
These companies manufacture approximately 82% 
of the world total CH,Br used as a fumigant. The 
5I3C signatures were measured on a Micromass 
Isoprime Gas Chromatograph-Isotope Ratio 
Monitoring Mass Spectrometer (GC-IRMS) at the 

Berkeley Lab Center for Isotope Geochemistry. GC- 
IRMS allows separation of CH,Br from other gases,. 
followed by in-line combustion to CO, and analysis 
by magnetic sector mass spectrornefry. The method 
is selective, reproducible, and orders-of-magnitude 
more sensitive than traditional Dual Met  Mass 
Spectrometry (DIMS). The GI'C values measured by 
GC-IRMS for individual tanks typically had 
standard deviations of less than 0.1%~ and were 
indistinguishable from DIMS measurements made 
on CH3Br following off-line closed-tube combustion. 

The measured 613C values of industrially produced 
CH3Br were all low, and there was variability both 
wihin and between manufacturers. The Sl3C 
measured values ranged from -66.4%0 to -43.5%0, 
and the mean for all measured tanks is -55.7%0 
( ~ . O % O  S.E.). There were differences in the 613C of 
CH3Br from the various manufacturers, and thus a 
weighted mean 613C of CH,Br released from 
industrial processes should be more accurate. Based 
on reported CH,Br production the weighted mean 
value was -54.4%., in good agreement with the 
mean of all measured tanks. The industrial CH,Br 
sowce is isotopically light, probably because 
thermogenic methane is used as a carbon source for 
methanol, which in tum is the feedstock for 
manufacbing CH,Br. 

The results presented here demonstrate that 
industrially manufactured CH,Br has a carbon 
isotopic signatwe (ijUC = -55%0) that is likely to be 
sigruficantly different, and therefore readily 
distinguishable, from the major non-industrial 
sources. Isotopic measurements of t h ~  main CH,Br 
sources and the atmospheric reservoir should 
therefore greatly improve our understanding of the 
CH,Br budget, and of the biogeochemical processes 
controlling atmospheric CH,Br. This approach could 
also provide an independent tool for assessing the 
effectiveness of recent amendments to the Montreal 
Protocol that call for the complete phaseout of 
U4,Br by 2005 in industrialized nations. 

Climate Records and Atmospheric Moisture 
Transport 

The main g o d  of this part of the project is to begin to 
bridge the gap between basic one-dimensional 
Rayleigh models of isotopic composition in 
precipitation and three-dimensional General 
Circulation Models, We have extended advection- 
based Rayleigh models by adding evaporation and 
eddy-fluxes, without losing the simplicity of a 
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purely latitudinal description of the major features 
of the isotopic distribution in precipitation. 

Based on the ratio of vertical exchange between the 
ocean and atmosphere, to the horizontal transport of 
atmospheric moisture, the Earth is divided into three 
regions: a n  Equatorial Evaporation-Dominated 
Zone, a Southern Distillation Zone and a Northern 
Quasi-Distillation Zone. The isotopic composition of 
evaporation in the Equatorial Evaporation- 
Dominated Zone controls the isotopic composition 
of precipitation in this region, and sets the initial 
value from which isotopic ratios in the two mid- and 
high-latitude regions follow, In the distillation 
zones, t h e e  parameters control the spatial 8'0 and 
SD gradients: 1) temperature through condensation 
temperature, 2) temperature gradient through water 
vapor gradient and 3) the Peclet number, the ratio of 
advective kansport to eddy-flux transport 

We also use the model to simulate changes in 
several climate parameters to determine the 
temporal response of 5l'O and 6D in precipitation. 
Temporal variations in the 6lSO (or 5D) relationship 
with local surface temperature do not necessarily 
coincide with the present-day, observed local spatial 
relationship, All three of the controlling parameters 
can have an effect on the isotopic fluctuations with 
time, complicating interpretation of ice core records 
in terns of temperature. 6I8O and 6D ate 
increasingly sensitive to changes in aIl three 
parameters at locations distant from the ocean 
evaporation source. Interior Antarctic and 
Greenland sites exhibit larger S"0  - T slopes than 
do coastal sites. 

Evaporation processes are still not well understood, 
and our first attempt to include the physics of 
evaporation in the model have not produced 
precipitation simulations that agree well with the 
precipitation d a h  However, we feel that these 
results will be improved through further 

experimental study of the kinetic fractionation factor 
involved in the liquid to vapor transition. Contrary 
to the results of Johnsen, et id. and Jouzel, et al. 
results from ow model show deuterium excess in 
Antarctic precipitation is not indicative of the 
conditions over the source region. The signature of 
low-latitude evaporation source is removed by 
molecular exchange over the Southem Ocean and 
therefore, deuterium excess in Antarctic 
precipitation appears to be determined by 
temperature and relative humidity over the 
Southern Ocean. 

In the future, the model must be tested against data 
collected at mid and high latitudes. Vertical profiles 
of water vapor concentration, isotopic ratios in 
water vapor, precipitation data, and isotopic ratios 
o€ surface ocean water, all from the Southern Ocean 
between 50"s and the Antarctic coast, will place 
constraints on the model input parameters. In 
addition, the evaporation theory requires 
experimental determination of the kinetic 
fractionation factor ind further research on how the 
values of this parameter, determined in the 
laboratory, apply to the ocean, 

The model still has many applications for issues of 
more regional spatial scale and shorter time-scales. 
The model should next be incorporated in regional 
studies of the Northem Hemisphere. Two locations 
that might be useful in expanding the model are 
Greenland, where there is much data and interest in 
interpreting ice core records, and Western Canada, 
where water vapor transport is mainly in a west-to- 
east direction, which is ideal for the one-dimensional 
nature of the model. Input h a t  has been averaged 
on time-scales shorter &an one year provide 
simulations of the seasonal cycle in the hydrologic 
cycle and remove the wet season bias of 
precipitation that is inherent in studies of the 
average annual characteristics. 
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Figrire I. Isotopic sigt infwe of soil respirnfionfionz cor~frol, elevnfed CO,, mid CO, y h s  nifrogeti, zuflter, 
and/or zunming. b r  nll plots zviM eleunted COP, root respirnh'on mid root emtdntes conrbiired coiztribzite 
70% of tootnl soil respirntion, with izo sigrzijicmt d i f e r e ~ e s  in mot colrtribz~tion nrnoiig trenhmenfs. The 
percent root cnrboit m s  cnlciiln tea by mass bnlmice betzveeiz the control (6'C=-28X0) nizd elendeed C 0 2  
(rYac=4!%0) plaint itiytits. 

Snnzples collected May 18-19,2999 N=4 per trenbnent All regressiom calcrllnkkg sipinhire, X2 > 0.9 
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Effects of2xC0, Climate Forcing on 
the Western US. Hydroclimate Using 
the Mgh-Performance Regional 
Climate System Model 

A message passing method will be used for 
efficiency and portability across a variety of high- 
performance computing platforms, New techniques 
willbe used to match cachebased processor 
architectures. Efficient schemes to improve data 
input and output wil l  be developed. 

Principal Investigators: Jinwon Kim, Norman Miller, 
and Chris Ding 

Project No.: 9901 5 

Project Description 

Understanding the impacts of increased atmospheric 
CO, concentration on the regional climate, water 
resources, and socioeconomics is a growing concern 
(Kyoto Protocol 1997). The god of this project is to 
study the climate and water resources in the western 
US. under a doubled carbon dioxide (2xCOJ 
condition using recent General Circulation Model 
(GCM) projections as input to a high-performance 
Regional Climate System Model (RCSM.hp). 
Detailed objectives include: (I) investigate the effects 
of ZXCO, on the climate and water resources in the 
western US,, (2) examine the Sensitivity Imposition 
Melhod ISM) for downscaling GCM ensemble 
predictions, (3) contribute to the Intergovernmental 
Panel on Climate Change (IPCC) 2000 Regional 
Assessment Report and the US. National 
Assessment, and (4) develop the RCSM.hp. 

We will investigate the effects of 2xCOz on the 
western US, climate using the RCSM-hp to 
downscale global cIimate data for the present-day 
and GCM-projected X C O ,  scenarios. The RCSM has 
been used in climate studies for the western US., 
eastern Asia, and northeast Australia with good 
results. We wiU calculate the regional h a t e  
sensitivity horn the National Center for 
Environmental Prediction (NCEP) reanalysis 
(control simulation) and a k C 0 2  climate projection 
from the Hadley Cenke (sensitivity simulation). The 
sensitivity run will be made by modifying the 
present-day temperature and water vapor fields by 
the amount projected by the GCM. We wiU focus on 
precipitation, snow, soil moisture, and basin-scale 
hydrology for water-resource assessments. 
Development of the high-performance RCSM is a 
crucial part of this project, a5 climate simulations 
require a large amount of computational resources. 

' 

Accomplishments 

We have developed a prototype of the RCSM.hp. 
We have improved the code s b c t u r e  for better 
stability'and ease of conversion. The modified code 
can be compiled on a CRAY T3E without special 
options, and code parameters are uniquely defhed 
in a single place for better modularizaEon. A 
parallelization skrategy and implementation 
procedures, including communication patterns, 2D- 
decomposition and communication modules, have 
been designed and implemented. Speed-up of the 
prototype code on a CRAY T3E is presented in the 
figure attached. Based on the prototype RCSM.hp, 
we are building a more scalable version that can 
efficiently use new SP3 architecture. 

During FY99, we have archived and processed the 
global data from the NCEP reanalysis and the 
Hadley Center 2xC0, climate projection for a 
hindcast and 2xC0, projection, respectively. We 
have tested the RCSM to evaluate model physics. 
This test is importmt as recent state-of-the-art 
canvection schemes are generally "tuned" for 
specific geographical areas and climate regimes. 
Most tuning is based on data collected over the 
Great Plains-Oklahoma region or tropical oceans 
where the initiation of convection and storm 
structures are sigruficantly di€ferent from the 
western US. Sensitivity tests showed that the 
simpler Anthesis scheme generally better simulated 
orographic convection than the more-sophisticated 
Simplified Ardawa-Schubert Scheme (SAS) in the 
western US.; however, the Anthesis scheme caused 
significantly more numerical point stonns during 
summer than the SAS scheme, For an inter-annual 
regional climate simulation for the western US., we 
selected the SAS scheme. In addition to the 
convection schemes, improvements in land-surface 
parameters are being examined. 
Evduation/improvements of model physics is one 
of our ongoing tasks in regional climate modeling. 

A multi-year western US. regional climate hindcast 
using the RCSM has been completed for the 1988- 
1995 period. A preliminary evaluation suggests that 
wintertime precipitation was well simulated, but 
summer precipitation was somewhat overestimated 
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in the interior western US. Overall, simulated 
precipitation agrees well with observations, where 
correlation coefficients between observed and 
simulated monthly precipitation ranges from 0.6-D.9 
for individual states. The multi-year hindcast is also 
used to study soil moisture. A preliminary analysis 
showed that snowmelt and vegetation cover play 
important roles in determining the spatial and 
temporal variation of soil moisture within the 
western US. A s t r e d o w  hhdcast for the Wopland 
basin, the headwater of the Russian River in the 
northern California Coastal Range, also closdy 
simulated monthly streamflow variation during the 
8-yea period. 

climate sensitivity studies. AnaIyses of the results 
suggested that the SM, a method that utilizes a 
reduced set of widely available GCM outputs, can 
only generate qualitative assessments and needs 
further examination in comparison with full 
ensemble downscaling methods. Results from these 
simdatians ate reported in a special journal volume 
for US. National Assessment. 

The RCSMs semi-distributed hydrologic mod4 
(TOPMODEL) was advanced with a deep ground 
water flux term, which controls the amount of soil- 
water flux into the deep ground. This term plays an 
important role in the total water budget for the near- 
surface soil, but it was not included in the o r i ~ a l  

We also completed a preliminary examination o€ €he 
sensitivity imposition method (SM) for 2xC0, 

concept of this project and should be addressed in 
future work. 

Speedup of the HIgh Pcrformnnco RCSM 

zE I 

Number of T3E Processors 

Figure 2. Speeddrip of tlie high pe i fommce RCSM ns nfriiictioiz of mnzber of T3E.CPLIs. 
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Methane Hydrates: Resource 
Assessment, Production, and Role in 
Climaie Change 

Principal Investigators: Larry Myer, Raymond 
Jeanloz, Jen Blank, George Moridis, and Arlon Hunt 

Project No.: 99016 

Project Description 

The purpose of this project was to conduct research 
on key scientific issues concerning the formation and 
possible production of methane hydrates as an 
energy resource. Methane hydrates are solids in 
which water € o m  a rigid lattice containing a guest 
molecule, methane. The concentration of methane 
per unit volume of water can be very large; 1 m3 of 
fully saturated hydrate contajrts 164 m3 of methane 
at standard temperature and pressure and only 0.8 
m’ of water, Methane hydrates occur ubiquitously 
along the continental shelves and slopes throughout 
the world as well as in on-shore permafrost regions. 
They thus constitute a huge potential energy 
resource, the amount of which may exceed the 
amount of combustible carbon available from all 
other fossil fuels. Use of methane as a fuel has 
environmental benefits. It has been estimated, for 
example, that conversion of existing coal-fired 
power generation to methane gas would reduce C02 
emissions by 40 to 50%. However, the impact of 
methane as a greenhouse gas is perhaps as much as 
10 times that of CO,. Thus it must be produced and 
utilized without release. 

To address these issues, improved understanding of 
, hydrate formation mechanisms, thermodynamics, 

and kinetics is required. Numerical simulators 
incorporating these mechanisms are then required in 
order to per€orm resource assessment and evaluate 
potential safe production strategies. 

Accomplishments 
Three activities were undertaken. The first involved 
development of a method for preparing 
microcrystalline methane hydrate. The second 
activity was focused on study of kinetic reactions 
using Raman spectroscopy. The third activity, a new 
module including methane hydrate properties, was 

written for a general-purpose reservoir simulation 
code. 

Several methods for preparing and analyzing 
microcrystdlline meiharte hydrates were 
investigated. These included the production of 
water aerosols several microns in diameter inhigh- 
pressure methane and carbon dioxide environments 
(-10 -C; 700 to1200 psi). A specialized high- 
pressure system (Berkeley Lab‘s polarization- 
modulated mdti-angle scatterometer) was 
devdoped to form clathrates and to monitor their 
physical properties in real-time using polarized light 
scattering. This system can determine the particle 
size and shape of various solid and liquid aerosols, 
When clathrates form from water droplets, they 
become non-spherical. This is a condition detected 
using the scatterometer. A method was developed to 
prepare a water aerosol in a high-pressure, 
temperature-controlled sample chamber equipped 
with low-birefringence windows for polarized 
scattering measurements. The vessel was 
successfully used to produce a water aerosol in both 
high-pressure CH4 and CO,environments, with drop 
sizes ranging from two to tenmicrons. Experiments 
are continuing to produce microcrystalline hydrates 
at temperatures above the freezing point of water, 
These experiments should elucidate the equilibrium 
and kinetics of clathrate formation and dissolution. 

New experimental apparatus was developed to 
study equilibrium and kinetic reactions in the 
mehane-water-hydrate system. The apparatus 
couples a hydrothermal diamond anv i l  cell (HDAC) 
with resistance heating and Raman spectroscopy. 
The apparatus was assembled and tested. 
Calibrations were carried out to allow real-time 
pressure determination from frequency shifts in the 
fluorescence of ruby grains located within the 
HDAC sample volume. A video monitor was also 
tested for use in photo-imaging of hydrate structure 
formed in the HDAC. Unique experiments in a 
pressure/temperature reghe  relevant to the deep 
marimdshallow crust environment can now be 
performed. 

A new modde, EOSHYDR, was completed and 
incorporated into the Earth Science Division’s 
TOUGH2 general-purpose simulator for 
multicomponent, multiphase fluid and heat flow 
and transport in the subsurface, EOSHYDR is 
designed to model the non-isothermal CH, release, 
phase behavior, and flow under the conditions of 
the common methane hydrate deposits (i.e., in the 
permafrost and in deep ocean sediments) by solving 
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the coupled equations of mass and heat balance. As 
with all other members of the TOUGH2 family of 
codes, EOSHYDR can handle multidimensional flow 
domains and Cartesian, cylindrical or irregular 
grid5, as well as porous and fractured media. Both 
an equilibrium and a kinetic model of hydrate 
formation or dissociakion are included. Example 
simulations were performed. Results are presented 
for three test problems designed to explore di€ferent 
mechanisms and strategies for production from 
CH,-hydrate reservoirs. These tests hidude thermal 
stimulation and depressurization under both 
permafrost and suboceanic conditions. The results of 
the tests tend to indicate that CH4 production from 
CH,-hydrates is technically feasible and has 
sigruficant potential. 

Publications 
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“EOSHYDR A TOUGH2 Modde for CH,-Hydrate 
Release and Flow in the Subsuface,” LBNL Report 
42386 (1998). 

Numerical Simulation of Reactive 
Chemical Transport in Geologic 
Media 

Principal Investigators: Karsten Pruess and George 
Brimhalt 

Project No.: 96031 

Project Description 

The purpose of this project is to develop a capabiliv 
for detailed three-dimensional simulation of reactive 
chemical transport, and to study the geologic 
evolution of an a c k d  ore deposit through reactive 
porous media flow, subject to unique geologic 
constraints. The site chosen for the analysis is the El 
Salvador mine, which is located in the Atacama 
Desert of northern Chile. El Salvador is operated by 
CODELCO, whose database of ore grades derived 
from 11,000 drill holes is available to this project. 

The sitespecific modeling effort will determine the 
interplay between paleoclimatic change, 
hydrogeologic conditions, erosion and uplift, and 
the mobilization and enrichment of massive 
amounts of copper-bearing minerals in response to 
spatially and temporally vaqirtg redox conditions. 
TOUGH2, Berkeley Lab‘s existing general-purpose, 
mdtiphase, multicomponent simulator, is being 
applied to model the evolution of hydrogeologic 
conditions over geologic time. The simulator is also 
being enhanced to describe the transport of chemical 
species subject to kinetic md equilibrium-controlled 
reactions, and is ported to advanced massively- 
parallel computing platforms. 

Results from lhe project are expected to aid in future 
exploration efforts for porphyry copper deposits, 
and in the management of acid mine waters, leach 
dumps, mine tailings, waste d i sp~~a l ,  and 
hydrothermal convection system. The reactive 
chemical bansport capabilities will also be useful for 
assessing and remediating environmental 
contamination at Department of Energy (DOE) and 
industrial sites. 

Accomplishments 

We have developed a comprehensive numerical 
simulator, TOUGHREACT, which considers nm- 
isothermal multi-component chemical transport in 
both liquid and gas phases. The coupled model is 
implemented by introducing reactive chemistry into 
the framework of the existing non-isothermal mdti- 
phase flow code TOUGH2 A wide range of 
subsurface thermo-physical-chemical processes is 
considered. The model can be applied to one-, two- 
or three-dimensional porous and fractured media 
with physical and chemical  heterogeneity. The 
model can accommodate any number of chemical 
species present in liquid, gas, and solid phases. A 
variety of equilibrium chemical reactions are 
considered, such as aqueous complexation, gas 
dissolution/exsolution, cation exchange, and surface 
complexation, Mineral dissolution/precipitation can 
proceed subject to either local equilibrium or kinetic 
conditions. The code was first developed on a PC, 
and then tested on VAX and UNDC systems. Later 
the simulator was ported to the Cray T3E at the 
National Energy Research Scient& Computing 
Center (NERSC), and a pardelized version was 
developed, resulting in signifwant improvement of 
computing efficiency. 
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As reported in the last year (1998) LDRD summary, 
the model has been successfully applied to 
supergene copper enrichment which involves 
oxidative weathering of pyrite (Pes,) and 
chalcopyrite (CuFeS,) and the associated 
acidification. This causes mobilization of metals in 
the unsaturated zone, with subsequent formation of 
enriched ore deposits chalcocite (CuS) and covellite 
(Cu,S) in the reducing conditions below the water 
table. The alteration of primary minerals and the 
development of secondary minerals predicted by 
o w  model are consistent with observations in 
supergene copper deposits in h e  Atacama Desert. 

The model has been qualified and applied in the 
Yucca Mountain nuclear waste disposd project, 
which is investigating whether Yucca Mountain, 
Nevada, is a suitable place for a nuclear waste 
repository. The TOUGHIGACT model has been 
used to analyze and predict hydro-thermo-chemical 
behavior in heater tests and after emplacement of 
the nuclear wastes. A large number of aqueous 
species, minerals, and gases are considered in the 
simulation. Preliminary modeling results (Figure 3) 

indicate the importance of considering 
hydrochemical interactions between fracture and 
rock matrix for this type of system. 

The model has also been used for analysis of rock 
alteration in geothermal fields, and is being applied 
in two new projects: (1) investigation of contaminant 
cleanup in the vadose zone at the Department of 
Energy's H d o r d  site; and (2) prediction and 
evaluation of coupled processes for CO, disposal in 
geologic formations. 

In summary ,  the TOUGHREACT model is well 
suited for reactive transport in variably saturated 
parous and fractured media. The model allows us to 
understand the large space and time scale involved 
in the intricate web of interactions of fluids, 
chemicals, and rocks. This coupled model will be of 
wide interest to diverse fields including 
environmental geology, hydrology, economic 
geology, and sedimentary diagenesis, to name a few. 
The capabilities of the model have been illustrated 
with a few examples. The full potential is yet to be 
explored in the future, 
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Publications 

T. Xu, K. Pruess, and G. Brimhall, "An Improved 
Equilibrium-kinetics Speciation Algorithm for 
Redox Reactions in Variably Saturated Flow 
Systems," Conzprtlers G. Geosciences, 25(6), 655-666 

T. Xu, S.P. White, andK. Pruess, "Modeling of Pyrite 
Oxidation in Saturated and Unsaturated Subsurface 
Now System," Trarzspovt in Porozn Medin, (in press). 

(1999,v.). 

T. Xu, and K. Pruess, "Non-isothermal Multiphase 
Fluid Flow and Subsequent Geochemical Transport 
in Variably Saturated Fractured Rocks: 1. 
Approaches,'' submitted to Anzericrzn Jorrnznl of 
Science, (in revision). 

T. Xu, E. Somenthal, N. Spycher, K. Pruess, and G. 
Brimhall, "Non-isothermal Multiphase Fluid Flow 
and Subsequent Geochemical Transport in Variably 
Saturated Fractured Rocks: 2. Applications," 
submitted to Amen'cnn JoiitnnZ ofscieizce (in revision). 

T. Xu, and K. Pruess, "Hydrothermal Fluid Flow and 
Mineral Alteration in a Fractured Rock under 
Multiphase H,0-C02 Mixture Conditions," 
submitted to World Geothermal Congress 2000, 
Kyushu-Tohoku, Japan (May 28 -June 10,2000). 

T. Xu, K. Pruess, and G. Brimhall, "Reactive 
ChemicaI Transport in Fractured Rock: Supergene 
Copper Enrichment," Proceedings of Dynamics of 
Fluid in Fractured Rocks, Berkeley, California, 

T. Xu, K. Pruess, and G. Brimhall, "Oxidative 
Weathering Chemical Migration under Variably 
Saturated Conditions and Sugergene Copper 
Enrichnent," Lawrence Berkeley National 
Laboratory Report, LBNL-43129,41 pp. (1999). 

LBNL-42718,397 pp. (February 10-12,1999). 
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Development of Mixed Waste 
Bioremediation: Biodegradation of 
Complexing Agent, Ketone, and 
Heavy Metal Mixtures 

Principal Investigators: William Stringfellow and 
Jennie Hunter-Cevera 

Project No.: 9701 0 

Project Description 

The presence of complexing agents and ketones in 
mixed wastes directly and indirectly influences the 
migration of toxic metals and radionuclides horn 
land disposal sites at Department of Energy 
facilities. The objective of this research is to gain 
fundamental information concerning the fate of 
mixed wastes in biologically active environments. In 
this research, it is hypothesized that biodegradation 
of organic components in mixed wastes wi l l  
influence h e  biogeochemistry and mobdity of co- 
cont.aminant actinides and metals. Results horn this 
project will be used in support for larger, longer- 
term research projects examining the bioremediation 
of mixed waster; containing both heavy metals and 
actinides. 

The approach taken has been to apply classic 
methods of microbial ecology and physiology to 
elucidate fundamental information needed for 
modeling the biogeochemistry and ertvironrqental 
fate of mixed wastes. The focus of this year's 
research is to examine the impact of netal- 
ethylmediaminetetra acetic acid (EDTA) complexes 
on the biodegradation of solvents found in mixed 
wastes. In order to idenbfy the major variables of 
importance to modeling actinide migration in the 
subsurface, we will examine the impact of 
individual metal-chelates on microbial processes 
driving actinide biogeochemistry. 

Accomplishments 
The first year of study focused on the isolation and 
characterization of microorganisms capable of 
degrading the ketone solvents. The second and third 
year of study examined how biomass fqmed during 
ketone solvent degradation could adsorb actinides, 
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and how co-occurring contaminants found in mixed 
wastes at the Hanford site could impact biomass 
formation. In the third year, we also investigated the 
impact of metals and metal-EDTA complexes on 
ketone biodegradation, and evaluated biomass 
formation. 

Mixed wastes at the Hamford facility contain high 
concentrations of nitrate. Nitrate was examined for 
its influence on ketone metabolism and bacteria 
growth under both oxygen-limited and anaerobic 
conditions. Under oxygen-limited conditions, nitrate 
s h u l a t e d  the growth of the ketone-degrading 
mixed culture. Under strictly anaerobic conditions, 
nibate did not serve as an electron acceptor for 
ketone degradation, 

Metals and metals-EDTA Complexes had a 
sigruhcant negative impact on ketone metabolism, 
depending on the metal in the complex. Copper- 
EDTA was the most toxic complex tested to date. 
Surprisingly, lead-EDTA was not inhibitory to 
ketone metabolism at the concentrations tested. The 
impact of metal complexes on biomass formation is 
being used to model how mixed wastes can 
influence bio& formation and thereby plutonium 
migration in the subsurface. 

Publications 

W.T. Sbingfdow, I, AlMahamid, and N, Hakem, 
"Biosorption of Plutonium and Neptunium by 
Solvent Degrading Bacteria," (in preparation for 
submission to Bmiron. Sci.'Teclznol.). 

W.T. Stringfellow, "Inhibition of Nethyl Iso-butyl 
Ketone (MIBK) Degradation by Metal Complexes 
Found at Mixed Waste Sites," (in preparation for 
submission to Emiron. Toxicol. Clzem.). 

N. Hakm, I. ALMahamid, and W.T. Stringfellow, 
"Plutonium Behavior in the &vironmerd," 
presented at American Chemical Society National 
Meeting, Anaheim, California (March 1999). 

Development of High-Performance 
TOUGH2 Codes 

Principal Investigators: YulShu Wu, Karsten Pruess, 
and Chris Ding 
Project No,: 99017 

Project Description 

TOUGH2, a general-purpose numerical simulation 
program for simulahg flow and transport in 
porous and fractured geological media developed 
and maintained at Berkeley Lab, is now being used 
in over 150 organizations in more than 20 countries. 
The largest user community is within the US., 
where TOUGH2 is being applied to problems in 
geothermal reservoir engineering, environmental 
remediation, and nuclear waste isolation. TOUGH2 
is one of the official codes selected by the 
Department of Energy (DOE) for its civilian nuclear 
waste management program to help evaluate the 
suitabiliq of the Yucca Mountain site as a repository 
for nuclear wastes. 

The largest and most demanding applications of 
TOUGH2 currently arise in the context of nuclear 
waste3solation work. Berkeley Lab is in charge of 
developing a 3-D, site-scale flow and transport 
model at the Yucca Mountain site for DOE. The 
model involves using unstructured computational 
grids of 100,000 blocks and more, and hundreds of 
thousands of coupled equations of water and gas 
flow, heat transfer and radionuclide migration in 
subsurface. These largescale simulations o€ highly- 
nonlinear mdtiphase flow and multicomponent 
transport problems are being run on workstations 
and PCs, and are reaching the limits of what can be 
accomplished on those platforms. 

The purpose of this project is to explore whether the 
TOUGH2 can be upgraded to take fulI advantage of 
modern supercomputing capabilities. This will be 
accomplished by the following steps: 

(1) Analyze and restructure the TOUGH2 codes 

(2) Develop a parallel scheme for partitioning 

for implementing a parallel scheme. 

grid blocks for processor sub-domains of 
simulated systems. This includes examining 
for load balance involving both the Jacobian 



matrix element calculations and the later 
linear equation solution. W e  also need to 
investigate the suitability of the Mefis 
partitioner software and integrate it into the 
codes. 

(3) Restructure linear solver part to incorporate 
the AZTEC parallel solver into the codes, and 
investigate the solver suitability for large- 
scale problems. 

(4) Enhance computational perfadance of 
TOUGH2 on the T3E, or on other multi- 
processor computers, by one-to-two orders of 
magnitude improvement both in size of 
problems to be solved (up to 105 - 106 grid 
blocks) and in CPU time required. 

(5) Create a TOUGH2 computing environment 
on the T3E, and make it available to the 
TOUGH;! user c011~1~unity worldwide. 

Accomplishments 

In FY 1999, we accomplished the following: 
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(1) Entire TOUGH2 codes have been pardelized 
and verified for correciness, including: 

parallelized through domain 
decomposition using the Metis 
partitioner. 

Nonlinear equations are solved using the 
Newton method, which incorporates the 
AZTEC parallel solver, 

~ Jacobian matrix calculations are 

(2) Systematical evaluation of the codes, 
convergence rate, and computational 
efficiency have been carried out using real 
Yucca Mountain field problems. The results 
have been summarized in two papers. The 
paralleled code is efficient-it solves 300,000 
unknown equations with stiff-condition 
numbers in 0.5 seconds on 512 processors of 
T3E. The code scales well to large processors 
i d  large problems, Far the 3-D 300,000- 
equation problem, the speedup on 512 
processors is 489. 

SPEEDUP FOR 16 - 612 PROCESSORS 
(NEL97976, NCONr396770) 

Number ofprocessors 
0 

Figrire 4. Execiitioii time nizd pnlallel speedrip o n  3-D piablein f o r  16,32,64,128,256 
and 512 processors 011 the C T R ~  T3E-900. 
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Publications 
E. E h o t h ,  C .  Ding, Y . 4 .  Wu, and K. Pruess, “A 
Parallel Implementation of the TOUGH2 S o h a r e  
Package for Large Scale Multiphase Fluid and Heat 
Plow Simulations,” proceedings of Supercomputing 
’99, ACM (November 1999) LBNL-43385 (May 1999), 

E. Elmrokh, C. Ding, andY.-S. Wu, ”Higher 
Performance Computations for Large Scale 
Simulations of Subsurface Multiphase Fluid and Heat 
Plow,“ (submitted to Jozind of Sziperconzpiifing, 1999). 



Engineering Division 

Instrumentation for Sorting lndividual 
DNA Molecules 

Principal Investigators: Henry Benner 

Project No.: 9901 8 

Project Description 

An ion detector, recently developed at Berkeley Lab 
and implemented in a new type of mass spechometer, 
provides, for the first time, a way to measure the mass 
of individual ions nondestrnctively on-the-fly. The 
term "sorting," as used in this proposal, is the process 
of isolating one molecule out of many by first 
performing a measurement on a single molecule and 
then either choosing or eliminating it according to a 
predetermined selection criterion. The technological 
basis supporting o w  attempt to develop an 
instrument to sort individual molecular ions derives 
from the recent invention of charge detectionmass 
spectrometry (CDMS). This proposal defines the 
design and fabrication of a new technique, based on 
this detector, to sort individual molecular ions 
according to their mass, The goal of the project is to 
evaluate how reliably individual ions can be sorted 
on demand. 

This Berkeley Lab charge detection mass spectrometer 
will be m o w e d  to release individual molecular ions 
into collection wells. Initial evaluation of the 
procedure wil l  be performed by sorting DNA ions. 
The polymerase chain reaction (PCR) replicates single 
target molecules. It WiLZ be used to confirm that 
individual ions can be guided into collection wells. 
Ion mobility wiI l  also be investigated as a way to 
select ions before they are sorted. 

Accomplishments 
Our initial goal for the cutrent year's work was to 
evaluate several optics designs for deflecting ions 
having a predetermined mass into one or more 
collection wells. We proposed to develop a system to 
sort individual DNA molecular ions, DNA ions were 
chosen because they carry a large number of charges 

and because a biochemical technique sensitive 
enough to detect individual ions exists, In our system, 
DNA ions wiU be generated by electrospray, then 
weighed and gated h t o  a collection well if they fall 
within a predetermirred mass range. It is now an 
established procedure to detect single DNA molecules 
with the PCR. We planned to corroborate our ability 
to sort individual molecules by developing a single 
target molecule PCR assay, but the level of support 
we received did not d o w  us td develop this type of 
assay. As a consequence, we decided to design a 
system to detect sorted ions using a mimochannd 
plate ion detector instead of PCR. In this alternative 
design, ions are weighed using charge detection mass 
spectrometry, then deflected towards a microchannel 
plate i f  they meet selection criteria. The issue is to 
determine if the system can sort individual ions or i f  
contaminating ions interfere wikh the sorting 
procedure. 

We have two ways of measuring the mass of ions 
with CDMS. We obtain the most prease 
measurements with a technique that relies on a 
matched pair of electrostatic ion mirrors to reflect ions 
back-and-forth hough  our image-charge detector 
tube. The reflections allow us to make multiple 
measurements of ion charge and velocity. This, of 
course, improves the precision of our mass 
measurements proportionally to the square root of the 
number of replicate measurements. The pair of 
mirrors is set to ground potential to receive an ion 
and then switched on when an ion enters the detector, 
A less precise measurement is obtained by OUT one- 
pass method, which does not rely on the ion mirrors 
and thus produces one measurement of the ion. 

We evaluated ow electrostatic trap for operation in a 
trap-and-release type of mode. We planned to tcap 
ions for a fixed number of reflections and then release 
theminto a collection well. We evaluated a number of 
computer algorithms for determining ion mass from 
the image-charge signal of a trapped ion. We 
determined that it was impossible with software 
running on a 400 MHz computer to process the signal 
fast enough to determine on-the-fly if the ion fell into 
a predetermined mass range. For example, our fastest 
algorithm requires about 50 ms of processing time to 
calculate ion mass horn a 1 m trapped ion waveform 
digitized at 10 h@&. This problem could be solved 
with DMA dah transfer technology but was beyond 



the scope of our immediate focus. We then evaluated 
the use of the less precise onepass method for 
measuringmass. The evaluation of the potential for 
using this measurement method along with ion 
ddection led to the design of a reasonable system, 
We constructed a switched power supply that will 
produce h e  necessary signals. We are crurrently in the 
process of installing and writing the signal processing 
software and testing the combined operation of on- 
the-fly mass measurements and control of ion gating. 

Publications 

W. Henry Eienner, G. Rose, E. Cornell and E. Jackson, 
"Mixtures of High Mass Electrospray Ions Analyzed 
with a Gated Electrostatic Ion Trap," Proceedings of 
the 47th Am. SOC. Mass Spectrorn. Conference on 
Mass Spectrometry and Allied Topics, June 1999 (in 
press). 

Biosensor Devebpment 

Principal Investigators: Mark Alper, Yann Chemla, 
John Clarke, Helene Grossman, Joseph Jaklevic, 
William Kolbe, Yan Poon, Garry Rose, and Raymond 
Stevens 

Project No.: 98015 

Project Description 

There is an increasing need for the development of a 
variety of sensors to detect environmental 
contaminants, biohazards, and diseasecausing agents 
(including bacteria, viruses, and toxins and biological 
and chemical-warfare agents). The project will 
examine three approaches for h e  rapid and sensitive 
detection of biological agents. The methods are based 
on: chemiluminescent detection of analyte species 
captured onmagnetic beads; fiber optic sensing using 
fluorescent labels; and the sensitive detection of 
dynamic effects on reagent bindjng to magnetic 
beads, using an ultra-sensitive Superconducting 
Quantum hterference Device (SQUID) for magnetic 
field measurements. 

Accomplishments 

The project for FY99 focused on the completion of 
earlier preliminary studies using the three methods. 

In the case of the elecbochdurninscmt (ECL) 
detection, the s m o r  had been well characterized and 
the reaction chemistry is established. The strengths of 
this system are: parts-per-billion (ppb) sensitivities; 
adaptability to a wide range of antibody-antigen 
pairs; compact size; "hands off" operation; high- 
multi-channel throughput; and minimized risk of 
exposure to users by complete containment and post- 
detection denaturation of the analytes, which can 
include biotoxins and viruses. Earlier work 
demonstrated the abiIity to develop a multi-channel, 
flow-through approach for ECL detection ol  antigen 
binding reaction on derivitized magnetic beads. 
However, pr-ary studies hdicated the need for a 
robust system in which engineering issues impacting 
preasion and reliability would be addressed. 

Experimental studies targeting these problems were 
carried out and a second-generation ECL system with 
improved precision and reduced measurement times 
was developed. A key component of the systemis a 
positive displacement flow system. In the positive 
displacement system, all samples are driven through 
the detection cell by incompressible liquids, removing 
the flow variability observed when using compressed 
air. To provide precise control over sample flow rates, 
a 9 6 - c h m e l  positive displacement pump driven by a 
stepper motor was developed. The system is 
completed and has entered fie testing phase. All 
initial tests lead to the conclusion that this system will 
boast alarge hpravement in measurement accuracy 
and a signrhcant decrease in sample detection time. 

Fiber optic sensors are widely utilized in the field of 
biosensors due to their versatility of design and use. 
Our fiber optic system has undergone initial testing, 
and considerable progress has been made in 
optimizing the geomebies of the sensing end of the 
fibers. Fiber optic sensors boast many of the same 
advantages as ECL, but also provide for: remote 
sensing; custom design of the fibers for varying 
environments; miniature size; ease of production; low 
cost; and adaptability to any detection scheme that 
results in light emission near h e  fiber surface. Our 
detector is intended to become a platform for m 
increasing array ofbio-detection schemes and 
development/discovery of antibody-antigen related 
interactions to furhex the scope of detectable bio- 
agents. 

The fiber optic sensor is being evaluated for routine 
use. The optical fiber etching robot, which allows for 
uniform etching of fibers to specific geometties, is 
allowing for he-tuning of the fiber-sensing 
insfruments. The fiber optic system is a useful tool to 



faditate the development of antibody-antigen pairs 
needed in the biosensor field. Fiber optics also lend 
themselves to detection in environments that are 
remote, spatially confined, or hostile to other 
detection techniques. As opportunities present 
Ehemselves, this sensor will find applications in some 
of the more unique and ex0 tic applications. 

On a model system, appropriately tagged liposomes 
are placed above the SQUID and immersed in a 
solution of superparamagnetic nanoparticles. A 
magnetic field pulse aligns the magnetic moments of 
the nanoparticles parallel to the SQLJID. 
Subsequently, the SQUTD is used to detect the decay 
of the remnant magnetization of the magnetic 
nanoparticles-ident$inntrfying the presence of the tagged 
liposomes. Unbound magnetic nanoparticles do not 
contribute to the signal, so the assay can be carried 
out without a washing step+ 

The tagged liposomes generate a strong, reproducible 
signal whereas controls give only small background 
signals. Although experiments to determine the 
sensitivity of the system are incomplete, we estimate 
that fewer than lo4 targets can be detected. The 
response is hear with both magnetic particles and 
target liposomes. These results demonstrate 
conclusively the validity of this approach. Continuing 
work wiU be required to demonstrate its applicability 
to the detection of specific targets. 

Publications 
We expect to have the first paper on SQUID 
technology prepared for submission within a month 
or six weeks. 





Environmental Energy Techno log ies Division 

Fundamental Research on Lean 
Premixed Combustion for Gas 
Turbine Technology 

Principal Investigators: Robert Cheng 

Project No.: 98010 

Project Description 
Lean premixed (LP) combustion is an emerging 
environmental energy technology that is being 
developed to reduce the emissions of undesirable 
combustionbyproducts from gas turbines. LP 
combustion emits only one-tenth to one-twentieth 
the amount of oxides of nitrogen @Ox) as 
conventional mefhods, but development of LLP gas 
turbine combustors presents many engineering and 
technical challenges. Under gas turbine conditions 
of high pressures and elevated inlet temperatures, 
LP flames are prone to instabilities and blow-off. 
The scientific objective of this project is to improve 
OUT understanding of LP combustion in gas turbines 
by elucidating the fluid mechanic processes 
pertaining to stability, flame propagation, and 
emissions. Such basic scientific knowledge is 
essential to guide the design of gas turbine 
combustors as well as the development of software 
tools for engineering designs. 

The LDRD €und supports the design and construction 
of a laboratory-scale experimental setup that 
allows the use of advanced laser diagnostics to 
probe turbulent Lp flames at elevated inlet 
temperatures and high pressures. 

Accomplishments 
The objective of this project is to design and 
construct a research capability that supports lean 
premixed (Lp) flame experiments under high 
pressures. It will be used for fundamental research 
on flame characteristics at the idling and mid-load 
conditions of a small gas turbine combustor. This 
experimental setup is designed to operate up to 15 
atmosphere with preheat inlet temperature of 

200" C. The first phase (FY98) was to consfmct the 
combustion chamber and test its operation up to 5 
atmosphere. The second phase (FY99) is to upgrade 
the setup to operate at 20 to 30 atmospheres. The 
centerpiece is a stainless steel combustion chamber 
that mounts on top of a premixed burner. The 
combustion chamber is fitted with four 25.4 mm 
thick, 101.6 llun round sapphire windows to allow 
direct optical access to the flame. The burner has a 
25.4 nun round exit port and can be adapted to 
generate different flame configurations. This setup 
includes computer controls to accurately set the fuel 
and air streams, monitor chamber pressure and 
surface temperatures, and analyze combustion 
byproducts. To supply the compressed air at 30 
atmosphere requires the installation of a dedicated 
air compressor and an  auxiliary air-tank in the 
combustion laboratory, In addition, equipment and 
controls for de-pressurizing and cooling the exhaust 
stream, igniting the flame, safe guarding the users 
from accidental release of energy horn the high- 
pressure system are necessary. 

In FY99, we have completed tesring of the flow 
controllers at room temperahre and high pressure. 
Software for controlling the experiments and ' 

gathering performance and exhaust gas data has 
been developed, tested, and refined. These include 
protocol for start-up, shut-down and emergency 
shut-off. The experimental setup is being 
commissioned for high-pressure flame operation. 
Typical conditions for these initial tests have flow 
velocities between 1 to 3 meters/second at 5 
atmospheres for fine-tuning the flow control 
protocol, rehearsing the emergency shut-off 
procedure and evaluating the integrity of the 
safety interlocks. However, we have encountered 
some diEiculty in igniting the flames. Our original 
idea was to ignite using an electronic spark to the 
flame stabilizer. This method was found not to be 
very effective because the pressure surge after 
ignition prevents the flame from attaching to the 
stabilizer. Similar problem were encountered 
when using a heated coil for ignition. From 
discussion with our industrial colleagues at Solar 
Turbine, we learned that ignition in a high pressure 
Combustion facility is a common challenge. Upon 
heir recommendation, we are constructing a pilot 
flame that will be used for igniting &he premixed 



flame. This is a standard practice in the industry 
and is a more reliable ignition source. 

We have secured funding from DOE'S Office of 
Industrid Technology to continue research on high- 
pressure premixed combustion for applications to 
gas turbines. Some of this new funding will be used 
to complete the construction of this experimental 
setup in R O O .  

Air Pollution and Mortaliiy: 
Significance of the Chemical 
Composition of Particulate Matter 

Principal Investigators: Joan Daisey 

Project No.: 9801 1 

Project Description 
The objectives of this investigation were to: (1) 
determine if there is any evidence that daily 
mortality, which has been associated with 
airborne particulate matter (PM) in a large number 
of recent epidemiological studies, is related to the 
mass concentration and chemical composition of the 
PM; and (2) determine if a new methodology which 
we developed for obtaining exposure metrics would 
elucidate relationships with PM chemical 
composition. 

We hypothesized that by adding information on 
PM chemical speciation and source apportionment 
to the typical PM health epidemiological 
analysis, we would be able to idenbfy and evaluate 
the impact of those PM sources that cause adverse 
health effects, Previous PM health studies have 
generdy used PM mass or a single PM component, 
such as sulfate, as exposure mehics, kt OUT 
approach, factor analysis (FA) is used first to 
convert multiple, highly correlated chemical 
speciation variables, such as trace metals, to a 
smaller number of linearized sums of the individual 
variables, i.e., a smaller number of factors. The 
factors, which are related to the sources of the PM 
via chemical markers, are then used as exposure 
metrics in Poisson Regression (PR) with weather 
variables included for confounder control. 

The PA/PR method was applied to a unique PM 
data set with extensive chemical speciation, 

including measurements of nine trace metals, 
sulfate, and meteorological data made in three 
New Jersey cities (Camden,.Newark, and 
Ehabeth) horn 1981 to 1983. Mortality data for 
total, cardiovascular, and respiratory causes of 
1981-1983 were retrieved from the mortality data 
tapes from the US, Department of Health and 
Human Services. Accidental deaths and homicides 
were excluded from the total mortality. In addition 
to FA/PR, we also investigated the relationship 
between mortality and single PM-mass related 
exposure metrics including inhalable particulate 
mass (IPM) (d,,< 15 p), fine particulate mass PPM 
(ds0 5 2.5 pm) and sulfate (SO:-). 

Using FA, we obtained four factors that were 
common to all three cities: oil-burning, motor 
vehicle emissions, secondary suLfate aerosol, and 
geological sources (e.g., wind-blown dust and re- 
suspended street dust), In each city, information on 
local PM emission sources with known tracers (and 
emissions profiles of such sources) were used to 
interpret the results of FA, especially the 
industrial sources. In addition to the sources common 
to the three cities, for Newark and Elizabeth, 
factors for industrial sources, traced by zinc and 
cadmium (a large zinc smelter) and by copper (e.g., 
fabricators, platers and illegal wire recovery 
operations), respectively, were also obtained. In 
Camden, a factor for sources traced by copper 
(incinerators) was obtained in addition to the other 
four factors. 

Accomplishments 
The results of FAIPR show that statistically 
sign&cant associations (p-value S 0.10) between 
daily mortality and several of the FA-derived PM 
factors/sources. In Newark, Oil burning sources 
(tracers: V and Ni), industrial sources (tracers: Zn 
and Cd), and sulfate aerosol showed positive 
relationships with total daily death (TDD). For 
cardio-respiratory daily death (CRDD), only 
s~dfate was a sigruficant factor in Newark. In 
Camden, oil-burning and motor vehicle emissions 
were b o  important sources for TDD; sowces traced 
by copper showed a negative association with 
TDD, Three PM souxces were sigruficant predictors 
for CRDD in Camden: oil burning, motor vehicles, 
and sulfate. In Newark and Camden, there were 
statistically significant associations between total 
mortality and the factor related to oil burning. 
Cardiovascular death was also sigm5cantIy 
related to oil burning in Camden. In Newark, the 
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two indusbial sources and sulfate also had 
statistically sigruficant associations with total 
mortality and cardiovascular mortality, The motor 
vehicle emissions source was a signrficant predictor 
of cardiovascdar death only in Camden. For 
Elizabeth, no statistically sigruficant 
relationships were found between total mortality 
and any of the source emissions mehics. This lack of 
association may be due to the higher sodoeconomic 
and health status of the Elizabeth population in 
comparison to those of Newark and Camden. PM 
from geological sources (tracers: Mn and Pe) or other 
industrial sources (tracers: Cu and Pb) were not 
significantly associated with increased mortality 
based on our analyses. 

The results of using single PM mass as exposure 
meirics are as follows: h Newark, signrficant 
associations were found between three single 
exposure metrics-EM, FFM, and sulfate-and 
TDD and CRDD. In Camden, FM and PPM were 
significantly associated with TDD and three single 
PM exposure metrics PPM, IPM, and sulfate) were 
all  sigruficantly associated with CRDD. In 
Elizabeth, none of the three PM metrics was 
significantly associated with TDD or CRDD. 

Using the FA/PR method, we have obtained the 
first epidemiological evidence indicating that 
chemical differences play a role in PM-induced 
health effects and that risks posed are not the 
same for various PM sources. Using this method, PM 
sources associated with mortality were oil burning, 
certain industrial sowces, secondary sulfate 
aerosol, and motor vehicle emissions. The relative 
r i sks  for the PA/PR model are higher than those 
obtained for simpler PM exposure metrics including 
inhalable and fine PM mass without consideration 
of sources, suggesting h a t  this may be a more 
powerful method for examining the associations of 
PM and adverse health effects. 

PubIications 

F. Tsai, M,G, Ape, and J. M. Daisey, "AJI 
Exploratory Analysis of the Relationship between 
Mortaliiy and the cbemical  Composition of 
Airborne Particulate Matter," Inhnlntioir 
Toxicology (in press), 

UV Disinfecfisn: Field Test of a 
Small-Scale System 

Principal Investigators: Ashok Gadgil 

Project No.: 98036 

Project Description 
Berkeley Lab has developed a low-cost, robust, and 
energy-efficient ultraviolet (UV) technology, W 
Waterworks, to disinfect drinking water in 
developing countries. This technology has passed 
careful tests in ten laboratories in five countries. 
Long-term field tests in real-world settkgs must be 
undertaken, however, to identdy and correct any 
unforeseeh shortcomings in this technology, its long- 
term performance, and its ability to disinfect the 
~LIU annual range of challenge-water parameters. 
The goal of this project is to undertake a 12-month 
field test at one site in South Africa to determine 
the functioning of the unit under field conditions 
and its performance in disinfecting the annual range 
of challenge water. 

Accomplishments 
Work on th is project was to idenhfy (and correct) 
any unforeseen shortcomings in the U V  Waterworks 
("TAW") technology, its long term performance, 
and iks ability to disinfect the annual range of 
water quality at a selected site, We also wanted to 
test the €unctior@tg of various electrical components 
of UVW wlien powered by a photovoltaic (PV) 
panel at the site, and identify snags or 
shortcomings in the design. 

After initial assessments of two sites, we set up a 
site at iihe Greenock Health Clinic near Dundee in 
KwaZdu Natal province in South Africa. This 
clinic serves a remote community outside the small 
town of Dundee. The local community built the 
clinic by contributing labor, with hardware and 
building materials donated by charity. There is no 
electricity, but a Scandinavian charity has 
donated a PV system and a borewell pump with a 
tank that provides the water to the health clinic 
and also provides water to the cornuni ty  through 
a standpipe located just outside the fence of the 
clinic. Another international charity installed a 
deep drop toilet, unfortunately only about 30 feet 



from the borehole. Our UVW installation would 
disinfect the water initially for the clinic, and 
eventually at the standpipe for the community, 

The installation was completed and commissioned 
in early 1999. However, we have made very slow 
progress owing to two unexpected problems. The PV 
power Line to the UVW was vandalized a few 
times. We now run the line through a galvanized 
iron pipe. The vandalism also led to poor repajr, 
and consequent €ailwe, of a few elec.bical 
components in the UVW, which we have replaced. 
The second problem has been with poor 
responsiveness’ in e-mail and fax communication 
from the local field engineer responsible for OUT 

site. We obtained only four data sets on water 
quality tests, by the time we should have obtained 
20. Of the missing 16, nine could be attributed to 
power or component fdure-the other Eve are 
owing to poor responsiveness from the field 
personnel. In response, we have appointed a 
manager Eo oversee the site operation, who gets 
paid upon Berkeley Lab’s receipt of the scheduled 
report. We are hopeful that these measures will 
allow us to obtain useful data from the field site. 
The Department of Energy has funded the 
continuation of this effort, which we expect to 
complete in FYCIO. 

Semiconductor Processing 
Technology for Energy-Efficient 
Lighting 

Principal Investigators: Stephen Johnson and 
Michael Vela 

Project No.: 98012 

Project Description 
The purpose of this project was to demonstrate new 
energy-efficient miniature high-intensity 
discharge (mini-HlD) light sources and to 
demonstrate cost effective, wafer-based 
mandacturing adapted from a subset of 
semiconductor process tools, Compared with 
common incandescent sources, min i -HIDs wU: have 
equivalent luminous output; fit within the same 
glass envelope; and be four times more energy 
efficient. They will also be sigruficantiy smaller 

and less expensive than comparable compact 
fluorescent sources. 

Fig& 2. Polished qunrtz plntes patterned 
with 3-1nn1 dinmeter holes prior t o  
bowling in R smidrvich of 5-nznt plntes. 

Accomplishments 
Based on the experience developed last year with 
lamps made at Berkeley Lab, small batches of 
Argon/Mercury lamps were made to our 
specification by a commercial vendor, Galaxy 
Glass. These miniature lamps were constructed 
with electrodes and operated in arc discharge 
mode. The dimensions of the lamps were varied to 
investigate the effects of arc length and diameter. 
Those lamps having the best performance had a 
short arc length, an  operating voltage of 40 to 60 
volts at low frequency, and demonstrated a positive 
voltage/current characteristic. Under these 
operating conditions, lamps having a discharge 
lengfh greater than or equal to the tube diameter 
resulted in the degradation of the quartz discharge 
vessel and the formation of cinnabar (mercury 
oxide) deposits on &he walls, Utilizing these 
results, dimensions for patterning quartz plates 
were developed. 

Thick quartz plates, 5 ~ll~~l and 9 ITLIII, were 
patterned with 3-mm diameter holes and polished 
in the Berkley Lab lens shop for bonding. Although 
the smoothness was acceptable for bonding, 
satisfactmy bonds could not be obtained. The plates 
weIe too thick for the standard wafer-bondjng 
techniques available at UC Berkeley, which rely 



on wafer deformation at the bond front. Thin (0.5 
mm) plates with a 0.5 mm hole pattern have been 
fabricated and polished with chemical mechanical 
polishing (CMP). These will be bonded at UC 
Davis, where a wafer-bonding tool is available 
that can bond wafers in a controlled gas pressure 
environment. After mercury insertion into the 
cavity, the wafers will be bonded in helium or neon 
atmospheres and operated in radio frequency (rf) 
mode for characterization. After characterization 
of these lamps, outside follow-on funding will be 
sought. 

Electrocafalysis of Biological 
Processes for Remediation of 
Contaminated Soils 

Principal Investigators: John Kerr 
Project No.: 98074 

Project Description 
The aim of #is project is to develop understanding 
of the effects of electrokinetic soil remediation on 
intrinsic microbial activity for accelerated irr sihi 
biodegradation of organic contaminants; and 
accelerated metals removd by biosorbent 
organisms. Electtokinetic soil treatment is a 
potentially power!d tool for enhancing 
bioremediation (see Pigure 2). It provides a 
mechanism to efficiently deliver energy and 
nutrients to indigenous organisms in soil. If the 
conditions can be properly controlled, naturally 
occurring organisms can be encouraged to rapidly 
degrade organic contaminants in the sofi and ground 
water. However, it is equally important to avoid 
misapplication. Therefore, a thorough 
understanding of the effects on indigenous 
biological activity is necessary. This project is 
designed to provide such knowledge by application 
of advanced chemical and biological methods. 
Contaminants to be studied are chosen in order to 
provide experience with common environmental 
problems so that the knowledge may be rapidly 
applied to the field. 

Accomplishments 
A total of six complete electrokinetic cell systems 
have been built and tested to provide a signrficant 
testing facility. Schematics of the laboratory 
system were shown in the FYl998 report. 

Experiments were carried out with contaminated 
soil samples from a variety of sources. These 
included sampks from a commercial site in 
Berkeley, California, khat was heavily 
contaminated with transmission oil and garden soil 
samples, contaminated with lead from paint 
residues. Pyrene was added to soil samples to 
provide a more controlled contaminant distribution 
and provide a simpler analytical problem. Soil 
samples from Ft. Ord firing range in Monterey 
Comty, California, were also examined as these 
are contaminated with explosives such as TNT, 
RDX and HMX. For all of these systems, complex 
analytical methods must be developed to provide a 
complete picture of the evolution of the soil 
ecology. For this project, only the most pertinent 
analyses could be carried out. One particularly 
useful analytical method was developed as a result 
of these efforts, A capillary electrophoresis 
mekhod was developed for detection of trace 
amounts of transition metal ions in a background 
matrix containing large amounts of iron. Since iron 
is a common soil constituent, this was an important 
development. 

Initial results indicated that enhanced biological 
activity occurs due to the heating effect of the 
current. Comparisons between AC and DC current 
operation demonstrated that heat was a major 
factor in promoting biological activity. The 
electrokinetic process is an effective method for 
evenly heating soil, particularly in clay soils, 
where other hydraulic methods are ineffective. 
The elechokinetic method is therefore 
complementary to many methods currently 
deployed in the field. However, it was noted that 
after several days of operation, the soil samples 
were flooded. Analysis of the microbial activity 
revealed considerable spore formation, which 
indicated that the organisms were inhibited rather 
than activated. The electrokinetic process changed 
the soil environment quite drastically, resulting in 
saturation, anaerobic conditions and an increase in 
salinity and acidity. Since the indigenous 
organisms have evolved to cope with different 
conditions, the observed response is understandable. 

These problems were addressed by the use of ion 
exchange membranes around the decttodes to 



control the water flow into the soil. The cells could 
be operated in an unsaturated mode thereby 
preventing flooding and ensuring an adequate 
supply of oxygen. Solid polymer electrolyte 
electrolysis cells were added to the eleckrolyte 
management systems to provide much better control 
of pH and sal inity. Although these methods did 
not completely solve the problems, they allowed 

the electrokinetic treatments to be carried out under 
conditions that were more hospitable to the natural 
organisms, Since elecfrokinetic treatments have 
be& mostly successful in saturated, high-salt 
conditions, these improvements have widened the 
potential applicability of the method to more soil 
types, including more of the soils found in the US. 

Electrolyte management 
showine: catholvte and 

Recovered 
contaminants 
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Figure 2, Sclzenrnfic of the “Pool“ Process (US Pnteiet 5,433,829) for iise witJi 
bioremedintioiz in soil. 

Publications 

J,B. Kerr, F. Rabbi, W.T. Stringfellow and R. 
Clarke., ”Electrokinetic Acceleration of 
Bioremediation of MetaI Ion and Organic 
Pollutants In Soil,” presented at ACS Anaheim 
National Meeting (March 1999). 

J.B. Ken, F. Rabbi, G. Klunder and W.T. 
Stringfellow, “Application of Capillary 
Electrophoresis to Monitor Metal Ion Content and 
Biological Activity in Contaminated Soils Under 
Accelerated Bioremediation,” (in preparation). 

~~ 

Real Time System Control and 
Reliability Market Simulation for 
Restructured Electricity Industries 

Principal !nvestigators: Mark Levine 

Project No.: 99041 

Project Description 
This project is intended to advance Department of 
Energy public-interes t research and technology 
development in electric power system reliability. 
Work has been initiated in the design and 
operation of electricity markets, focussing on the 
consequences of dispersed electricity systems on 
electric system reliability, 



To extend the current state-of-the art requires 
efforts in the following areas: 

Methods to m y  exploit new elecbic system 
measurement and data analysis technologies 
(PGP-based, time tagged phasor, and 
spectral measurements across wide 
geographic area); 

New control techniques from hybrid system 
analysis to optimally utilize continuous 
acting feedback with grid switching and 
protective breaker action; 

Data extraction methodologies that allow 
high-volume data to be converted to higher- 
level, but lower-volume information in order 
to streamline the process of state evaluation; 

New distributed agent control methods for 
network flow control using flow-gate (or 
PACTS) devices. This includes optimal 
placement and utilization of flow control 
resources; 

Evaluation of the impact and optimal 
control uses for large-scale power elecbonics, 
including flexible alternating current (ac) 
transmission (FACTS) and power-conversion 
technologies for distributed and alternative 
generation resources; and 
New on-line intelligent agents for predicikg 
and mitigating impending threats to system 
security under volatile operating and 
generating market conditions. 

Accomplishments 
Work focused on developing the conbol systems 
that will be necessary to operate the future 
electricity supply system, and to simulate the 
effects that dispersed electricity resources (DER) 
will have on existing power systems. Changes in 
the economics of power production, transmission, 
and distribution suggest that future electricity 
generation will, at least in part, come from large 
numbers of small, dispersed sources, many of them 
using renewable fuels. These dispersed generation 
sources, together with smart end-use technologies, 
form DER. This configuration cannot be reasonably 
controlled by h e  centralized control structures of 
today, which have been developed under the 
paradigm of small numbers of large generating 
stations rather than large numbers of small ones. 

This LDRD provided initial support for 
conceptualizing a control structure €or a power 
system consisting of weakly-networked disperse 
nodes that are both sources and sinks. This is in 
contrast to the current system of strongly networked 
nodes that are either concentrated sources or 
dispersed sinks. In this new type of power system, 
coordination behveen system agents is Likely to 
evolve from the command regime of today to conbol 
based on price signals established in open markets. 
We assume a decentralized control scheme in a 
hierarchically organized power system (DER site, 
local low-voltage feeder, and a classic high- 
voltage grid). That is, each DER site attached to 
the feeder behaves independently and it5 
generation and/or consumption is driven by ih own 
objectives, subject to prevailing prices. These prices 
reflect the status of fie overall power grid and 
stimulate khe agent to deliver appropriate products 
into it, These products are both energy and the 
various ancillary services, such as back-up 
generation, that are required to keep the total 
system balanced, stable, and reliable, The grid 
consists of weakly-connected microgrids that can 
function independently of the grid as islands and 
that are linked at nodes that separate the 
centrally-controlled, high-voltage grid. 

The approach ha5 been to explore the wider 
computer science literature on autonomous agents, 
idenhfy concepts relevant to the DER control 
problem, and to outline a code design for a DER 
autonomous agent simulator. The simulator will 
replicate the behavior of a group of agents that 
conbol a diverse set of distributed energy resources. 
These resources, in particular, are sited along a 
specific electricity distribution feeder (15 km long) 
of a California distribution company. Predicted 
operation of the DERs can be simulated in th is way, 
and the effect of &heir resulhg pattern of 
generation and consumption on the feeder analyzed. 

Publications 

C. Marnay and €3. Smohslu, "Autonomous Conhol 
of Small, Dispersed Electricity Resources," (in 
preparation). 
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Ion-Beam Thin-Film Texturing: 
Enabling Fuiure Energy Technologies 

Principal Investigators: Ron Reade and Paul 
Berdahl 

Project No.: 99042 

Project Description 
Ion-beam assisted deposition (IBAD) processes 
have shown great potential for fabricating 
template buffer layers for epitaxial crystalline 
thin film growth without the need for expensive 
single-crystal substrates. However, current BAD 
processes are very slow and thus too expensive for 
industrial application in cost-sensitive energy 
technologies such as high-temperature 
superconductor tapes. We are testing and 
developing a new concept for much more rapid 
processing-ion-beam thin film texturing (ITEX). In 
order to further develop ITEX processing, a better 
understanding of the fundamental mechanisms of 

. ion-beam crystalline texturing processes is needed, 
The purpose of this project is to experimentally 
probe these mechanism, and utilize this 
information to improve the fabrication processes for 
energy technologies. A new Reflection High Energy 
Electron Diffraction (R€€EED) system, installed in 
our pulsed laser deposition system, will provide in 
sihi information on film surface crystallinity and 
i-ex ture * 

Accomplishments 
A new RHEED system was purchased, and our 
Pulsed-Laser Deposition (PLD) system was 
modified for its installation. This system also has 
an ion beam source, The new RHEED capabilities 
were tested by generating beautiful diffraction 
pakerns horn the 311 surface of a high-purity 
germanium single crystal obtained from Eugene 
Haller. 

The magnets in the ion source inside the PLD system 
bend and distort the electron beam from the RHEED 
system. We have implemented a temporary 
solution by reducing fhhe number of magnets in the 
ion source, partially shielding the magnetic field, 
and placing a compensating magnet across from the 

ion source. This allows us to proceed with the 
initial experiments, but a more permanent solution 
will be needed to reduce the distortion of the 
dectl-on diffraction patterns and allow accurate 
analysis of the ITEX-induced texture, 

Another experimental issue is the chamber pressure 
and its effect on the RHEED images. During the 
K E X  process, the pressure rises and the RKEED 
images degrade. For the present, we are acquiring 
I?HEED images mainly after stopping the 
processing. However, improvements to the 
differential pumping system (evacuating the 
eIectron gun) should allow improved imaging 
dwing the processing. 

The ITEX film texturing method was applied to an 
yttria-stabilized zirconia (YSZ) film, YSZ is a key 
material used as a textured-template layer for 
YBdCu307 (YBCO) superconductor deposition on 
stainless metal substrates. The new RHEED images 
(though distorted by the magnetic field problem) 
clearly show that the surface is crystdine and in- 
plane oriented. In particular, when the sample is 
rotated about its surface normal, the RHEED 
pattern exhibits the desired four-fold symmetry- 
This is the first direct observation of surface texture 
of an ITEX film. Next, the effects of variations in 
process parameters such as time, temperature, and 
oxygen partial pressure on film quality will be 
investigated. When we are satisfied with the 
results, we will deposit a YBCO layer and measure 
its critical current density. 

Publications 

P. Berdahl and R. Reade, "Ion-Beam Texturing 
Mechanisms by Oblique Ion Beams Impinging on 
Metal Oxides," submitted to MRS Spring Meeting, 
April 2000. 



Virtual Building Laboratory: Lighting 
Simulation Tool 

Principal Investigators: Stephen Selkowitz, Nancy 
Johnston, and Stephen Lau, Jr. 

Project No.: 9701 3 

Project Description 
The goal of this LDRD is to develop the kst  
operational module of h e  Virtual Building 
Laboratory, a suite of tools that will serve as the 
building science research testbed and as a prototype 
for design tools of the future. The computational 
engine for the first mod& is Radiance, a lighting 
simulation tool using ray kacjng developed by 
Environmental Energy Technologies Division 
(EETD) st&, 

Radiance produces physically accurate renderings 

accwately modeling the effects of lighting and the 
surface interreflections. Although it generates 
arcuate renderings, the amount of computation 
required precludes interactive walkthroughs in 
real time. The project attempts to achieve red- 
time rates by pardelizing Radiance and by 
developing a system of pixel reuse. We anticipate 
to reduce the amount of computation required to 
generate each frame by exploiting the frame-to- 
frame coherency during real-fhe walkthroughs. 

The eventual goal of the project is to allow a user to 
virtually walk through a scene, using an 
appropriate input device, without having to stop 
and run different programs at different points. By 
achieving this rapid frame rate and interactivity 
through optimization, Radiance will be useful for 
energy-efficient building design, other industrial 
and governmental applications (e.g. FAA) and for 
providing fhe tools and techniques needed to better 
serve National Energy Research Scientific 
Computing (NERSC) remote users. 

of the luminous environment in buildings by 

Accomplishments 
This year was a continuation of last year's 
Radiance LDRD work. The same multi-divisional 
and multi-disciphary team that was formed 

behveen NERSC and EETD for last year's project 
was used in this year's project. We built upon the 
achievements and work accomplished in the 
preGious year. The primary go& of this year's 
LDRD were to increase the interactive rates of 
pardelized Radiance, decrease the amaunt of 
t ime required for image generation when 
incorporating ambient light, and to interactively 
dispIay the Radiance calculations at a remote 
location. 

'Last year, we had pardelized Radiance on a 
Silicon Graphics Origin 2000 multi-processor 
machine as well as on a Gay T3E. The NERSC 
remote visualization server was used as the front 
end to display the rendered images and as a user 
interface. A prototype user interface for controlling 
the eye-position and direction-of-view of the user 
was also developed and used. Although the 
parallelization of the ray-tracing portion of 
Radiance decreased the amount of time required to 
calculate each frame, it was still not enough for 
interactive rates. We developed a point cloud 
method for pixel reuse and tested it out wilh the 
pardelized portion of Radiance. The pixel reuse 
method was run on the remote visualization server, 
communicating with the NERSC T3E to determine 
which pixels need to be recalculated in each frame. 

The ambient component of the Radiance lighting 
calculations is computationally expensive. 
Without ambient lighting, a single image 
generated from a viewpoint requires the calculation 
of between one to twenty-five million rays. With 
ambient lighting, hundreds of millions of rays need 
to be calculated far an accurate rendering. As one of 
the go& of this y e d s  LDRD, we increased the 
interactive rates for a Radiance calculation that 
incorporated ambient lighting. 
When a Radiance calculation incorporated ambient 
lighting, one Processor Element (PE) served as the 
ambient master process c o n h o h g  the sharing of 
ambient calculation results among processors in 
order Eo reduce the number of rays cast. All other 
PE's, the workers, were dedicated to ray tracing. 
Each worker PE kept track of how many ambient 
values it had generated, and when a certain number 
of values had been produced, it communicated hhem 
to the ambient master processor. The ambient 
master processor then returned to the sending 
worker any results accumulated from other 
processors. The sending worker added these new 
values to its ambient cache. Por better load 
balancing, the number of values to accwdate  



before sending was kept small. The sharing of 
ambient calculation greatly reduced the amount of 
time required to generate images incorporating 
ambient Lighting. 

Another goal for this year'5 LDRD was to increase 
the interactive rates of a remotely displayed 
Radiance calculation, When displaying over a 
wide area network, the amount of time it takes to 
transmit an image to the remote site becomes 
sigruficant, A 640x480 32bit image requires a 
minimum of a tenth of a second to be transmitted 
over a high-speed FDDI network. It became obvious 
that to achieve interactive rates over a wide area 
network, we would need to decrease the amount of 
data being transmitted for each h m e .  One of the 

options we explored was the use o€ data 
compression. We incorporated JPEG compression to 
reduce the amount of data sent over the network. 
The'images were compressed prior to transmission 
and then decompressed on the receiving end. 
Unfortunately the decompression of the images on 
the receiving end is fairly CPU intensive. More 
than one processor on an SGI Origin was necessary to 
decompress an image fast enough to make a 
difference when an FDDI network was available. 

A cross-country demonstration of Radiance was 
conducted in August 1999, which showed the 
abilily to both remotely control and interact with a 
real-time parallelized Radiance that incorporated 
ambient lighting. 

Figrire 3 ~ i z d  4: Geizemted zviflz Rndinizce on the T3E sliomirig troo D i e m  of LI cabin 

Figure 5. Rendering with ambient liglzH?ig 

Publica€ions 

D. Robertson, K. Campbell, S. Lau, T. Ligocki, 
"Parallelization of Radiance for R e d  Time 
Interactive Lighting Visualization Walkthroughs," 
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1999). 



Life Sciences Division 

Genomic Approaches to 
Understanding Cell Genotype and 
Phenotype 

Principal Investigators: Judith Campisi, Paul 
Kaufrnan, and Kunxin Luo 

Project No.: 98017 

Project Description 

Cell phenotype is defined by al l  of the genes 
expressed by a given cell under a specific biological 
circumstance. Until recently, it has been impossible 
to lmow how various st imul i  alter cell 
p h e n o t y p k r  the pattern of gene expression--to 
any degree of completion. However, recent 
advances & genome research make it now possible 
to embark don an unprecedented, genomic-scale 
approach to deLining and understanding cell 
phenotype: 

This proposal aims to make accessible genomic scale 
approaches to biological questions that are 
unanswerable by conventional techniques, To do so, 
we proposed to establish a cell 
genotyping/phenotyping capability. This effort will 
need to acquire specialized equipment, develop 
streamlined procedures, and tailor state-of-the-art 
techniques to specific biological problems. We 
proposed to implement two technologies: DNA 
sequencing for gene identification and vector 
verification, and complete gene expression profiling 
serial analysis of gene expression (SAGE); and 
hybridization to microarrayed DNA and cDNA 
sequences, principally €or analyzing patterns of gene 
expression. 

The long-term goal is to offer high-quality, 
competitive DNA sequencing and gene expression 
profihg, and continue developing state-of-the-art 
methods for applying genomic scale approaches to 
biological problems. 

AccompIishments 
During its Erst year, the project evaluated and 
acquired specialized equipment items needed for 
the cell genotyping/phenotypig setup. This 
includes ABI-377 and 373 automated DNA 
sequencers, a Bo-Rad Cyclone imager, several 
thennocyclers and related equipment, and the 
computer hardware and software needed for data 
management and image analyses. New personnel 
include sequencing assistant and molecular 
biologist. Efforts have included exploring and 
evaluating a variety of sequencing and microarray 
technologies, and establishing the most suitable 
sequencing-based and hybridizationbased gene 
expression profiling techniques. 

The first technical accomplishment was to establish 
and optimize individual plasmid sequencing 
procedures, The sequencing effort has been 
extremely successful. Between October 1998 and 
June 1999, nearly 1000 DNA samples were 
sequenced, with an overall success rate of just over 
83%. In addition, methodology was established for 
sequencebased gene profiling (SAGE). SAGE entails 
the construction of highly specialized cDNA 
libraries, which can now be constructed. A trial 
library was constructed from human mammary 
gland RNA, and prebinary sequencing showed it. 
to be of high quality. The library is available €or 
complete sequencing, and technical support is 
available for making and sequencing additional 
libraries. 

The second technical accomplishment was to 
evaluate and establish gene expression profiling 
mefhods. Currently, gene expression p r o f i g  using 
filter hybridization can be done, but other methods 
are being evaluated and will be offered as the 
technology matures. The cDNA labeling and 
hybridization protocols and optimized conditions 
for maximizing resolution and reproducibility of the 
hybridization signals have been standardized. We 
have obtained the imaging hardware and computer 
software for detecting and analyzing the 
hybridization signals, and developed reliable 
methods for analyzing the microarray signals and 
organizing and displaying the data. 
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Structural Cell Siobgy of Multi- 
Component Protein Complexes 
Essential for Genomic Stability 

Principal Investigators: Priscilla Cooper and John 
Tainer 

Project No.: 99019 

Project Description 
A major challenge in structural c d  biology concerns 
the structural chemistry of large multicomponent 
protein complexes. We propose the development 
and application of structwal and computational 
technologies for characterization of such complexes 
via a closely coordinated range of approaches 
involving molecular and cell biology, biochemistry, 
deckon miaoscopy, crystallization, and x-ray 
diffraction. The research wiU initially focus on 
complexes that are essential for maintaining 
genomic integrity through two aitical processes: 
transaiption-coupled DNA repair of oxidative 
damage, and DNA doublestrand break repair. The 
techniques developed for characterizing these will 
be applicable to defining the sbyc!xral biology of 
other critical multicomponent complexes. Thus, an 
overall goal is to provide the technical basis for 
structwal characterization of large complexes in 
conbast to the biophysical chemistry of single 
proteins. 

This research will provide over-expression and 
purification of component proteins involved in 
transcription-coupled base excision repair and 
doublestrand break repair complexes. It will also 
address their biochemical characterization, atomic 
resolution x-ray diffraction structures of individual 
components, and cryo-electron microscopy 
characterization of the complexes, including 
diversity and conformational states. It will advance 
current barriers for x-ray crystallography and begirt 
filling the gap between high-resolution structures 
for individual proteins and medium resolution 
electron nicroscopy (EM) of multiprotein 
complexes. Initially, we will make and characterize 
the complexes and develop the technical tools for 
linking EM and x-ray skuctures, including beamline 
design for low- and high-resolution data collection 

on crystals of multi-component complexes, The 
follow-on goal is for combined EM and diffraction 
studies of the components and complexes, with 
res& linked to coupled cell biology studies in an 
experimental cycle in which each builds on 
information from the other. 

Accomplishments 

This research involves development of techniques to 
bridge the size and resolution gap between electron 
microscopy of biological assemblies and x-ray 
diffraction structures of separate proteins in order to 
advance the interpretative framework for moledar  
and c d d a r  biology. The focus is on two compIexes 
that are essential far maintaining genomic integrity. 
In h e  first year, we have achieved (I) successful 
expression of XPG, a key protein in transdption- 
coupled repair (TCR) of oxidative damage, and of 
the hMrell/hRad50 DNA double-strand break 
(DSB) rep& complex, (2) crystallizations and 
sttucture determinations of human 
apurinic/apyimidinic endonuclease (APE) enzymes 
that couple with XPG, and (3) crystallizations of 
thermostable archael homologs of me11 and Rad50. 
These accomplishments provide the essential 
material €or smal l  angle x-ray scattering (SAXS) 
diffraction studies key to Advanced Light Source 
(ALS) beamline tests during the second year of the 
project, and cryo-electron microscopy (EM) 
reconstructions. 

Par studies of the TCR complex, we have explored 
several different expression systems for XPG and are 
now pudymg sigruficant quantities of 
mymatically active XPG from insect cells using a 
Baculovirus system. In addition, we have succeeded 
in expressing in E. coli at very high levels the full- 
length XPG carrying a C-terminal hexa-His tag as a 
fusion conshct with maltose binding protein (MBP) 
at its N-terminus. We have also doned and 
expressed a domain of XPG that is predicted by 
several lines of evidence to be involved in important 
protein-protein interactions. By addition to this ”R 
domain” of a recognition sequence for heart muscle 
kinase, we are able to label the recombinant protein 
with %. We have used the labeled protein as a 
probe in both Far Western and slot blot studies to 
search for specific interactions with other proteins in 
HeLa cell whole-cell extracts and to test purified 
candidate proteins for specific interactions with 
XPG. Thus far we have identified such specific 
interactions with hNTH1, M E ,  and hMuts-p. 
These results taken together suggest that 



involvement of XPG in TCR of oxidative damage 
may be mediated through interactions of the R 
domain. We will therefore pursue crystallization 
trials with this protein, which we are able to make in 
quantity. For the XPG partner APE1, enzyme:DNA 
co-crystals and diffraction data sets were obtained 
with recombinant human APE and ds-DNA 
substrates with a central abasic-site analog. We have 
solved three structures of APE1:DNA complexes. 

Substantial progress has been made in our studies of 
a key complex for DNA double-strand break repair. 
Successful production of hMrel1, hRad50, and p95 
individually and in pair-wise and khree-component 
complexes using a Baadovirus insect cell system is 
providing the key material for cryo-EM and 
biophysical characterizations of the complex 
including BIAcore kinetics and affinities, SAXS, and 
crystallization experiments. In keeping with our 
general strategy of parallel research on human 
proteins and their thermostable archael homologs, 
ow expression of thermostable W e l l  and Rad50 
archael homologs will allow comparative studies 
and, importantly, the potential to tmp functional 
i&rmediates a t  low temperatures. For RadSO, we 
co-expressed the N- and C-terminal components of 
the ATPase domains. We crystallized the complex 
and determined its structure to (at present) 2.2 A 
resolution,(the crystals *act to 1.5 A resolution). 
The struchue shows that both half-domains tightly 
interact to form a 35kDa ATPase domain with 
striking similarity to the functionally unrelated ABC 

tTansporter family of ATPases. In addition, binding 
of ATP to the Rad50 ATPase domain induces 
dimerization or a large conformational change as 
measured by dynamic light scattering (the 
hydrodynamic radius changes from 2.7 to 3.5 nm). 
We also co-crysk&iz,ed the ATPase domain with 
'various ATP analogs (ATP, ATP$, AMPPNP) and 
with DNA. Co-crystals *act to 2.4 f i  resolution 
and the cell dimmion suggests a dimer in the 
asymmetric unit. 

me11 has nuclease/phosphatase motifs of the 
calcineurin family in the N-temcinal part and DNA 
binding motifs in the C-termhal part of the 
molecule. Removal of the 60 C-terminal residues 
improved solubility without affecting activity and 
gave crystals that diffract beyond 2.5 A resolution at 
a synchrotron x-ray sowce. To determine interaction 
sites between Mxell and Rad5!3 and determine a 
"minimal core" for crystallization of an Mrell- 
Rad50 complex, we co-expressed various Rad50 
truncation constructs wih Mrell and probed for 
complex formation by co-purification assays. 
Incorporating -50 amino acids of the coiled coil 
adjacent- to the ATPase domain resulted in a tight 
complex of the ATPase domain with Mrell. These 
data suggest that Me11 binds to Rad50 in the coiled 
coil region adjacent to the ATPase dornain- 
Crystallization trials with this "minimal" complex 
are currently being pursued. 

Figwe 1. Tire MreZ1IRnd50 DNA double-stunad break repair conzplex. Scheiizatic 
seqimce regioiis (center); EM i'estilts and scl1enintic model of thefiill-brgth roniplex mid 
ATP-driven corzfotirmfioiold c?mnge   bat to?^); mid rtysfd s h c h w e  ofthe riouel 
nssernblies of the N- mid C-temeiitnl ATPnse conipients fot7ned hj dinrerizfltioiz of 
Xnd50 (top),  



Publications 
C. D. Mo1,T. hmi, S. Miha, and J.A. Tainer, 
"Structures and Mutants of APE1 Reveal How 
Abasic DNA Binding Stages DNA Repair,', Nnhrre 
(in press). 

M. Pique, C.D. Mol, S. Parikh, and J.A. Tainer, 
"Dancing with the Elephant: Envisioning the 
Structural Choreography Coordinating DNA Base- 
excision Repair," internet video for Nfittire (in press). 

DNA Microarray Analysis of 
Metabolic Regulatory Genes in the 
Mouse 

Principal Investigators: Ronald Krauss 
Project No.: 99020 

Project Description 

The overall goal of this project has been to delineate 
patterns of cellular gene expression in response to 
s p e d 3  genetic and environmental pertufbations as 
a means of determining fhe functions of these genes. 
Metabolic regulation in response to altered 
environmental conditions requires the coordinated 
expression of many genes. Analysis of the global 
pattern of gene expression following exposure to 
specific nutritional or metabolic environments 
provides information bearing on the functions of 
these genes. Microarray technology provides new 
tools for investigating the regulation of gene 
expression on a genomic scale. 

Mice are useful experimental organisms for 
investigating patterns of gene expression. The 
mouse genome is being sequenced in parallel with 
that of the human, and a large number of expressed 
sequences is available for microarray analysis. 
Moreover, the availability of a variety of mouse 
s t ra ins  with speciEic natural and induced mutations 
allows study of factors innuenchg gene expression 
in a variety of defined regulatory settings. 

Zn the first year of this project, we have implemented 
and refined cDNA microarray methodology to 
establish the €easibility of this approach for studies 
of metabolic regulation in higher organisms. Our 
preliminary results have indicated that we can use 

this system to idenbfy genes with increased or 
decreased expression in response to important 
metabolic perturbations in two mouse models: 

Mice with genetic inactivation of hepatic 
lipase (HL), a key enzyme involved in plasma 
lipoprotein metabolism. 

A mouse s t ia in  with insulin resistance, a 
condition associated with susceptibility to 
diabetes, obesity, and heart disease. 

Accomplishments 

Development of a Procedure for Normalizing 
Expression Data from cDNA Microarrays 
The final goal af a cDNA microarray experiment is 
to achieve a quantitative measurement of the 
expression levels of a given gene under test and 
control conditions. The individually labeled samples 
are co-hybridized to the microarray to avoid 
potential artifacts arising from different 
hybridization conditions in clilferent experiments. 
However, after 5uorescence intensities are collected, 
adjustments must be made to correct artifactual 
spurces of differences in the intensities, such as 
different amounts of RNA in the test and control 
sample, different efIiaency of incorporation of the 
Cy3 and Cy5 labels and different hybridization 
affinity of the probes containing the two different 
labels, and finally, different fluorescent yields of the 
two labels. All of these factors are corrected by 
normalizing the intensity readings of one label, 
customarily Cy5 This is based on the assumption 
that, in any given experiment, only a few of the 
genes will change levels of expression while the vast 
majority will be unchanged, and theit expression 
level should therefore be equal to 1. However, a 
single normalization factor cannot be used across the 
full range of g&es--from those expressed at. low 
levels to ones expressed at high levelshecause 
genes expressed a t  low levels tend to show a bias 
towards the Cy3 label. That is, the majority of these 
genes appear to be consistently expressed more 
strongly in the control (Cy3) than in the test sample. 

Similarly, genes expressed athigh levels show a Cy5 
bias. To correct For this non-linear label bias, we 
have developed a procedure that allows the data to 
be normalized locally and not across the whole 
intensity range. The microarray intensity data are 
first ranked from lowest to highest, and the 
logarithm of the raw expression ratio is calculated. 
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Each given gene is assigned to a set comprising its 
100 lower and higher neighbors. The intensities of 
this set follow a normal distribution, the mean of 
which should be zero according to the assumption 
h a t  the expression levels of the majority of the 
genes in the set should be unchanged. The mean of 
the distribution is therefore used as a normalization 
value and subtracted horn h e  log ratio, and the 
process repeated for all the data. This approach has 
the added advantage that it contains a statistical 
measure of the degree of change of any given gene. 
In fact, every distribution has an associated standard 
deviation that can be used to measure how much a 
given expression ratio d i f f e r5  from the mean 
expression ratio. This is achieved by normalizing the 
gene's expression ratio by the standard deviation of 
its distribution, so that all the gene5 will have a 
value (shown in column 4 in the table below) 
indicating how many standard deviations they 
differ born the average expression ratio. 

In this way, we can decide to andyze all the genes 
h a t -  change, for example, 1 or 2 or 3 standard 
deviations. Given the properties of the normal 
distribution, it can be expected that about 32% of the 
gmes will differ 1 standard deviation from the mean 
expression ratio, 4.5% will differ 2 standard 
deviations and 0.3% will differ 3 standard 
deviations, Therefore, the probability that a gene 
differs by 2 or more standard deviations in "n" 
merent  experiments, by Chance, will be O.O45n, 
which, for three experiments, is equal to PcO.0001. 

Gene Expression Analysis in Hepatic Lipase 
Knockout Mice 

In preliminary studies we have examined the impact 
of the lack of HL on gene expression of two tissues . 
likely to be affected. Liver5 and both visceral fat 
pads were collected from male EIL knockout mice on 
a FVB background and wild-type liltermates, all 
between 16 to 18 weeks of age and these organs 
were immediately frozen in liquid mihogen and 
stored at -80°C until used. The total RNA fraction 
was isolated and 50 pg was used to synthesize oligo 
dT-primed cDNA. The fluorescent labels Cy3 and 
Cy5 were incorporated in the control and HL cDNA, 
respectively. The labelled probes were hybridized 

. overnight to a miaoarray containing approximately 
3500 elements. Following hybridization, hhe arrays 
were washed and dried, and data for each 
individual spot collected by a confocal dual-laser 
scanner. The data were analyzed as described in 
more detaiis in the next section. Analysis of gene 

expression in the liver did not reveal any changes 
consistent over several animals. Furthermore, little 
variation was observed between different animals, 
indicating that animal-to-animal variability is not a 
major sowce of experimental noise. On the contrary, 
analysis of visceral adipose-tissue gene expression 
revealed several interesting changes, summarized in 
the following table. The data are for h e e  €€L 
knockout mice compared to three wild-type. 

The first column contains the name of &he cDNA, or 
of the gene with the dosest match to the DNA, 
printed at a given spot. All of the genes presented in 
the table have been sequenceverified to make sure 
that the name assigned to each spot is correct. The 
second column (Green) shows the fluorescence 
intensity reading for the Cy3, or control, sample. The 
third column (Red) shows the fluorescence intensity 
readhg for the Cy5, or test, sample, following 
normalization, carried out as described above. The 
fowth column represents a measure of how much 
that gene changes compared to the normal behavior 
of the bulk of the genes present on the array. The 
last column shows the ratio of test vs. control, a 
standard measure of change in gene expression 
levels. 

Of particular interest are the first three groups of 
genes in the table. The first pair represents two 
different DNA sequences idenhfymg lipoprotein 
lipase (LPL), which appears to be up-regulated 
about 1.6 fold in the HL knockout mouse. The 
observation that two independent sequences show a 
similar behavior on the microarray is an indication 
of the validity of the measurement. This finding is 
particularly interesting because a similar increase in 
LPL enzymatic activity has been measured in the 
plasma of these mice. WL shares with HL the ability 
to hydrolize triglyceride, but LPL prefers large, 
triglyceride-rich lipoproteins as a substrate. The two 
following groups idmhfy the adipocyte and the 
epidermal fatty acid-binding protein (FABP), 
respectively, two members of the FABP family. 
Again, h e e  independent cDNA identify each of 
these genes, corroborating the finding. Adipocyk 
FABP, also known as aP2, is a major marker of 
adipocyte differentiation. Epidermal FABP, so called 
because i t  was €irst identified in e p i d m d  tissue, is 
dso expressed in adipose tissue, and has been 
reported to be up-regulated to compensate for the 
lack of aP2. These two proteins can bind fatty acids 
in the cytoplasm, but their function has never been 
clearly de€ined. 
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The following group of cDNAs represents genes 
involved in various steps of lipid metabolism. The 
presence of an expressed sequence fag (EST) similar 
to phosphatidylethanolamine-binding protein is 
intriguing, because this is the preferred 
phosphoIipid substrate of HI,,, 

Finally, there are ten cDNAs for which no match 
could be identified in the database. These genes are 
expressed at different levels, and defining their 
function represents the next challenge of gene 
expression analysis. 

Microarray Analysis of an Insulin-resistance Mouse 
Model 

We used a cross of two mouse strains, C57BL/6J 
(B6) and BTBR, to study the changes in gene 
expression that take place in insulin-resistant mice. 
The male F1 offspring of this cross shows severe 
insulin resistance when fed a moderately (15%) 
high-fat diet, while the female F1, as well as the 
parental strains, do not. After two weeks on high-fat 
diet, male and female F1,l l  weeks of age, were 
injected with 0.75Uinsulin/kg body weight, and 
sacrificed at !I,& and 120 minutes after insulin 
injection. Their livers, visceral adipose tissue and 
skeletal muscle were collected, total RNA prepared, 
and cDNA miaoanay hybridization carried out as 
described above. The male and female F1 were used 
as the test and control sample, respectively. Analysis 
o€ gene expression in the liver of six pairs of animals 
revealed a highly sigdcant (>lO-fold) up- 
regulation of the glutathione S-tranferase gene (an 
enzyme that plays an important role in 
detoxification by catalyzing the conjugation of many 
hydrophobic and electrophilic compounds with 
reduced glutathione), and a 4fold down-regulation 
of cholesterol 7a-hydroxylase (the enzyme 
catalyzing the ratelimiting reaction in bile acid 
biosynthesis in the liver). This latter finding is of 
particular interest since we have found that mice 
with knockout of this enzyme develop insulin 
resistance and obesity. Taken together, these 
findings indicate for the first time that cholesterol 
7a-hydroxylase is a critical determinant of insulin 
action. We are c_surrenkly expanding OUT analysis to 
other insulin-sensitive tissues, and breeding the two 
parental strains to determine whether observed 
changes are merely due to the sex difference or are 
truly relevant to the insulin-resistant phenotype. 

Expected Outcomes 

The'wealth of new idormation that has come horn 
these preliminary studies supports the value of 
microarray-based studies of gene expression in the 
discovery of genetic mechanisms involved in 
metabolic regulation. This work will be further 
developed with a projected National Institutes of 
Health grant, currently in preparation. 

In addition, this research program will become an 
important component of a new Center for 
Nutritional Genomics that is being developed in 
conjunction with the College of Natural Resources, 
the School of Public Health, and the Department of 
Molecular and Cell Biology of University of 
California at Berkley. The mission is to identrly the 
effects of nutritional environment on the expression 
and function of genes responsible for maintaining 
biologic homeostasis in humans and model 
organisms, and to determine the inhence of 
interindividual genetic variation on nutritional 
requirements for optimal health. 
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NAME! . 
EST, Highly similar to LFOPROTEIN LIPASE PRECURSOR pat tus  
norvegicus], lipid-UG 
Mouse lipoprotein lipase ml7NA, 3' end, lipid-UG 

Err RedN/ 
Green RedN Ratio Green 

10167 16810 2.16 1.65 
4887 7866 '1.93 1.61 



Profein Distribution in Human 
Mammary €pithelial Cells using Soft 
X-Ray Microscopy 

Principal Investigators: Carolyn tarabell 

Project No.: 99021 

Project Description 

The purpose of this project is to examine the 
distribution of specific proteins using soft x-ray 
microscopy a t  the Advanced Light Source (ALS). 
Whereas the amount of certain prottins often 
remains the same in normal and tumor cells, the 
distribution is frequently altered. For example, it has 
recmtIy been shown that the protein beta-cat& is 
located at h e  cell  surface of normal cells but in the 
nucleus of tumor cells. In fact, a n  increasing number 
of proteins have recently been found in the nudeus 
of tumor cells, where it is believed they activate or 
repress gene transaiption. The distribution of 
proteins is typically determined using 
inununolocalization analyses, but spatial resolution 
within the nucleus is m c u l t  to determine using 
light microscopy. We will examine the distribution 
of proteins in normal human mammary epithelial 
cells and tumor cells, using soft x-ray microscopy to 
obtain higher resolution information. This requhes a 
three-dimensional analysis that c a n  only be 
accomplished with a cryo-tilt stage that can image 
specimens at multiple angles. 

Human mammary epithelial cells will be grown on 
silicon nihide windows and fixed at various t ime 
intervals. They wi l l  then be incubated in the specific 
primary antibodies, followed by the gold conjugated 
secondary antibodies. The gold particles will then be 
enhanced with silver until approximately 45 to 50 
nm in size. The hydrated, labeled cells will then be 
examined using the soft x-ray microscope at the 
ALS. The precise three-dimensional localization of 
these proteins, however, depends on h e  ability to 
obtain three-dimensional information fmm either 
stereo or tomographic images. 

microscope at high spatial resolution (35 to 40 nm). 
We used the silver-enhanced, gold-labeling protocol 
to examine the distribution of proteins believed to 
be kvolved with the structural organization of the 
nucleus. In addition, we compared the subcellular 
distribution of proteins known to be components oE 
the Wtet signaling pathway in normal and tumor 
cells. 

The prototype for a cryohation apparatus and 
ayostage was developed by the Center for X-ray 
Optics during the past year. We tested the: use of this 
instrument for examining a variety of specimens, 
including unfixed whole, hydrated cells. A 
monolayer of cells was grown on silicon nitride 
windows, rinsed, then rapidly hozen and examined 
in the microscope. These cells, w h i h  had not been 
exposed to chemical hatives or contrast 
enhancement reagents, revealed remarkable 
preservation of ultrastructural details. Th: nuclear 
membrane surrounding the nucleus was well 
preserved and cytoplasmic organelles that were not 
seen in chemically fixed cells were easily discerned. 
The fine, elaborate filopodial extensions 
characteristic of the leadjng edge of cells were also 
clearly visualized. The details seen in these images 
of rapidly frozen cells demonstrate the power of soft 
x-ray microscopy to examine whole cells at 
unparalleled resolution. Additional improvements 
of this inshument will be made during the next year 
and will increase the capacity of the x-ray 
microscope for ex-g cells. 

Publications 
C. A. Larabell, D. Yager, and W. Meyer-Use, 
“Localization of Proteins and Nucleic Acids using 
Soft X-ray ~icroscopy,” XRMW  VI^ International 
Conference on X-ray Micros~opy,~’ (August 1999, in 
press). 

Accomplis hrnents 
For this project we utilized ow existing technology 
to examine whole, hydrated cells in the x-ray 

i 
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transcription by binding directly to TGFP responsive 
elements. Analysis of Cellular Factors that 
We decided to analyze the signaling pathway 
leading to transaiptional activation of TGFP- 
responsive genes using the PAI-1 promoter, because 
it has been well documented that TGFP stimulation 
results in a fifty-fold induction of PAI-I gene 

Activate Transcription from the Major 
TGFP Responsive EIement in the 
Plasminogen Activator Inhibitor 
Type-I Gene 

Principal Investigators: Kunxin tuo 

Project No.: 98018 

Project Description 

The transforming grow& factor-p (TGFP) family of 
cytookines has a wide range of biological functions in 
many cellular processes including tumor 
suppression, extracellular matrix production, 
embryonic development, hematopoiesis, and 
immune and inflammatory cell responses. How does 
a single molecule initiate such diverse and complex 
cellular events? Are they mediated by different 
signaling pathways? The god of this proposal is to 
characterize the signaling pathway of TGFP 
receptors leading to extracellular matrix production 
at the level of transcriptional activation. This 
proposal will allow for the identification and 
purification of cellular transcription factors that 
activate specific gene expression in response to 
TGFP stimulation. 

The signaling receptors For TGFP include TPRI and 
TPRTl, the type I and II receptors for TGFP, which 
are members of he first known transmembrane 
serine/threonine kinase family and share 40% 
homology between &heir kinase domains. TGFPl 
binds directly Eo TPRU, allowing the formation of 
heteromeric complexes of TPRI and TPKU, and the 
transphosphorylation of TPRI by the constitutively 
active TPRII. It has been suggested that 
phosphorylation of TPRI activates its kinase activity 
and allows it to phosphorylate downstream 
substrates such as Smad2 and Smad3. The 
phosphorylated Smad proteins then translocate to 
the nucleus and subsequently activate downstream 
events. However, littIe is known about how the 
Smad complex activates the transcription of TGFP- 
responsive genes. Recently, DrosopJziln Smad protein 
was found to bind to a DNA sequence present in the 
promoter region of Dpp-responsive genes. This 
finding suggests that Smad proteins could activate 

transcription. The promoter region of the PM-1 gene 
has been well characterized, and a major TCFB- 
responsive region has been mapped to a 258 bp 
sequence behveen -804 and -546 upstream of the 
initiation site. Although the sequence contains an 
AP-I-like motif, cellular factors that may interact 
with this region and activate transcription have not 
been identified. By overexpressing dominant 
negative and constitutively active Smad mutants in 
some cell lines, Smad proteins have been shown to 
be involved in the activation of PAI-1 transmiption. 
However, the molecular basis of PAI-1 activation by 
Smads is not clear. Since human Smad4 shares a 
considerable homology with Dlasoplriln Smad, and 
Drosoplriln Smad can bind DNA directly, we 
hypothesize that human Smad4 may also activate 
PAI-1 transcription by direct binding to specific 
sequences in the PAP1 promoter. Using 
electrophoretic mobility shift assays (EMSA), we 
will investigate the mechanism by which Smad 
proteins activate PAI-1 transcription. 

Accomplishments 

Smad proteins are critical signal. transducers 
downstream of the receptors of the TGFP 
superfamily. Upon phosphorylation and activation 
by the active TGFP receptor complex, Smad2 and 
Smad3 form hetero-oligomers with Smad4 and 
translocate into the nucleus, where they interact 
with different cellular partners, bind to DNA, 
regulate transcription of various downstream 
response genes, and cross-talk with other signaling 
pathways. Last year, we showed h a t  Smad proteins 
play an important role in mediating TGFP-induced 
transcriptional activation. To further understand the 
molecular mechanism of Smad action, we began to 
idenbfy cellular proteins that interact with the Smad 
proteins usingbiochemical approaches. This is 
based on the hypothesis that Smad proteins must 
interact with different ceIlular partners in order to 
mediate diverse TGFP -induced signals. Using 
epitope tagging and affinity purification mehhod5, 
we have identified two nuclear proteins, SnDN and 
Ski, that associated with Smad2, Smad3 and Smad4 
through the C-terminal domains of the Smads on the 
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TGFP-responsive promoter. Ski and SnoN are two 
proto-oncogene products that when overexpressed, 
can transform mammalian cells. Elevated levels of 
Ski expression have also been detected in multiple 
types of human cancers. However, the molecular 
mechanism whereby Ski and SnoN transform cells is 
not clear. The identification of the tumor suppressor 
Smad proteins as the cellular partners for Ski and 
SnoN suggests that Ski and SnoN may cause 
oncogenic transformation by blocking the growth- 
inhibitory function of the Smad proths .  

We showed that Slci can directly interact with 
SmadZ, Smad3, and Smad4 on a TGFP-responsive 
promoter element and repress their abilities to 
activate transuiption through recruitment of the 
nuclear transcriptional co-repressor N-COR and 
possibly its associated histone deacetylase complex. 
Overexpression of Ski in a TGFP-responsive cell line 
renders it resistant to TGPP-induced growth 
inhibition and defective in activation of JunB 
expression. This ability to overcome TGFP-induced 
growth arrest may be responsible for the 
transforming activity of Ski in human and avian 
cancer cells. These results have been summarized 
into a paper published in Gems 6' Deueloprmzt. 

Similarly, the SnoN oncoprotein was found to 
interact with h a d 2  and Smad4 and repress their 
abilities to activate transcription through 
reuuitment of the transcriptional co-repressor N- 
COR. Immediately following TGFP stimulation, 
SnoN is rapidIy degraded by the nuclear 
accmdation of Smad3, allowing the activation of 
TGFP target genes. By two hours, TGFP induces a 
marked increase in SnoN level, resulting in 
termination of Smad-mediated transac tivation. 
Thus, SnoN maintains the repressed slate of TGFP- 
responsive genes in the absence of Ligand and 
participates in negative feedback regulation of TGFP 
signaling. 

In s u m m a r y ,  our work during the last year has 
demonstrated for the first time an important role of 
h e  Ski family of nuclear oncoproteins in regulation 
of TGFP signaling, Future work willbuild on this 
project to investigate how an oncoprotein interacts 
with the tumor suppressors to regulate c d  growth 
and carcinogenesis. 

Promoter Mediates TGFP -induced, Smad- 
dependent Transcriptional Activation," J. Bid .  Climiz, 

K, Luo, S.L. Stroschein, W. Wang, D. chen, E. 
Martens, S. Zhou, and Q. Zhou, "The Ski 
Oncoprotein Interacts with the Smad Proteins to 
Repress TGFP Signaling," Gazes B Developr71eizt 13, 

S.L. Stroschein, W. Wang, S, Zhou, Q. Zhou, and K, 
Luo, "Negative Feedback Regulation of TGFP 
Signaling by the SnoN Oncoprotein," Scierice 266, 

274,9431-9441 (1999). 

2196-2206 (1999). 

771-774 (1999). 

Signa/ Transduction and 
Gytuskele tun 

Principal Investigators: Mohandas Narla 

Project No.: 9801 9 

Project Description 

Two new areas of research were developed as part 
of this project: 

Functional Characterization of Homologues of Red 
Cell Membrane Proteins in Non-Erythroid Cells 

Recent studies from our group and from a number 
of other groups have shown that homologues of red 
cell membrane cytoskeletal proteins spec&, 
ankyrin and protein 4.1 are &o present in a number 
of non-erythroid cells including epithelial cells, 
fibroblasts, endothelial cells, and neuronal cells. 
However, there is llurrently no knowledge of the 
function of these prokins in these cells. The project 
began the detailed characterization of different 
homologues of red cell protein 4.1R and the 
functional characterization of this protein family in 
non-erythroid, espeaally neuronal, cells. 

Understanding fhe Role of Cytoskeleton in Signal 
Transduction and Erythroid Cell Differentiation 

Erythropoiesis, which is responsible for generation 
of 2.5 million red c d s  per second in humans, is an 
excellent system for studying cell differentiation. 
Although the critical roles €or the hormone 
erythropoietin and its receptor in erythroid 

Publications 
S.L. Stroschein, W. Wang, and K. Luo, "Cooperative 
Binding of Smad Proteins to Two Adjacent DNA 
Elements in the Plasminogen Activator Inhibitor-l 
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differentiation have been well delineated, the 
downsfream signaling pathways are yet to be 
defined. We studied a congenital disorder, 
Diamond-Blackfan anemia, in which there is 
completely lack of red cell production in newborns, 
to explore the signal transduction process. 

Accomplishments 

During the two years of LDRD funding we made 
substantial progress in both of our proposed 
research areas. For the fist, we cloned, sequenced 
and characterized the cDNA of three human 
homologues of red cell protein 4.1R4.1G1 4.1N and 
4.1B.4.1G gene product is ubiquitously expressed in 
all tissues, the gene product of 4.1N is expressed in 
a l l  neurons, and 4.18 is expressed predominantly in 
the brain. Having completed the detailed molecular 
biologic characterization of these three new human 
homologues of red cell protein 4.1R, we explored the 
function of Ehese proteins. During the course of 
these studies we made an important observation 
that immunophilin FKBP13 interacts with 41G, We 
also focussed our efforts on defining the function of 
various protein 4,l gene products in neuronal cells 
(in callaboration with Dr. Sol Snyder's group at 
Johns Hopkins University) and in k ihey  epithelial 
C&+ 

The second research area we pursued involved h e  
defining of he molecular basis for the congenital 
disorder, Diamond-Blackfan anemia, jn which there 
is a complete lack of red cel l  production in 
newborn. We successfully characterized one of the 
genes responsible for this human red cell disorder. 
We demonstrated that mutations in the ribosomal 
protein RpS19 account for this disease phenotype in 
30% of the affected children, This W e d  out to be 
the first human disease proven to be caused by 
mutations in a ribosomal protein. We pursued 
studies to determine how mutations in a ribosomal 
protein can account for the lack of red cell 
production. This finding opened up a n  exciting new 
area of investigation for our research. 

Publications 

L. Peters, H.G. Weier, L.D. Walensky, S.H. Snyder, 
M. Parra, N. Mohandas, and J.G. Conboy, "Four 
Paralogous Protein 4.1 Genes Map to Distinct 
Chromosomes in Mouse and Man," Getrornics 54, 
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Mohandas, and J.G. Conboy, "Cloning and 
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Cryo-Electron Microscopy Studies of 
the Eukaryotic Transcription Basal 
Factor TFUD 

Principal Investigators: Eva Nogales 

Project No.: 99022 

Project Description 

f i e  accurate and regulated transcription of protein 
coding genes in all eukaryotic organisms requires 
the assembly of a complex molecular machine at 
specific promoter elements that includes a cadre of 
general transcription factors in association with 
RNA polymerase II (RNA pol a. Recognition of 
core promoter DNA sequences by TFlID is followed 
by the assembly of a fdly activated pre-initiation 
complex that contains TFFlA (EA), TFW (IIJ3)/ 'ITtTlE, 
TFIIF, TFIIH and RNA pol II. In the absence of 
activators bound to enhancer elements, this core 
transcription complex is capable of accurately 
initiating basal levels of RNA synthesis. In the 
presence of gene selective enhancer and promoter 
binding activators, dramatically elevated levels of 
transcription initiation can be achieved. A key step 
in the multi-step process of gene activation is the 
r e d b e n t  and subsequent assembly of the TFIID- 
TIA-W complex at the TATA DNA element found in 
many core promoters of eukaryotic genes. The TBP 
subunit and some of the TAFn subunits (TAFn 250, 
TAFn1.50, TAFn 70) make specific protein: DNA 
contacts with the TATA box and other core 
promoter elements including initiator (INR) and 
downstream promoter elements (DPE). Other 
TAFns of the multi-submit TFm3 complex, such as 
TA€Q 130,100,55,32,30, and 28 are thought to 
serve as targets of activation domains involved in 
the recruitment and stabilization of TmTD at core 
promoters by upstream enhancer binding factors. 

The binding ol  TFIJD to the core promoter is 
coordinated with the assembly of an active pre- 
initiation complex that includes IIA and 8. Thus, one 
of the initid steps the formation of a n  activated 
transcription complex is binding of khe TFED-IIA- 
W supra-molecular assembly to the template DNA. 
X-ray diffraction and nuclear magnetic resonance 
(NMR) studies have revealed the sbuctures of 
various sub-domains and truncated h a p e n t s  of 

IIA, IlB, and of subunits contained within TFITD. For 
example, the high-resolution structures of TATA 
Binding Protein (TBP) bound to TATA DNA and 
either domains of E A  or W have been determined. 
However, both the size of the TmTD complex as well 
as the inherent diff icult ies in obtaining large 
quantities of purified holo-TFIID, EA, and IIB have 
precluded conventional x-ray diffraction studies of 
the full complex. Consequently, the overall shape 
and relative position of the components within this 
essential multi-subunit assemblage remain 
h o w n .  As a fist step toward determining the 
structure of the intact native human TFIID, we have 
employed electron microscopy and singleparticle 
image analysis. This technique does not require 
crystallization, can deal with very small quantities of 
*he sample and, to a large degree, even with sample 
heterogeneity, and can be applied to samples of 
almost unlimited size in the molecular scale (i.e. 
5everd millon Dalton). As a result, we have 
obtained the structure of TFIID and its complex with 
full length IIA and W at 35 resolution. 

Accomplishments 

Electron microscopy (EM) grids of TFIID (-45 
ng/pl) were prepared and s h e d  with uranyl 
acetate (4%). We collected image pairs of tilted (32') 
and untilted (0") samples using the random conical 
tilt: method. A total of 4418 particle image pairs were 
used far further processing. Untilted images were 
subjected to referencefree alignment and merged by 
performing in-plane shifts and rotations into 25 
classes defined by K-means clustering (the large 
number o€ classes chosen reflects the fact that TFIID 
orients almost randomly on the carbon film). 3-D 
structures €or each of the 25 classes were calculated 
by backprojection using the paired tilted images. 
Twenty-four of the classes showed excellent 
correlation (I3 > 0.85), thus a single 3-D structure 
was obtained using the single particle tilted images 
ham these 24 classes, This initial structure served as 
a reference for angular refinement. The h a l  angular 
refinement was per€omed by generafing 5088 
reference projections ham the newly obtained 
structure with an angular step of 2". The 
reconstruction has a resolution of 35 A based on the 
0.5 Fourier shell correlation miteria. 

The structure of TFIID is horseshoe-shaped with 
dimensions of roughly 200 Ax 135 A x  110 A. It is 
dominated by three main lobes connected by narrow 
bridges (-20 A wide) arranged around a 65 A 
diameter cavity. The lobes are roughly equal in size 
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(-60 A diameter) but mer in structural detail. The 
central cavity and its 40 A open channel at the 
bottom of the horseshoe could easily accommodate a 
20 A diameter strand of double-helical DNA. 

We next studied the structure of the T D - I I B  and 
TFIID-IVI-W complexes, The 3-D reconstruction of 
the binary complex, TFDD-IlB, was obtajrted by 
mixing the two factors in equimolar concentrations 
and incubating them for one hour at 4°C. Sample 
preparation, data collection, and image analysis was 
as described for holo-Tl?UD. Four thousand 
individual particle images were aligned in 3-D by 
reference to the refined 35 A structure of naked 
TFZID. Once Euler angles were assigned, the new 
particle images were back-projected to generate a 
structure of the TFIID-W complex that was used as 
reference for further angular refinement to a 
resolution of -35 A. The structures of T!dlD and the 
TFITD-W complex were then normalized according 
to the TFm3 protein density, scaled, and subtracted 
to generate a difference map corresponding to the 
density of W [green (G) in Figure 21. The difference 
density is positioned mainly on lobe B, but very 
close to the -15 A bridge connecting it with lobe C. 
The 3-D structure of the ternary complex, TFIID-IIA- 
W, was obtained following the same procedure as 
for the TFTID-JIB complex. The difference map 
obtained between TFIID and TEITD-ILA-IIB contains 
two distinct regions of density; one corresponding to 
the location of the difference obtained in the 
presence of W alone [green (G)], and a second one 
in lobe A consisting of a cluster of differentiated 
densities [magenta 0 1 .  This result con€irms the 
position of W, and idenwes the location of IIA. 

The h o r n  crystal structure of TBP bound to lIA 
and IIB suggested that TBP should bind in the 
c a b a l  domain C, between these two general factors. 

To test this hypothesis, we employed a monoclonal 
antibody raised against T3P. TFIID-antiTEiP binding 
and preparation for EM was performed as desaibed 
for the TFDD-IJB complex using a 5:l antiTBP:TED 
ratio. More than 9000 partide images of the Tpm3- 
antiTBP complex were used to obtain a 
reconstruction at -30 
indicates in yellow Cy) the position of the bound 
antiTBP obtained in the difference map applying the 
same methodology we used to find the ILA and TIB 
binding positions. The binding site of antiTBP 
indicates ha t  TBP resides at the top of the cavity 
within the central domain, C, and faces the cavity in 
a position between IIA and IEl. 

The EM studies presented here reveal a model for 
the stnrcture of Tpm3 complexed to both IIlI and IIB 
in the absence of DNA. Our findings provide a 35 A 
structure ol  TFItD, and the binding locations of IIA 
and W in relation to the larger TFITD. Antibody 
mapping of TBP within TFm3 strongly suggests the 
binding position of DNA a t  the top of the central 
cavity withjn the TFlID complex. The horseshoe 
shape of TFIID and its trilobal structure suggest 
conformational flexibility around the narrow contact 
regions, and regulation of the orientation between 
the lobes by tcansu-ip tional factors, with consequent 
effects in the shape of the central cavity and on the 
binding to DNA, Transcriptian factors E4 and lI3 
reside on opposite sides of TFITD and are lilcely to 
skiffen the structure of TFIlD by bridging different 
lobes. In particular, ILA binds across the 25 A 
channel near the surface of the central cavity. Thus, 
IIA could increase the surface available €or DNA 
binding and thus affect the affinity behveen DNA 
and the TFIID-ILA complex that has been observed 
in DNA binding studies. 

resolution. Figure 2C 
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Green (G) 7 

Figure 2. Position of TFIIB nrzd TFIIA on the TFIID str-tichii-e niid iiinpyiizg of the TBP. 
The blzre ( B )  ntesli coirespoi~ds tu the hulo-TFIKJ ~vi t lz  tlze A, B mid C lobes iizdicnted 
(A) TIze g e e n  (GI iizesh corresponds Eo the daa ih j  difltreirce between the Irolo-TFIID nizd 
tlze TFIID-IIB complex. (a) TIze nifigentn (MI flird green (G) ineshes slzozv the density 
diffkrence between the Rdo-TFIID nizd €lie trilrzeric contplex TFIID-IIA-IIB. TIE densify 
depicked in light gr.een (G) cniz be afhibtited to TFIIB by coiiipnrisart zvitlz (A), with the 
nzngeiitn (M) deizsity thei$ore correspoizding to TFIEA. (C) 2% yellow IY) mesh slrozus 
the density &yereme bekveeri the holu-TFID n?id TFIID boirizd to  tlzr TBP nrzh'bady. 
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Materials Sciences Division 

Semiconductor Nanocrystals as 
Probes for Biological X-Ray 
Microscopy at the Advanced Light 
Source 

Principal Investigators: Shimon Weiss and Paul 
Alivisatos 

Project No.: 99023 

Project Description 

The goal of this proposal was to develop the use of 
semiconductor nanoqstal  probes for high- 
resolution biological x-ray microscopy, X-ray 
microscopes are capable of fivefold better 
resolution than the best confocal light microscopes, 
and this improved resolution could prove to be of 
great utility in the imaging of biological specimens. 
A major current approach is to obtain contrast in the 
x-ray microscope by staining the biological tissue 
with inorganic nanocrystals, for instance gold or 
silver particles. This proposal was directed towards 
using semiconductor rather than metallic particles 
for staining. When excited with visible light, the 
semiconductor particles emit light, and the color of 
&e emission depends upon the particle size. We 
proposed to determine i f  light emission from the 
semiconductor particles could be observed 
following excitation with x-rays. Thus, if successful, 
a specimen labeled with semiconductor particles 
could be imaged with both conventional optical 
fluorescence and x-ray microscopy. In addition, 
different parts of a specimen could be labeled with 
dif€erent sizes of particle, providhg multi-color 
ability. 

This project was a follow-up to our earlier work in 
which we demonstrated the application of 
semiconductor particles in visible light microscopy. 

Accomplishments 
We regret h a t  t h i s  project did not find the 
anticipated results. We were not able to detect any 
visible luminescence from the nanocrystals when 
they were excited with x-rays, even though the dots 

showed high yields when excited optically. We 
believe we now understand the physics underlying 
this difference. when an x-xay is absorbed several 
electron-hole pairs are created in the nanoparticle. 
Because the volume of the particle is small, and the 
number of elecbon-hole pairs is large, the rates of 
non-radiative, many-body relaxation pathways, 
such as Auger scattering, are greatly enhanced. In 
Auger scattering, one electron-hole pair is 
annibilated imparting extra kinetic energy to a third 
particle. This third particle canbe ejected from the 
nanocrystal, ionizing the dot, and rendering it 
"dark." Unfortunately, this leads us to conclude 
that, while the semiconductor particles are excellent 
labels for optical ~ ~ C ~ O S C O ~ Y  of biological 
specimens, they are not well suited as x-ray labels. 

Determining Macroscopic Materials 
Properties from Microscopic 
Calculations 

Principal Investigators: Andrew Canning, Daryl 
Chtzan, Marvin Cohen, Steven Louie, and John 
Morris, Jr, 

Project No.: 96041 

Project Description 

The goal of this research is to exploit advances in 
computer hardware and computational techniques, 
advances in the fundamental theory of bonding in 
solids, and advances in the theory of plastic 
deformation to conshuct new predictive models of 
the properties of real materials. 

This is a collaborative project to compute the 
macroscopic properties of materials ab iizifiio, by 
combining modem methods in theoretical solid state 
physics and materials saence, and exploiting h e  
advanced computational facilities at Berkeley Lab. 
The nb iirifio component involves electronic structure 
calculations similar to those the investigators 



performed in the past, but rephrased to exploit new 
computational methods that take advantage of 
parallel processing. Using only the atomic nufnbers 
and masses of constituent atoms, it is now possible 
to compute electronic, vibrational, structural, and 
thermodynamic properties of, and dynamic 
processes in, materials. These fundamental 
calculations are used to develop scahg  formulae to 
determine the macroscopic properties of complex 
materials and define in-out parameters for property 
simulations. Systems investigated include fullerme 
base solids, semiconductor clusters, and hard 
materials. The h a l  nine months of this project were 
devoted to the study of hard mat,Eials, and the 
results stemming from the most recent work are 
reported here. 

Accomplishments 

Hard Materials 

The upper limit of strength of a material is 
determined by elastic instability, which can be 
computed using ab iizifio elecbonic-sbucture, total- 
energy techniques. The most important Ernits on the 
strengths of metals concern their deformation in 
shear. During the past year, we have computed and 
analyzed &he ideal shear strengths of Al, Cu and W. 
The calculations are the first to compute the (true) 
limits of shear sbength in the fully relaxed case, 
Analysis af the results led to several new insights 
into the mechanical behavior of these prototype 
materials. Perhaps the most striking was the virtual 
identity of the strength of body centered cubic @cc) 
tungsten for shear in the <11b direction on three 
different slip planes, (1101, [112), and (1231. This 
behavior was shown to have its origin h the basic 
symmetry of the sheared bcc smcture, and provides 
a theoretical foundation for the important, 
unexplained phenomenon of ' 'p~~~~ci i  glide" in bcc 
crystals. 

Dislocation Core Structures 
In the final nine months of this project, we continued 
to study the stability of dislocation cores using total 
energy techniques. In addition, we developed a 
means to cdculate the total elastic energy of 
dislocations, using isotropic elasticity theory. 
Comparison of the results of the two calculation 
techniques alIows identification of the proper choice 
of core radius and shear modulus for larger scale 
models. In addition, we are able to calculate the 
stress state on the dislocations as a function of 

parameters chosen for the unit cell. This capability 
provides the ability to systematically study the 
structure of the dislocation cores as a function of the 
stress state. We have applied this technique to two 
systems. 

First, we studied the stabiLity and structure of the 90- 
degree, partial dislocation core in diamond, using nb 
iiziiio methods. These studies established ha t  for a 
broad range of stress states, the recently proposed 
period-doubled core is more stable than the 
corrunody assumed single-period core. Further, 
these same studies indicated that the proper choice 
of small-scale cutoff for the dislocation in question is 
0.4 8. The shear modulus arising from the 
cdculations is in excellent agreement with 
experimental values. These results prove that ab 
initio total energy techniques may be applied 
effectively in deducing dislocation properties. 

For a second study, we began to explore the stress 
state dependence of the 90-degree partial in Si using 
empirical potentials. These calculations suggest that 
the stable core structure may be shear-stress 
dependent., I€ so, this result holds profound 
implications €or researchers wishing to model h e  
plastic deformation of Si. However, fhe energy 
differences calculated using the empirical potentials 
are quite small, and Further work using more 
accurate total-energy techniques is required before 
drawing more fkm conclusions. 
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A fomically Resolved Spin-Polarized 
Imaging Using Superconducting STM 
Tips 

Principal Investigators: J.C. SBamus Davis 

Project No.: 99024 

Project Description 

The goal of this proposal is to eeate techniques of 

superconducting tips, which wi l l  allow imaging of 
the spin polarization, and thus the magnetic 
moment, of individual atoms on a surface. 

A combination of the superconducting tip, very low 
temperatures, and high magnetic fields will allow us 
to create a 100% spin-polarized source of electrons in 
the tip by using the Zeemm splitting of the 
quasiparticle density of states (DOS) at he gap edge 
of the superconductor. The polarization is possible 
when pL,B>>k,T. With the available magnetic field of 
up to 7.25 Tesla in our Scanning Tunneling 
Microscope (STM) cryostat, we should easily be able 
to achieve this condition and thus split the spin 
polarization states completely. The peaks in the DOS 
then occw at voltages given by V+= (A+psB) /e and 
V- =( A - paB)/e where A is the energy gap of the 
superconducting tip, and e is the charge on the 
electron. Tunneling at bias V, uses only electrons of 
one polarization, and tunneling at V- only those of 

scanning tunneling microscopy using 

the other. Using this Zeeman polarized 
superconducting tip, in combination with an atomic 
resolution STM, will give u5 a unique opportunity to 
create the f i s t  spin sensitive imaging technique at 
the atomic scale. Should this be achieved, it will 
revolutionize the way that magnetic materials are 
studied on the atomic scale. 

Accomplishments 

To realize atomic resolution controllable spin- 
polarization contrast STM three dements are 
required: (1) atomic resolution STM, (2) magnetic 
field and temperature such that p,B>>kaT, (3) 
superconducting STM tips, and (4) appropriate 
conducting samples which have spin-polarized 
surface states. We have recently succeeded in the 
first use of Nf, superconducting tips with atomic 
resolution. We have also successfully integrated a 
high field magnet with our atomic resolution STM 
and 250" mK refrigerator, We are currently studying 
highly correlated electronic materials in magnetic 
fields with conventional tips to help choose 
appropriate spin polarized suhce  state systems. 
Following is a more detailed description of the steps 
taken. 

lnfegrafed Magnet with STM 
Cryostat-Demonstrated Atomic Resolution STM at 
7 Tesla and 250" mK 

We demonstrated the operation of our STM system 
at temperatures down to 250" mK and in magnetic 
fields up to 7.25 Tesla with high spatial and energy 
resolution. Our test results have shown that, at the 
base temperature, this instrument has better than 0.5 
pm z-direction resolution in imaging mode, and 
better than 20 pV energy resolution in spectroscopy 
mode while at 7.25 Tesla. 

Demonstrated the Use of a Superconducting Tip in 
STM Imaging 

We achieved vacuum tunneljrtg of superconducting 
quasiparticles from an atomically sharp Nb tip onto 
both gold and superconductjng samples. 

Discovered A fomic Scale Quasiparticle Scattering 
Resonances (QPSRs) in Bi2Sr2CaCu20,+, 

While studying magnetic properties of 
Bi,Sr,CaCu,0,,6, shce it is the type of cuprate-oxide 
perovskite that is a potential target for spin- 
polarized STM, we discovered the existence of large 



numbers of identical regions with diameter -3 nm 
that have a relatively high density of low energy 
quasiparticle states. Their spatial and spectroscopic 
characteristics are consistent with theories of strong 
quasiparticle scattering from atomic scale impurities 
in a d-wave superconductor. As thh f i r s t  
observation of QPSRs was iq nominally undoped 
material, we then studied BSCCO doped with a 
known impurity, Zn, and found a similar 
phenomena but this time showing a clear four-fold 
symmetry, as shown in the figure. 

Imaging and Spectroscopy of Magnetic Vortices in 
Bi,Sr,CaCu,O,, I Discovered Core States 

While studying the magnetic properties of BSCCO 
in high magnetic fields another new observation was 

made. Previous studies of magnetic properties of 
YBa,Cu-,OTl, have found localized quasiparticle 
states within the magnetic vortex cores. Similar 
studks of Bi2Sr2CaCu20,+6 (BSCCO), on the other 
hand, found no evidence of localized cores states, 
During high-field STM test experiments on BSCCO 
we demonstrated for the first time the existence of 
localized core states in BSCCO. We also showed that 
atomic scale scat-tering centers, for example, single 
atom impurities or atomic sized defects, can 
influence vortex structure by pinning vortices, Such 
pinning not only leads to a disordered vortex solid, 
but also to a large overlap of previously reported 
scattering resonances and magnetic vortices. 

Figure I .  64A image of the topography (le$) andsiniirltaneoirsly obtained local density of 
states (right) for a single Zn atom in BSCCO. The iiiner bright cram is orienfedivitii the 
nodes of the D-ivme gap in agreement with theoretical predictions of scatteringflom an 
inpurity in a Izigli T, supercondrrctor. 
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Hamburg) in developing a more powerful form of 
XFH that has been termed multi-energy x-ray 
holography o. In this approach, the incident 

Development of Atomic-Resolution 
X-Ray Fluorescence Holography for 
Materials Analysis 

Principal Investigators: Charles 
Earnest, Zahid Hussain, Rupert 

Project Description 
This project is to assist the development of x-ray 
fluorescence holography at the Advanced Light 
Source (ALS) as a novel probe of atomic structure 
with sub-Angstrom resolution. This newly 
discovered technique has been shown in a few prior 
experiments to be capable of providing local atomic 
structure information around a given elemental 
~onstituent of a material, without the need for 
.macroscopic singlecrystal samples. This method 
developed from the initial suggestion of Szoke in 
.1986 for using localized atomic emission events as 
sources of outgoing reference waves for holography. 
This was first realized experimentally with 
photoelectrons in 1990, then achieved with 
'fluorescentxirays in 1996, and finally seen with 
gamma rays via the MGssbauer effect in late 1997. 

radiation beam is used as the reference wave, and 
the angleintegrated outgoing fluorescence is used 
only to measure the wavefield sfrength a t  a given 
emitting atom type. In this way, holograms at 5 to10 
incident energies can in principle be measured, with 
the analogous Fourier-like inversion providing more 
accurate atomic images kee of hyin images and less 
affected by image aberrations. This type of 
measurement has so far been applied to two 
transitions metal oxides (Fe20, and COO), but it is 
ideally suited for further exploitation at third- 
generation synchrotron radiation sources such as h e  
ALS. We have thus proposed to build up the 
capability for carrying out both singleenergy and 
multiple-energy x-ray holography experiments a t  
the ALS in order to exploit the full potential of this 
exciting new probe of atomic structure. The very 
s m a l l  percent effects involved make these very 
challenging experiments, and so o w  first attempts 
have been proof-of-principle in nature, with more 
concrete experiments and applications to more 
complex systems to come in the future. The project 
makes use of several unique resources at Berkeley 
Lab: 

Fadley, Thomas 
Perera, Abraham 

SzBke, and Stephen Cramer 

Project No.: 98021 

Our focus here is on x-ray fluorescence holography 
(xmr), in which the diffraction modulations of x-ray 
intensity are only of order -+0.1%, but for which the 
holographic images we expected to be much more 
accurate than those obtained with the more strongly 
scattering photoelectrons. X-rays also provide a 
probe that canreach into the bulk of a sample, 
expanding the areas of application from surface 
science to materials science and ultimately h e  
biosciences. In the simglest form of XFH, the 
modulations of a given single fluorescent energy are 
measured over a large solid angle above a sample 
surface, and a Fourier-transform-Iike operation is 
performed on this data to directly yield atomic 
images in three dimmsions. Prior work in other 
laboratories has applied this method to inorganic 
solids (e.g. Fe metal, Sr in SrTiO,, and Cu and Au in 
Cu,Au) and a semiconductor dopant (Zn in 0.02 wt. 
% doped GaAs). 

Beyond this approach, the Fadley group has been 
involved (in collaboration with Materlik et al. in 

ALS Benriiliine 9.3.2, which yields high- 
brightness x-rays up to -7.0 keV in energy (or 
down to 1.8 A in wavelength) and with total 
usable fluxes at the sample of -4 x l O l o  s-l. 

Multi-efemerzt senticondn.clor detectors, which 
consist of approximately 12 to 30 working 
elements spanning areas of 2" to 3" radius, 
each of whose elements can, in principal, 
count with -200 eV resolution at a rate of 
-90 kHz (loaned by the Cramer group for this 
project). 

A Iiig~i-acctrrncy snniple gortiotireter, which is 
capable of rotating samples over a large solid 
angle in measuring holograms (loaned by the 
Earnest group, and assembled into a special 
sample chamber for this project). 

Accomplishments 

An X-ray Fluorescence Holography 
endstation was constructed with assistance provided 
by several groups. This instrument consists of a 
vacuum chamber and support stand, a dual axis 
goniometer, a multi-element germanium detector 
manufachxed by Canberra Instruments 



(13 elements, but with electronics to drive only four 
elements during our ejcperiments), pulse processing 
electronics, and a data acquisition system. Special 
data acquisition software was also written by M. 
Legros as part of the project. 

Preliminary measurements have been performed on 
Beamline 9.3.1 to determirre endstation function and 
to evaluate the count-rate capability of the detector 
and its pulse processing electronics. Experiments 
were carried out on a titanium polycrystaLIjne 
sample and a nickd oxide (NiO) single crystal. The 
titanium polycrystal, from which Ti K, radiation at 
4.5 keV is emitted, should show no holographic 
features, and it was used as a reference to evaluate 
system stability, count-rate capability, and noise 
levels, while the NiO sample, from which Ni L,,b 
radiation at 0.55 to 0.86 eV is emitted, was used to 
test the feasibbilit-y of recording a hologram via these 
much lower energy Ni L-edge emission lines. 

A key requirement for any XFH experiment is the 
precise measurement of the normalized fluorescent 
x-ray flux from the sample. Ideally the overall 
stability should be 0.01% or 1 part in lo4, although 
somewhat less &an this is probably tolerable. Such 
precision counting must be efXected while the 
fluorescent flux varies by as much as 30 to 50% due 
to the decay of the electron beam in the storage ring 
and changes in sample seWabsorption as the sample 
is rotated with respect to the incoming beam. The 
beamdecay normalization procedure was evaluated 
by fixing the sample orientation and measuring the 
normalized Ti K, x-ray fluorescence signal over the 

normalized flux by taking the ratio of the x-ray 
fluorescence signal to the photocurrent from the 
titanium sample and allowing also for the 
appropriate dead-time correction as obtained from 
the acquisition soha re ,  showed that this signal 
varied by -1 part in IO'. Some improvement is thus 
needed in measuring h e  incident flux, with two 
future possibilities being to rotate the sample back to 
a fixed reference position periodically during a 
holographic scan; and to use an avalanche 
photodiode to record the magnitude of the scathed 
flux from a thin plastic foil placed dose to the 
sample. Another count-rate Limitjng problem was 
the rate-dependent pulse pileup characteristics of 
the Canberra Instruments detector and electronics. 
This instrument could count at a maximum 
throughput of 9 x 1 0 ' ~ ~ s  per channel with a dead 
time of 35%, with the dead-time correction showing 
marked nonljnearity with input count rate. This 
borrowed unit is thus far from stateof-the-art 

Lifetime of a storage ring fill. Dete * I g the 

regarding high rate, high precision spectroscopy, 
and we will in future pursue using muchhigher 
count-rate semiconductor detectors fabricated at 
Berkky Lab. 

The measurement of MDCH holograms at the Ti L- 
edge, whiIe novel and worthwhile, proved very 
challenging. The main problem was the large elastic 
scatter peak, which dominated the low energy 
fluorescence signal. To be successful, this 
experiment requires a more sophisticated detector 
technology, such a5 a next generation tunnel- 
junction-based spectrometer incorporating some 
kind of high energy prefilter to remove high-energy 
scattered radiation. 

Overall, the basic endstation and control software 
worked well and the system constructed in this 
project should provide an excellent development 
platform for future XFH experiments. Beamline 9.3.1 
will continue to be a useful source to evaluate each 
system upgrade, and the flux from the beamline has 
not been a limitation in any experiments to date, 
which are at present detector-rate limited. We have 
begun to address the detector and interference 
issues, and we have performed preliminary 
measurements using custom high-throughput pulse 
shaping elecb-onics designed by the Engineering 
Division Measurement Science group. 

Electron-Electron Interactions and 
Optical Properties of Materials 

Principal Investigators: Steven Louie and Marvin 
Cohen . 

Project No.: 99025 

Project Description 

This project consists of two major components: 

Quantum Coherence in Semiconductor 
Heterosfructures 
An experimenkd and theoretical study of coherent 
dynamics of light and excitons in a semiconductor 
heterostructure is performed. The key ingredient is 
f ie  exaton-exciton correlation, which affects the 
coherent spin dynamics of exatons. This study of 
the basic physical processes of optoelectronics and 
magneto-optoelectronics may be relevant to future 
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device applications which involve coherent 
quantum control. 

A fundarnentd theory of exciton-exaton correlation 
in terms of memory function, developed by L, Sham, 
T. Ostreich, and K. Schonhammer, is used by 
Ostreich and Sham to study further the coherent 
exciton dynamics at low densities. Emphasis is 
placed on understanding the intTinsic dephasing 
due to the exciton-exciton scatterings and the 
nonlinear optical processes beyond the third-order 
in the exciting field, The understanding of 
dephasing is crucial to the application of quantum 
coherence in seniconductors, and the theories which 
have been developed are either phenomenological 
or concerned with the mechanism of the electron- 
phonon interaction or disorder. The memory 
function theory of exciton-exciton correlation 
enables us to calculate the intrinsic dephasing 
beyond Ehe second Born approximation, A Gross- 
Pitaevskii Like equation of the coherent dynamics of 
exaton polarization has been established, which 
includes a correlation term. The equation is then 
solved to study the time and spatial evolution of the 
optically excited spin-dependent exciton coherence. 
As &put, both the non-perhrrbative computation of 
the exciton memory function in a lattice model (with 
Hubbard and long-range interaction) and model 
constructions of the memory function satisfymg a 
number of s u m  d e s  are used. The latter has the 
simplicity that makes it promising as a tool for 
interpreting experiments, 

In collaboration with the experimental group of 
Daniel Chemla, the higher order (in exciting 
electromagnetic field) effects onnonlinear opticd 
processes, including pump-and-probe and six-wave 
mixing are studied. The nonlinear processes in a 
microcavity where the photon-exciton interaction is 
enhanced by photon confinement have also been 
explored. 

Strongly Corre fated SmjCOndUCtOrS 

Another activity is the exploration of possible 
electronic ferroelectrics and other related 
semiconductors with strong electron correlation. 

Massimo Rontani performed a comparative study of 
h e  current across the interface between a normal 
metal and a strongly correlated semiconductor (a 
Kondo insulator or an elechonic ferroelectric) and 
between a normal metal and an ordinary 
semiconductor. He studied the effect of both h e  
density of states and the wave function coherence on 

the I-V characteristics and on the thermoelectric 
properties. The effects of model defects in the 
interface region have also been examined. 

Po-Chung Chen, Thomas Ostreich and Lu Sham 
worked on solutions of the Falicov Kimball model 
,beyond the mean-field approximation. The model 
con& interaction between a broad band of mobile 
electrons and a narrow band of localized electrons, 
as well as the strong Hubbard repulsion between 
two localized electrons on the same atom. In the 
mean-field approximation, the model is h o r n  to 
lead to a ferroelectric state. Other workers' 
observations that the localized electTom may be 
treated as a con€iguration of charges to provide a 
classical potential for the broad band electrons had 
led to computations of exact ground states. These 
ground states provided no coherent features of an 
exaton condensate and seemed to contradict the 
results of the rnean-field approximation. Sham's 
current analytical and numerical solutions of the 
model show that in the spin one-half case, with 
either the broad band either hal€-filled and the 
localized electrons singly occupying a l l  available 
sites or with the broad band completely filled and 
no localized electrons, the ground state may be an 
excitonic insulator. 

Accomplishments 

Quantum Coherence in Semiconductor 
Heterosfructures 
The Gross-Pitaevskii equation, including correlation, 
was constructed, An important result of &e first- 
principles computation of dephasing is that in GaAs 
the intrinsic dephasing time is of the same order as 
found by experiment. From this, it is inferred that 
the inhksic dephasing time is of the same order as 
h e  dephasing due to extrinsic causes. From the 
numerical simulations of the timedevelopment of 
the optically excited exciton polarization we 
discovered an oscillation, which we showed by 
analytical solution of small oscillations about a 
slowly varying nonequilibrium decay to be the high 
frequency branch of the collective modes of the 
exciton branch. The low frequency branch is the 
Goldstone mode, There is also a corresponding spin 
osdation mode. Thus, the exciton polarization may 
be inferred as behaving like a Bose-Einstein 
condensate. 

Professor Chemla's group has utilized the strong 
exciton binding in ZnSe to study the exciton 



interaction effects in a series of experiments. (1) 
They have found coherent oscillations in a pump- 
and-probe experiment of a single quantum well. 
This can be explained in terms of a bound biexciton 
using the averagepolarization model, which can be 
obtained from the memory function by a single 
frequency spectrum. (2) When the ZnSe quantum 
well was placed in a mimocavity, the 
experimentalists found direct evidence of 
antiparallel biexciton as a third peak in the pump- 
and-probe spectrum, in addition to the two 
polariton peaks. The spectrum is in good agreement 
with theory. (3) The experimentalists have also 
measured strong six-wave mixing signals in various 
configurations of polarizations of the excitation and 
test laser beams. Theory is used to sort out the 
contributions from a l l  possible polarization 
configurations to fifth and seventh order in h e  
exciting field. Experimental results show that 
seventh order terms are present, but there are 
quantitative discrepanaes in fhe frequency spectra 
in some key polarization configurations between 
experiment and Computation, which uses a 
decoupling approhation exact to third order in the 
exciting field (but does possess some of the higher 
order terms). This exciting finding shows, in 
particular, an important six-particle correlation 
unaccounted for by current theory. 

. 

Sfrongly Correlated Semiconductors 
The effort on the thermoelectric properties of 
junctions between metal and strongly correlated 
semiconductors has shown that the electronic 
ferroelectric and the Kondo insulator show 
thmoelectric behavior distinct from the ordinary 
semiconductor, They have high thermoelectric 
figure of merit and are less affected by interface 
defects than ordinary semiconductors of comparable 
band gaps. 

Chen, Ostreich and Sham carried out both analytical 
and numerical exact solutions of the Falicov-Kimball 
model. It is shown that in the spin one-half model, 
khe exact ground state is an electronic ferrodectric 
for two cases: (i) with the broad band either haU- 
filled and the localized electrons singly occupying 
al l  available sites and (ii) with the broad band 
completely filled and no localized electrons. In case 
(i), the divergence in the electric susceptibility, 
which leads to h e  ferroeleckicity, has the same 
physics as the Fermi edge singularity (the Mahan 
eEect). In case (ii), it is just a special case of the 
excitonic insulator, 
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11,1999). 

discovery of materials with the most exciting and 
useful properties. 

Synchrotron-based IR beamlines are considerably 
brighter than conventional (thermal) IR sources. At 
present Beamlines 1.4.2 and 1.4.3 make use of the 
high brightness of the ALS to perform room 
temperature IR micro-spectroscopy using a Bruker 
IFS 66v/S spectrometer, We propose acquisition of a 
cryostat, reflection optics, and a visible-light 
interferometer to enable variabIe-temperature 
reflection and transmission spechoscopy as well. In 
collaboration with J d s  Research Company we will 
use a Liquid helium refrigerator designed to meet the 
demands of IR reflection spectroscopy, It will allow 
vertical positioning of up to three samples (typically 
one reference and two samples), as well as rotational 
alignment of the sample with respect to the IR beam, 
To measure reflectivity accurately, the reference 
mirror and the sample surface must be precisdy 
coplanar. An external interferometer will permit 
precise alignment and coplanarity of the sample and 
reference. 

Accomplishments 

The beginning of this project in FY99 accomplished 
the following: 

Infrared Spectroscopy of Complex 
Materials 

Principal Investigators: Joseph Orenstein 

Project No.: 99026 

Project Description 

Infrared (IJX) spectroscopy is a powerful probe of 
new materials, enabling, for example, the discovery 
of gap-opening phase transitions and "pseudogaps" 
above the transition temperature. The goal of this 
project is to estabhh a capability for Tx reflection 
and transmission measurements at the Advanced 
Light Source (ALS) and initiate &e first experiments. 
IR spectroscopy will function synergistically with 
the angle resolved photoemission spectroscopy 
(ARPES) program at the ALS. ARPES is a powerful, 
but time intensive, technique. Characterization by IR 
spectroscopy can dramatically shorten the time for 

Successfully recruited student Chris Weber, 
who has extensive experience in far-m 
spectroscopy, to work together with Michael 
Martin on the project. 

ALZ the component parts have arrived and 
have been tested: cryostat, cryostat- 
spectrometer interface, Hecooled bolometer, 
and sample mounts. 

Detailed characterization of the substrates 
that the thin film samples will be grown on 
has been performed. The substrates were 
found to be s a c i e n t l y  transparent to permit 
transmission measurements from ~ O a n - '  to 
200 cm-l, which is the region o€ interest. 

Chris Weber and Michael Martin have begun 
to perform transmission spechoscopy on 
oxide materials, namely the bismuth-based 
high-T, superconductor and SrRuO,, which is 
a ferromagnetic ruthenate. 

0 

0 



Publications 

Weber, Martin, Orenstein, Dodge, Reiner, "Nan- 
Fermi Liquid Charge Dynamics in Strontium 
Ruthmate," (in preparation), 

Investigation of Quantum Well States 
in Magnetic Nanostructures 

Principal Investigators: Zi Qiu 

Project No.: 98041 

Project Description 

Quantum Well (ow> states plays an important rale 
in many fashatjng phenomena. In layered 
structures, QW states manifest as the film thickness 
shr inks into the scale of electron wavelength. 
Because of the short wavelength of electrons in 
metals, f i h  thickness in a metallic nanosrncture has 

4 

w v = l  

t Cu Thlckness 

to be conholed on the atomic scale to realize w d -  
defined QW states. While such a short length scale 
challenges experimentalists to realize metallic QW 
states, it produces QW energy separations greater 
than the room-temperature thermal energy, This 
property has important technological application 
'potential as the ideal device-working-temperature is 
room temperature. 

Photoemission is currently the most direct 
experimental technique for QW study, as QW states 
can be easily identified as peaks in the 
photoemission spectrum. To have a systematic 
photoemission study of metallic QW states at the 
atomic scale, we performed photoemission on 
wedged sample, which can control Elm t h i h e s s  
ConhuousIy. Wedged sample, however, requires a 
local probe, which is not common in photoemission. 
The B e d e  7.0.1.2 at the Advanced Light Source 
(ALS) has the capability of fine photon beam size 
( 4 0  to 3 O O p m )  with high brightness (>lou 
photons/sec at resolution power of 10,000). This 
unique capability makes it possible to perform 
photoemission experiments on wedged sample, 

cu 

Ni 

cu 

"-lu--Luw 
Figztre 2. A double-wedged sniizpple zvliich RIIOZUS the iizdepeizdeizt ztnrifltiioii oJEhe Cu 
thichzess mid the Ni position inside the Cu. 

92 Mt-ihrinls Sciences Division 



M 2  p4 v = l  

t Cu Thickness (ML) 

-1 0 0 10 
NI Posltlon (ML] 

Figwe 3. Photcteniissionfrorn the double-zvedged sample in Figure 2. Nodnl sfnicfitre of 
the QW stntes cnii be clearly seen. 

Accomplishments 
Current investigation on QW states jn metallic 
nanoshctures focuses on the peak positions in an 
energy-thichess plane. To have a deep 
understanding of the QW nature, it is mad to 
obtain the depth profile of the QW wavehnction. 
We performed such experiments at h e  ALS to 
reveal the nodal structure of QW states in Cu thin 
film grown epitaxially on Co(100). 

The idea is simi lar  to the case of probing the nodal 
structure of a vibrating string. With a finger 
sweeping through the strhg, the standing wave will 
respond differently as the finger touches &e node 
and antinode, respectively. In OUT experiment, the 
standing wave o€ the string is the QW wave of the 
eleckons inside a Cu film. Because t h i s  "siring" is 
only -one nanometer long, we employed one layer 
of Ni atoms as a thin "finger" to play this QW 
"sbing." To systematically sweep the Ni "finger" 
across the nanometer-long Cu QW, we aeated a 
double wedged sample as shown in Figure 2. Two 
identical Cu wedges were created at 90-degrees with 
a one monolayer Ni film inserted in between. This 
sample geometry has the advantage of varyjng the 
Ni position while fixing the Cu t h i chess  (along BD, 
see Figure 2) or varying the Cu fhickness while 
fixing the Ni position (along AC, see Figure 2). 
Photoemission at the Fermi level is shown in Figure 
3. Along f ie  AC direction, we observe the intensity 
oscillation with a periodicity of 5.6 ml Cu thickness. 
This is the QW states observed before. Along the BC 
direction, we observed the QW nodal structure 
revealed by the Ni probe layer. 

Publications 
R. K. Kawakami et nl., Nnhtre 398,132 (1999). 

Result of this work was reported as an  invited tallc 
in the 1999 International Conference on Magnetics, 
and will dso be presented as an invited talk in the 
ZOO0 APS March Meeting. 

Spatially-Resolved Residual Stress 
Characterization af Microstructural 
Dimensions 

Principal Investigators: Robert Ritchie and Howard 
Padmore 

Project No.: 99027 

Project Description 
There is a wide variety of problems in materials 
science that have eluded ~LIU understanding due to 
an inability to experimentally characterize the local 
residual stresses at spatial dimensions comparable 
to, and below, microstructural size-scales. These 
stresses are important as they are additive to any 
applied stresses, and thus criticalIy affect any local 
defect mobility, deformation, and fracture behavior, 
As no techniques to date have been capable of 
quantifymg the magnitude and gradient of such 
residual stresses over micron-sized dimensions, this 



work is focused on the development of experimental 
methods and analysis for th is purpose through the 
use of ultrahigh-brightness, x-ray micro-diffraction 
techniques at the Advanced Light Source (ALS), and 
the application of such techniques to several critical 
problems in materials engineering. The ALS 
provides the unique ingredient here due to its ability 
to produce high photon fluxes over spot sizes of 
micron dimensions; thus permitting stress and strain 
measurements within a single microshuchzral 
feature. 

The approach has been to establish and calibrate 
(against known standards) the experimental setup 
and procedures, and then to apply the technique to a 
wide range of applications. During the past year, we 
have investigated the problem of residual stresses in 
the immediate vicinity of impact sites due to foreign 
object damage. Future applications will include such 
projects as the identification and quantification of (1) 
processing-induced residual stresses in the 
nanometer-thick grain-boundary fiIms in ceramics, 
(2) defect structure transport in Al-Cu interconnects 
in integrated circuits, and (3) local stress gradients at 
rnakix/reinforcement interfaces in composite 
materials. 

It is believed that the ability to measure the 
magnitude of peak residual stresses over 
microstructural dimensions, and to quanhfy the 
gradient of such stre5ses near specific 
microstructural features, would provide new 
mechanistic insight into the local and global 
structural properties of a wide class of materials. 

Accomplishments 

The quantification of residual stresses is difficult at 
any dimension. However, over microstructural size- 
scales, exisking experimental techniques are severely 
limited in spatial resolution. For example, the most 
common procedure, that of x-ray diffraction, 
typically suffers in this respect from a lack of 
brightness. Conventional systems utilize a photon 
flux of -lo5 to I O 6  ph/sec, but over a spot size on the 
order of millimeters; these techniques can be 
modified for micro-diffraction with spot sizes down 
to -50 p, but then are limited by a v a y  low photon 
flux. These Limitations in the ability to characterize 
local stresses can be readily overcome by employing 
diffraction measurements using a focused ultrahigh 
brightness souce of x-ray radiation, such as that 
provided by the Advanced 'Light Source (ALS). The 
ALS is capable of producing high photon fluxes 
(-10' ph/sec) over micron-dimension spot sizes, 

such that measurement of residual stress gradients 
over micron-sized dimensions, and within 
individual microstructural entities such as a gain or 
precipitate, are now a real possibility. To aid in the 
development of the techniques and experimental 
procedures to effect such measurements, and to 
apply them to the characterization of residual 
stresses affecting defect behavior, deformation and 
fracture events n f  microstrticfion2 sire-scnks has been 
a major objective of this work. 

Our initial studies have focused on the problem of 
measuring the local gradients in residual stresses in 
impact damaged Ti- and Ni-base alloy turbine 
blades subjected to foreign object damage. This has 
involved the development of comprehensive 
calibration techniques on well-defined standards to 
establish h e  validity of the technique, and 
refinement of this technique to the problem of 
impact damage, To this end, initial synchrotron 
experiments have been conducted at the Stanford 
Synchrotron Radiation Laboratory (SSRL). 

The calibration technique involves an in sihr 
straining jig mounted in an x-ray Wactometer, 
capclble of applying strain to a known standard, 
where the amount of applied strain is measured 
directly from a strain gauge mounted to the 
standard. At each applied strain leveI, the 
corresponding peak shift in the diffraction pattern 
can be compared to the unstrained peak position 
and the x-ray determination of strain can be 
compared to the strain gauge measurement [Figure 
4a). In the current setup, the applied strain (as well 
as the strain measured by the strain gauge) is 
perpendicular to the surface normal strains 
measured by x-ray *action and hence the 
comparison must include h e  proper Poisson's 
scaling ratio. These studies on the calibration 
technique have indicated the strain resolution is 
-IO4, which is more than adequate to characterize 
failurecritical stress gradients. 

Foreign object damage (FOD) is an acute problem in 
gas-turbine blades, where small particles ingested 
by gas-turbine engines can result in local 
microshuctural damage on the blades, leading to the 
initiation of fatigue cracks and eventual failure of 
the engine. This is currently a major, if not the 
leading, cause of engine failures in high- 
performance gas turbines. To simulate FOD, a 
damage site was created by firing a 3.1-mm 
diameter Cr-hardened steel ball onto a specimen of 
titanium blade alloy, Ti-6A1-4V, at velocities of 200 
to 300 m/s using an automated, high-velocity, 



compressed air gun facility. This damage site was 
then probed using the avdable macro-diffraction 
b e a d h e  2-1 at SSRL. A coarse x-ray beam, 1 mm 
wide, was used to probe next to the 2 lfun diameter 
crater left by the impact (Figure 4b). The probe was 
stepped incrementally away from the edge of the 
crater in increments of 0.5 nun. When compared to 
peaks horn the back side of the same specrimen (in 
the unstrained condition), the peaks horn the 
foreign object damage show both compressive and 
tensile residual strain fields dependirtg on the 
position of the probe (Figure 4c). This very 
interesting result indicates that not only does the 
magnitude of the corresponding stresses change 
across the gradient, but that the sign of these stresses 
change as well. This finding was verified using 
finite-element andysis of the residual deformation 
associated with the indentation. Experiments and 

analysis indicate that within the gradient of the field 
left by the indent, there exist local regions of both 
tensile and compressive stress. Sped€ically, we find 
b e e  primary regions of local tensile stress: at the 
base of the indent, at the edge (rim) of the indent, 
and a short distance away on the surface. 
Subsequent experimental high-frequency fatigue 
testing of FOD-damaged samples indicated that 
these were precisely the regions where fatigue 
cracks were initiated. These results provide critical 
insight into the conditions that cause ma& 
formation and eventual failure due to foreign object 
damage, While the datively aude 1 mm spot size 
available at SSRL was useful as an initial probe of 
this phenomenon, the need for a well-resolved 
delineation of these stresses is apparent. The 
microd3fraction capability being set up at the ALS 
will provide the pivotal role in this regard. 

Incideut 

Publications 

B.L. Boyce, A.W. Thompson, 0. Roder, and R.O. 
Ritchie, "Measurement of Residual Stresses in 
Impact-Damaged Ti-6A1-4Vf" Proceedings of the 
Fourth National Turbine Engine High Cycle Fatigue 
'(HCF) Conference (1999). 
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Electron Spectroscopy of Surfaces surface electron spectroscopy could only be 
aerformed in h i E h  vacuum conditions. 

Y 

under High Pressure Conditions 
Accomplishments 

Principal investigators: Miquel Salmeron, Zahid 
Hussain, and Charles Fadley 

Project No.: 99028 

First, an environmental cell to perfom 
environmental studies of water adsorption on solid 
substrates has been built. Near Edge X-Ray 
Absorption Fine Structure (NEXAFS) studies of the 
absorption of water on mica have shown the 
presence of a peak in the total electron yield (TEY) 
spectra that is characteristic of the water monolayer 
in equilibrium with the vapor up to 4.5 torr. This 
peak dowed us to study equilibrium adsorption 
isobars and isotherms. 

Project Description 

The goal of this project is to build a special 
environmental chamber to perform studies at the 
liquid-gas and solid-gas interface at high pressures 
(up to 20 torr), using the high beam intensity of the 
synchrotron radiation at the Advanced Tight Source 
(ALS). In its first phase, it will be applied to the 
study of the surface structure of ice near the melting 
point. The existence of a liquid-like layer on the ice 
surface at temperatures well below it5 triple poht 
plays an important role in a wide variety of 
phenomena, such as ozone depletion in the upper 
stratosphere, acid rain, and the reduced friction of 
ice near its melting point. In mother important 
application, the chamber and spectromekr should 
be invaluable in studies of catalysis, biological, and 
environmental sciences where surfaces are exposed 
to high pressure of gases or liquids. Until now, 

Second, we have obtained the &st fluorescent yield 
NIXAFS spectra of liquid water and liquid-like 
water on ice in equilibrium with water vapor at 0.09 
torr. The different coordination of water in the 
disordered liquid state is rdected in the presence of 
a distinct peak near the threshold, which is not 
present or much weaker in mystalline ice. The 
thickness of the liquid-like layer is seen to increase 
as the temperature approaches Doc. 
Third, we have designed and constructed a unique 
lens system that serves also as a dif€erentially 
pumped stage for the performance of x-ray 
photoemission spechoscopy (XPS) at high pressures 
(up to - l D  torr). The system is currently in its testing 
stage at the ALS. 

530 535 540 545 550 555 560 565 570 

1 535 540 545 550 555 560 585 ! 
incident pholon energy (ev) 

F i g w e  5. Fluorescent yield N E W 5  
s p e c h  of zvnter nrzd ice at 11or711nl 
iizcidetzce of t he  x-ray benm nizd gmziizg 
fliioresceiice 

0 

Mnterinls Sciences Divisioii 



Direct Measurement of the Force 
Field Between Mesoscopic Objects 
and Single Atoms 

Principal Investigators: Miquel Salmeron and D. 
Frank Ogletree 

Project No.: 99029 

Project Description 

The aim of this project is to develop techniques for 
&e direct measurement of forces and force gradients 
acting between a mesoscopic object and single atoms 
or molecules adsorbed on various substrates. The 
mesoscopic object is the sharp tip (of nanometer 
dimensions) used in scanning tunneling microscopy 
(STM) and atomic force microscopy (AFNS). The 
forces are responsible for the attraction, repulsion, 
energy transfer, and dissipation processes that 
govern chemical bonding, friction, magnetic 
properties, etc. Measuring lhhese forces will help to 
understand the mechanism for manipulation of 
matter at the atomic and nanometer scales. 

Accomplishments 

An analog electronic, phaselocked loop control for 
the detection of the amplitude, phase, and frequency 
shifts of an oscillating AFM/STM tip due to tip- 
surface forces has been constructed. With this 
prototype, several experiments were performed in 
air and also in ultrahigh vacuum. These experiments 

have helped to understand and to determine basic 
parameters of the new operation mode in non- 
contact A.FM. The results of the experiments are 
being used in shulat ions to optimize the design for 
the next generation of totally digital instrument now 
under construction. 

Secondly, we perfonned measuremat in dc mode 
of the tip-surface force acting on the STM tip while 
imaging. The force at step edges and over 
adsorbates was found to change by a few 
nanonewtons and is thought to originate from 
electrostatic dipolar fields localized around step and 
adsorbate atoms. This is the first time that the forces 
acting during STM imaging have been measured 
directly. 

Finally, we have developed a RungeKutta 
simulation of the oscillation of a tip in proximity to a 
surface, and used t.he simulated photodetector signal 
as the input to a separate simulation of the 
demodulator circuit, The demodulator simulation is 
capable of locking into the resonance fcequency of 
the cantilever, and tracking variations of the 
resonance frequency and osdation amplitude. The 
simulation is also capable of controlling either h e  
oscillation amplitude or the oscillation phase. In 
addition, h e  recorded signal of a real lever ha5 also 
been used as the input to the demodulator 
simulation, with similar results. The demodulator 
simulation is a software replica of h e  digital 
demodulator that can be built into hardware. The 
software algorithms that are used to implement 
feedback cart be directly applied to digitid signal 
processor (DSP) hardware. 

Vertical forces sensed over steps 
in P+Iq I I \  ... . I.. . .' 

Higher force at steps edges: 
AF = 4 nN (Az= 0.5a) 

Figwe 7. 

Publications 
Article on direct measurement of forces over Pt(ll1) 
steps and adsorbates (in preparation). 



Single Molecule Protein Dynamics 

Principal Investigators: Shimon Weiss, Peter 
Schultz, Carlos Bustamante, and Phil Dawson 

Project No.: 99030 

Project Description 

This project seeks to study conformational changes 
and folding/unfolding pathways of single 
macromoledes by novel single molecule 
fluorescence speckroscopy techniques. Fluorescence 
resonance energy transfer (FRET), which measures 
the proximity betureen two fluorophores, is used to 
measure distance changes, and therefore 
conformational dynamics, between two points on a 
rnaaomolecule. This distance serves as a reaction 
coordinate for foldjng/unfolding, denaturation, and 
charge screaing reactions. Performing such 
measurements on the single molecule levd has 
important advantages over conventional ensemble 
measurements, since they resolve and quantitatively 
compare distinct sub-populations of conformational 
states, otherwise invisible at the ensemble level; and 
resolve dynamic confornational changes, ohherwise 
hidden at the ensemble level because of lack of 
synchronization. 

Two kinds of molecules have been investigated: 
single stranded DNA @-DNA) and the protein 
Chymotrypsin Inhibitor 2 (CD). In the first 
experiment, ss-DNA is used to study the statistical 
and dynamical properties of a short polymer, with 
only very few Kuhn segments. While the 
conformational statistics of long single and double 
stranded DNA have been studied extensively using 
ttaditional methods such a5 sedimentation vdoaty, 
light scattering, and optical tweezers, hese methods 
are inadequate for the studies of polymers on the 
IOOA scale, far horn the infinite chain limit; 
Properties such as the persistent length and the 
characteristic ratio of DNA oligonucleotides in this 
distance range (15 to 60 bases in length) change 
sigruficantly with inaeasing chain length. While 
models have been proposed to calculate the end-to- 
end distance distributions and scaling properties in 
such oligonucleotides, they have not been 
systematically tested experimentdy. Such scaling 
issues and the effects of solvent environment on the 

polymer conformational properties are being 
studied. 

The molecule CI2 is used for shgle-molede protein 
folding experiments. The problem of protein folding 
is of great sigruficance from both fundamental and 
practical points of view. The question of how a 
relatively unstructured protein in its unfolded state 
finds its way through a huge conformational space 
to a small ensemble of structures that is the native 
skate is one that has fascinated physicists, chemists, 
and biologists for many decades. Furthermore, the 
w e n t  effort in genome research is producing 
massive quantities of protein sequence information 
that needs to be converted into structural and 
hctional information. A detailed understanding of 
protein folding mechanisms is therefore a very 
important piece of this puzzle. Although much has 
been learned about the issue, especially in the last 
decade, the complexity of protein structure 
precludes detailed studies from being carried out 
using ensemble methods. These methods lose a lot 
of the dynamic and stochastic information that is 
both fascinating and crucial to the understanding of 
the physics of protein folding mechanisms. 

Accomplishments 

SS-DNA: 

We used computer simulations to design Lirst- 
generation constructs and experiments, We 
synthesized various ss-DNA constructs and site- 
specifically labeled them with donor and acceptor 
dyes. Single pair FXET (spPRET) experiments were 
performed and polymer mean end-to-end distances 
were extrackd. We are currently comparing the 
results to theoretical mod& used in the simulations. 

Conrptiter niodeZiiig: The means and distributions of 
end-to-end distances in ss-DNA are sensitive to the 
conformations of the chain monomers and 
intrastrand interactions, Simulations have been 
carried out using a rotational isomeric state model to 
predict the effects of numbers of monomeric units 
on fhe end-to-end distance means and distributions. 
Based on these calculations, we have chosen to 
study poly(dT) strands in the 15 to 60 base range. 
(Thymine was chosen as the base in order to 
minimize secondary structure within the strand and 
for synthetic considerations.) The theoretical models 
also assist in analysis of the effects of changes in the 
constructs on the observed distances. 

Synthesis of oligmicleotide consttucts: These 
experiments require ss-DNA site-speci€ically labeled 
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with donor and acceptor dyes. Oligonucleotides 
with two orthogonal reactive groups, a thiol and w 
amine, were synthesized using standard 
oligonucleotide synthesis techniques. TMR, the 
donor, and Cy5, the acceptor were attached to &e 
thiol and amine respectively. 

SiizgZe nzolecide experimerzts: Whi le  mean FEET 
efficiencies can, in principle, be measured using 
ensemble fluorescence methods, donor-only 
impurities in the samples skew the n~~~&ers .  In the 
case of the ss-DNA samples, the purification 
efficiency is dependent on the number of monomeric 
units. Hence, even measurements o€ mean end-to- 
end distances of the series of DNA molecules are 
complicated at ensemble resolution. In single 
molecde measutemafs, however, donor-only 
impurities are seen as a separate peak with a FRET 
efficiency close to zero, allowing "electronic 
purification" of the sample. 

Diffusion sp-FRET measuremmb were carried out 
on h e  ss-DNA molecules as a function of polymer 
length (number of bases) and salt concentrations. 
Here, both ,the scaling properties and the effects of 
counter-ion screening on the DNA conformations 
are being investigated, Initially, (dqz0 and (dT),, 
were studied, and changes in the FRET distributions 
were observed as a function of salt and polymer 
length. The measurements for (dT),, and (dT),, 
clearly show that ss-DNA is a polymer that spends 
most of its time in a disordered form, and that it is 
becoming stiffer as the polymer gets shorter (the 
persistent length gets longer as the polymer gets 
shorter). We also find that the ionic strength 
dependence of the persistent length for short ss- 
DNA is different from that of a double stranded 
DNA. 

CD: 

We chose CI2, a well-studied two-stake folder, as a 
model system for single-molecule protein folding 
experiments. We generated site-specifically donor- 
acceptor labeled protein for single molecule FRET 
studies and carried out preliminary experiments 
using diffusion spFRET methodology. We are 
currently developing non-perturbative surface 
immobilizationmethods, which WilI allow us to 
perform spFRET folding studies of immobilized 
molecules. 

Protein nzoZecules: Chymotrypsin Inhibitor 2 has been 
studied extensively using ensemble experimental 
methods (Fersht and coworkers) and theory. It 
shows relatively simple two-state behavior. Its 

stability can be changed conveniently by single 
changes in the sequence (point mutations), and it is 
small enough to be conveniently made using semi- 
synthetic methods. The protein was made using 
ligation methodology, the donor was incorporated 
during the synthesis, and the acceptor attached 
using the single cyteine at position 40. Site-speciEic 
labeling was confirmed using mass spectral analysis. 
The structure of the protein construct and location of 
donor and acceptor are shown in Figure Sa. 

Diffiisiorr spFRET experinzeiits; The donor-acceptor 
labeled protein was studied at single molecule 
resolution, using the ratiometric diffusion spFRET 
technique that was recently developed in our lab. 
This method minimizes the perturbations due to 
surface interactions, a problem that is commonly 
encountered in single molecule experiments. 
Fluorescence busts from sjngle, freely diffusing, 
donor-accep tor labeled protein molecules in solution 
are analyzed to idenbfy and quantify folded and 
unfolded protein sub-populations a5 a function of 
guanidine concentration. Sample FRET histograms 
are shown in Figure 8b. These data were used to 
calculate a denaturation curve, which is shown in 
Figure Sc. A destabilized mutant of the protein was 
also examined; the observed changes in the 
folded/un€olded sub-populations with denaturant 
concentration and protein stability are consistent 
with literature ensemble measurements. The first 
two moments of the FRET distributions of folded 
and unfolded sub-populations were analyzed (peak 
position and width) and pair distances and 
potentials for folded and unfolded sub-populations 
were extracted. These measurements seem to 
indicate that the unfolded population has a broader 
distribution and more extended conformation at 
higher and higher guanidine concentration, We are 
currently analyzing the experimental distributions 
to separate out- contributions horn factors extrinsic 
to the folding process itself (such as relative dye 
orientations and photophysical properties of the 
dyes). 

These studies demonstrate the feasibility and the 
power of single molecule techniques for the study of 
protein folding. They provide benchmark single- 
molecule folding data and give confidence in 
exploring other methods such as experiments on 
single immobilized protein molecules. 

biziizobilizntioir tiretl~ocls: We are currently exploring 
two options for protein immobilization-surface 
and gel immobilization. For this, both confocal 
scanning and chargecoupled device (CCD) camera 



imaging methods are being used. For gel 
immobilization, experiments are being carried out to 
determine o p h a l  gel materials (polyacrylamide, 
agarose, etc.), gel pore size, efc. Par the surface 
immobilization, new surface chemistries are being 
developed to achieve pratein attachment, while still 
mhimizhg non-spe&c interactions between the 
protdn and the surface. A n  attractive possibility is 

to use a mono-layer of polyethylene glycol on the 
glass surface, which ha5 been previously shown to 
prevent protein adsorption. A low concentration of 
reactive groups on the surface wil l  be used to attach 
handles for protein Fmmobilization. Fast mixing 
techniques have been developed to initiate 
folding/unfoldhg in this immobilized fomat. 

M IU n4 ofi an in 
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Possibility of Very High Temperature 
Superconducfiviiy using Cage 
Molecules 

Principal Investigators: Alex Zettl 

Project No.: 99031 

Project Description 

This project will explore the possibility of high 
temperature superconductivity in a carbon cage 
molecular solid C3@ Theoretical predictions suggest 
that very high T,s are possible in this pure-carbon 
system. Other cage-based systems, such as those 
based on carbon/nitrogen, will also be synthesized. 

The approach is to synthesize, and form into a solid, 
a small-cage molecule based on carbon (or carbon 
together with, for example, boron or/and nihogen), 
with sufficient curvature and density, and with 
appropriate quantum states, to yield high-T, 
superconductivity. To many organic chenists,.this 
idea may appear outlandish, as the C,, cage 
molecule is already a highly strained molecule and 
is the smallest purecarbon molecule that satisfies 
the "isolated pentagon rule." Pentagons introduced 
into h e  (originally flat) hexagonal structure of a 
graphite sheet generate finite curvature, and with 12 
pentagons a closed cage structure is possible. The 
lowest strain energy results i f  the pentagons are 
isolated, Le. each pentagon is surrounded only by 
hexagons. Going below 60 carbon atoms invariably 
results in the energetically unfavorable condition of 
some pentagons adjacent to one mother. 
Consequently, it has generally been accepted in the 
carbon cluster community hat carbon cage 
molecules smaller than C,, are not stable. 

A method recently developed by the PL for the 
synthesis o€ C,, molecules wiU be scaled up to 
produce bullc quantities of purified C,, and da ted  
materials. These materials will be characterized via 
structural, optical, electronic, and other means, 
including Advanced Light Source-related 
spectroscopies. 

Accomplishments 

The properties of a new carbon molecular solid, C36, 
have been investigated. A method has been 
developed which charges C,, n10kde5 in the solid 

(via alkali doping) and reduces the binding energy 
between molecules. This is an important 
development for C,, evaporation and h t h e r  
characterization. The magnetic and transport 
properties of 
high-sensitivity Superconducting QUantum 
Interference Device (SQUID) and electrons in response 
(ESR) measurements, thin Elm resistivity, resistivity 
under hydrostatic pressure in a diamond anvil cell, 
and resistivity for alkali doped films. Some of the 
transport measurements below 50" K are anomalous 
and suggestive of high-temperature 
superconductivity. Further tests are needed before 
definitive conclusions can be reached. 

The electronic structure of c 3 6  molecules and 
clusters has been investigated by scanning tunneling 
spectroscopy; and comparisons to theoreticd 
predictions have been made, 

powder have been determined via 
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J. C .  Grossman, C. Piskoti, and A. Zettl, 'Molecular 
and Solid Cj6," Firllemies nnd Nnreahibes, R. Ruoff, ed. 
(in press). 

A, Zed, "New Carbon Materials," MCG~RW Hill 
Yenrbook of Science b Teclmolopj (McGraw Hill, 1999) 
(in press). 



Improved Temporal Resolution in 
Femtosecond X-Ray Spectroscopy 

Principal Investigators: Robert Schoenlein, 
Alexander Zholents, 
Heimann 

Project No,: 98023 

M a x  Zolotorev, and Philip 

Project Description 

We propose a novel technique for generating 
femtosecond x-ray pulses from the Advanced Light 
Source (ALS). This will improve the temporal 
resolution available at an existing bend-magnet 
beamline from 30 ps to -250 fs. The availabiliky oE 
ultrashort x-ray pulses from a synchrotron source 
will open new areas of research in physics, 
chemistry, and biology by allowing the motion of 
atoms in materials to be directly probed on the time 
scale of a vibrational period which is the 
fundamental time scale for structural dynamics, 
chemical reactions, phase transitions, etc. High- 
brightness femtosecond x-rays wil l  allow 
researchers to combine powerful x-ray structural 
probes such as *action and extended x-ray 
absorption fine structure (EXAFS), with ultrafast 
pump-probe techniques. In addition to being a 
sigruhcant capability enhancement of the ALS, this 
proposal is animportant first step toward the 
devdopment of a fourth-generation Sy~ichrOtrOn 
light source providing two-to-three orders of 
magnitude improvement in time resolution over 
existing synchrotron sources. The main components 
(femtosecond laser system and modifications to the 
ALS storage ring) are already in place, and 
considerable progress has been made toward the 
development of the source. This project seeks to 
complete the development and characterization of 
the femtosecond x-ray source. We expect that a 
successful demonstration of this source will serve as 
the basis for proposing construction of a beamline 
specifically for femtosecond x-ray science at h e  
ALS. 

The temporal duration of synchrotron light pulses is 
determined by the duration of the stored electron 
bunches, typically >30 ps. We propose to reduce the 
duration of the x-ray pulses by more than two 

orders of magnitude by sdecting radiation which 
originates h m  a short (-1DD fs) temporal slice of the 
electron bunch. Such a slice can be created through 
the interaction of a femtosecond laser pulse co- 
propagating with an electron bunch in an 
appropriate wiggler. The high electric field of the 
laser pulse modulates the energy of a slice of the 
electron bunch. The accelerated and decelerated 
electrons are spatially separated from the main 
electronbunch by a bend-magnet. Femtosecond 
x-rays will be generated at an existing beamline by 
imaging the synchrotron radiation from the 
displaced femtosecond electron slice. Initial 
measurements of the pulse duration will be made by 
cross-correlating visible light horn the beamline 
with laser pulses in a nonlinear crystal. 

Accomplishments 

We have demonstrated, for the first time, the 
generation of femtosecond synchrotron pulses horn 
a storage ring. We have developed sensitive 
diagnostics for monitoring the interaction between 
the laser and the electron bearn. The strength of the 
interaction is evaluated by measuring the gain 
experienced by the laser beam passing through the 
wiggler, equivalent to the single-pass gain in a hee- 
electron-laser (EL). The agreement between the 
measured gain and theoretical predictions (based on 
known parameters of the electron beam) 
demonstrates that the interaction between the laser 
and the electron beam is nearly optimal. We have 
made detailed measurements of the femtosecond 
time structure created in the stored electron bunch 
by a femtosecond laser pulse, and manifest in the 
synchrotron radiation horn an ALS bend-magnet 
beamline. This was accomplished by cross- 
correlating visible Light from the beamline with -50 
fs pulses hom the laser in a nonlinear crystal. Figure 
9 shows two such cross-correlation measurements. 
The first measurement (Figure Sa) uses ody  the 
central *3cx region of the synchrotron beam, and 
reveals the femtosecond hole or dark pulse that is 
created due to energy modulation of the electrons by 
the laser pulse. Electrons with AE<O follow a shorter 
path to the bend-magnet and give r ise to the 
transient increase in synchrotron radiation which 
precedes the femtosecond dark pulse. Similarly, 
electrons with AE >D contribute to the bump, which 
follows the dark pulse in time. Because the bend- 
magnet radiation is collected from a dispersive 
region of the storage ring (in which the horizontal 
beam size is primarily determined by the electron 
energy), synchrotron radiation from the energy- 



modulated electrons appears at different horizontal 
positions corresponding to the elechon energy. 
Figure 9b shows a cross-correlation measurement in 
which synchrotron light is collected over only the 
+ 3 q  to +8ax region (corresponding to electrons with 
AE 4). This measwentent reveals the femtosecond 
pulse of synchrofron radiation, which is created in 
the spatial wings of the main synchrotron beam by 
the energy-modulated electrons. The soIid lines in 
P i p e  9 are horn a model calculation of the electron 
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distribution, The pulse duration (-300 fs) is 
determined by the time-of-flight stretching of the 
electron bunch as it propagates horn the wiggler to 
the bend-magnet beamline (1/8th of a storage ring 
orbit). The agreement between model calculations 
and experimental rneasufementS of the time 
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R.W. Schoenlein, S. Chattopadhyay, H.H.W. Chong, 
T.E. Glover, P.A. Heimann4, C.V. Shank,A.A. 
Zholents, and M.S. Zolotorev, "Femtosecond X-rays 
from a Synchrotron: A New Tool for TAtrafast Time- 
Resolved X-ray Spectroscopy," (submitted, to Science 
September 1999). 
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"Generation of Femtosecond X-rays via Laser- 
Electron Beam Interaction," invited paper for AppIied 
Plzysics E (in preparation). 
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Nuclear Science Division 

Berkeley Experiments with 
Accelerated Radioactive Species at 
the 88-Inch Cyclotron 

Principal Investigators: Joseph Cerny 

Project No.: 98024 

Project Description 

The goal of the Berkeley Experiments with 
Accelerated Radioactive Species (BEARS) project is to 
study a radioactive ion beam (lW3) capability at 
Berkeley Lab‘s 88-Inch Cyclotron. Nuclear scientists 
around &e world are greatIy interested in the 
opportunities provided by IUBs. The 1996 Nuclear 
Science Advisory Committee (NSAC) long-range plan 
for nuclear physics lists the development of a national 
RIB facility as its highest priority after the completion 
of the Relativistic Heavy Ion Collider (RHTC) at 
Brookhaven National Laboratory. Aside from 
providing a new research tool at &e 88-hch 
Cyclotron, the work being done in the BEARS project 
may provide critical research and development proof- 
of-principle studies that will ultimately lead to such a 
national facility. 

The BEARS project is made feasible by the presence of 
two existing cyclotrons at Berkeley Lab. The 
radioactive species to be accelerated are produced by 
the Biomedical Isotope Facility (BY) cyclotron, a 10 
MeV proton accelerator located approximately 300 
meters uphill from the 88-Inch Cyclotron. Radioactive 
isotopes are produced horn (p,n) and (p,a) reactions 
and are transported via a 300 meter capillary to the 
88-Inch Cyclotron. There, the activity is separated 
hom carrier gas, injected into an electron cyclotron 
resonance (ECR) ion source, and then accelerated by 
fie 88-Inch Cyclotron. Beams of ‘IC and 1 4 0  will be 
made available using this technique. 

All components of the BEARS system (for activity 
production, activity transport, gas removal, 
ionization, and acceleration) are based on established 
techniques. The challenge lies in combining these 
teclmiques with suff icient efficiency that radioactive 

beams of usable intensity and purity result. 
Additionally, safe transport of the radioactivity 
between t h e  two cyclotrons is required. 

Accomplishments 
The past year has resulted in major achievements for 
BEARS. The entire system has been constructed, 
automated, and tested and is now fully operational, 
producing a radioactive ”C beam of better than 1 x 
10’ atoms per second. This intensity exceeds the initial 
project goal by more than an order of magnitude. 
Three physics experiments have already been 
performed, two in collaboration with scientists 
external to Berkeley Lab. 

Chemistry problems have delayed the successful 
production of a beam of “0. These are expected to be 
solved in the next few months, leading to additional 
experiments with this isotope. 

BEARS has also met all its project goals as to safety in 
the handling of radioactivity. In particular, 
technological development of the kansport system 
led to a reduction by a factor of three of the already 
small radiation levels present during operation. 

The first experiment performed with BEARS, the 
measurement of the production of severd different 
astatine isotopes by the bombardment of ”C on gold, 
ha5 been completed and a paper submitted to Plzysical 
Xeniezu Letters. The resdts from the radioactive beam 
were compared to those from a stable beam, 
providing a test of OUT understanding of fusion- 
evaporation reactions in this region. 

Two experiments have begun in collaboration with 
outside scientists, both of w@ch had successful data 
collection runs in late 1999. Fission following t h e  
bombardment of gold and platinum isotopes by 
has been measured in collaboration with Hope 
College, and elastic scattering of “C and protons, of 
nuclear-astrophysics interest, was measured using a 
detector system developed at Oak Ridge. 

Publications 

J. Powell, et al., “Berldey Experiments with 
Accelerated Radioactive Species,” (draft, to be 
submitted to Nuclear I~zsfizin~enEs nizd Metliods). 
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E, Joosten, et al., "Measurement of Excitation 
Functions in the Reactions 'wAu(11C,xn)2uEXAt using a 
Radioactive "C Beam," (draft, to be submitted to 
Plzsicnl Review). 

Gamma Ray Studies using the 8-n 
Spectrumeter 

Principal Investigators: I-Yang Lee, Lee Schroeder, 
and David Ward 
Project No.: 98025 

Project Description 

The 8-x Spectrometer, on loan horn MNaster 
University, has been operating in Cave 4C at the 88- 
Inch Cyclotron since April 1998. The instrument is 
made up of a high-quality Bismuth-Gemmate (BGO) 
spherical shell of 72 detectors and an array of twenty 
HPGe detectors with BGO Compton-suppressor 
shields. A number of auxiliary detectors and special 
equipment developed for the spectrometer have also 
been employed, including the computer-conholled 
recoil-distance apparatus. The combination of aU 
these makes the 8-sc a unique gamma-ray 
spectroscopy instrument for pursuing new studies of 
nuclear structure. T h i s  compliments the research 
program carried out at Gammasphere, currently sited 
at Argonne National Lab. In FY99, several 
experiments have been carried out with the 8-K array, 
using a total of 1463 hours of the 88-Inch Cyclotron 
beam time. In addition to Berkeley Lab staff, other 
users of the 8-K array included groups from three US, 
national laboratories, e'ight U.S. universities, and six 
foreign institutions. 

Accomplishments 

The following are highlights of the experiments: 

Nziclenr Collectbe Mofioiz in the N=90 Isotories 752S?i~, 
'54Gd, nrrd '''DIJ 
The N=90 isotones '%m, '54Gd, and '"Dy fall at the 
onset of stable nuclear deformation and show 
remarkably similar struchue in their low-lying 
excited states, which can be described either in terms 
of a deformed rotor or in terms of a mixed rotation- 
vibration configuration. Knowledge of the properties 

of the low-lying 0-t states is especially critical in 
achieving a coherent interpretation of the structure 
and to distinguish between competing 
interpretations. We have studied the excited states of 
152Sm, lS4Gd, and 15'Dy following the radioactive 
decays of I=Eu, '=ELI, I5*Tb and 15%0 using the 8-E 
specbometer. Spectroscopic information has been 
obtained based on gamma-ray singles and 
coincidence data along with gamma-gamma angular 
correlations. Resdts on "Gd indicate the O+ excited 
band ha5 the same moment of inertia as the ground 
state. A previous study based on lower statistical data 
has wrongly assigned a larger value for the moment 
of inertia. 

Coiilonzb Excitntioir Shidies of ='LT 
We have studied the gamma rays of z35U with the 8-n 
spectrometer following ~ o d o m b  excitation with 40Ar 
and IgfiXe beams delivered by the BerWey Lab 88-Inch 
Cyclotron at energies of 182 MeV and 720 MeV, 
respectively. In addition to the rotational band built 
on the [743] 7/2 ground-state (seen to spin 5 1/2- in 
this experiment), we observe bands known from 
decay studies and previously assigned to the [631] 
1/2  (up to spin 45/2+), and [622] 5/3 (up to 49/2+) 
configurations. Analysis of the intensity of these 
bands suggests enhanced octupole matrix elements to 
the ground-state band. We xre currently examining 
whether such enhancements (about 12 W u  in the case 
of t h e  16311 1/2  band) can be understood within a 
deformed shea-model approach. 

Fissio~z Bmiiets, Coupled-Chnrmel nnd SkeEl Eficts, nt the 
Coiiloir~b Brinier in the A -190 MESS Region 
A study of the role of coupled-channel effects h the 
enhancement of the populationaf high-spin states 
was undertaken with the reactions 48Ca+142Nd and 
8oSe+1'Td, near the Coulomb barrier, leading to the 
same compound nucleus, lgoHg, at the same excitation 
energy. Statistical calculations with standard values 
far the level density parameters and fission barriers, 
predict an enhancement of the high-spin population 
for the more mass-symmettic system, brought about 
by the coupling to inelastic channels in the fusion 
process. No enhancement was observed, which we 
interpret a5 an inadequacy of the fission barriers used, 
and to the role of the shell corrections, in particular 
those at the saddle point. 

Publications 

C.M. Petrache, D. Bazzacro, T. Kroell, S.  Lunar&, R 
Menegazzo, C. Rossi Alvarez, G. Lo Biamo, G. 
Falconi, P. Spolaore, A.O. Macchiavelli, D, Ward, 
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R.M. Clark, M. Cromaz, P. Fallon, GJ, Lane, A. 
Galindo Uribarri, R.M. Lieder, W, Gast, I. Ragnarsson, 
and A.V. Afanasjev "Stable Triaxiality at the Highest 
Spins in ='Nd and 139Nd,'r (accepted for publication in 
Plzysicnl Xeniezu C). 
B. Djerroud, B. Schdy, S .  Flibotte, C.C. Ball, S. 
Courtin, M, Cromaz, DS. Haslip, T. Lamprnan, A.O. 
Macchiavelli, J.M. Nieminen, C.E. Svensson, J.C. 
Waddington, D. Ward, and J.N. Wilson "Fission 
Baniers, Coupled-Chamel and Shell Effects, at the 
Coulomb Barrier in the A -190 Mass Region," 
(accepted for publication in PlzysicnZ Review C). 

I.Y, Lee, R.M.Clark, M. Cromaz,M.A. Deleplanque, 
R.M. Diamond, P. Fallon, G.J. Lan, A.O. Macchiavelli, 
F.S. Stephens, K. Veffer, and D. Ward "In Beam 
Gamma-ray Spectroscopy Using Target 
Fragmentation Reactions," APS Centennid Meeting, 
Atlanta (March 20-26,1999). 

N. Fotiades,J.A. Cizewski, K.Y. Ding, M. Cromaz, I?. 
Fdon, I.Y. Lee,A.O. MacchiavelLi, D. Ward,R.V.F. 
Janssms, J.A. Becker, L.A. Bernstein, K, Hauschild, 
D.P. McNabb, and A.G. Forgen "Entry Regions and 
Feeding Mechanisms of the Normal and Ml Bands in 
"%'b," A P S  Centennial Meeting, Atlanta (March 20- 
26, 1999). 

I. Shestakova, P. Chowdhury, R. DAlarcao, K. 
Wcka,  E.H. Seabury R.M. Clark, M. Cromaz, P. 
Fallon, I.Y. Lee, A.O. Macchiavelli, C.E. Svensson, and 
D. Ward "Exploring the Dependence on Projectile 
Characteristics in Populating K-Isomers via Inelastic 
Excitation," 1999 Fall Meeting of the Division of 
Nuclear Physics of A P S ,  Asilomar (October 20-23, 

J.P. Bang, W.C. Ma, R.B. Piercey,J.A. Winger, W. 
Liu, R.K. Vadapalli, P.G. Vmet t e ,  J.K. Hwang, C.J. 
Beyer, J.M. Hamilton, A.V. Ramayya, M.P. Carpenter, 

Study of Doubly-odd Nucleus 182Au,'' 1999 Fall 
Meeting of the Division of Nuclear Physics of APS, 
Asilomar (October 20-23,1999). 

D. Ward, R.M. Clark, M. Cromaz, R.M. Diamond,M- 
A Deleplanque, I?. Fallon, I.Y. Lee, A.O. Macchiavelli, 
F.S. Stephens, and I<. Vetter, "Coulomb Excitation 
Studies of z35U," 1999 Fall Meeting of the Division of 
Nuclear Physics of A P S ,  Asilomar (October 20-23, 

W.D. Kdp ,  B. MacDonald,J.L. Wood,M.R. 
Dragowsky, K.S. Krane, J. Loats, P. Schrnelzenbach, 
C,J. Stapels, R.M. Larimer, E,B, Norman, and A. 
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1999). 

R.V.F. J~IISSEIIS, and D. Ward %-Beam S P ~ C ~ ~ O S C O P ~  

1999). 

Isotones *=sm, 154Gd, and 15'Dy," 1999 Fall Meeting of 
the Division of Nuclear Physics of APS,  Asilomar 
(October 20-23,1999). 

Vacuum, RF, and Injection Systems 
for High-lntensity Stable Beams 

Principal Investigators: Claude Lyneis and I-Yang 
Lee 

Project No.: '99032 

Project Description 
The g o d  of this project was to idertbfy and make an 
engineering evaluation of potential improvements 
and added capabilities to make the SB-InCh Cyclotron 
the Department of Energy (D0E)'s premier stable 
beam facility. A DOE decision to move forward with 
an advanced gotope separator on Line (ISOL) facility 
follows the completion of the ISOL white papers, 
which identified several key research areas in nudear 
physics. These include nuclear astrophysics, nudear 
shcture,  exotic nuclei, and heavy elements, which 
will require both stable and radioactive beams. For 
that reason, we envision a need €or a premier stable 
beam facility to complement the planned ISOL 
facility. 

There are two major aspects to this propbsd. First, is 
to study the re-engineering of the Cyclobon to 
modernize it and provide new capabilities and 
suentiEic opportunities. The second major aspect is to 
evaluate concepts for high-efficiency production and 
use of exotic stable beams from rare isotopes. 

An engineering analysis of possible improvements to 
modernize the cyclotron will be done. Those 
improvements to be evaluated are listed below. 

Reconstruction of the vacuum system, 
including the vacuum enclosure, to produce 
very high vacuum €or the transmission of very 
heavy ions made by the Advanced Electron- 
Cyclotron Resonance ion source (AECR-u) 
now, and in the future by the Third Generation 
electron-cyclotron resonance (ECR), which is 
under construction. Measurements of the 
transmission of high-charge-state ions coupled 
with an analysis of the cyclotron vacuum and 
losses due to charge pickup and charge 



stripping indicate that sigdfmmtly higher 
transmission could be achieved by improving 
the cyclotron vacuum to l ~ l O * ~  Torr, 

Redesign of the center region geometry and 
improvement of the radio hequency (rf) 
system to provide single turn extraction and 
improved beam timing. Analysis and particle 
bdsing need to be done to explore the 
possibility of achieving precise single turn 
extraction, 

Upgrade of the axial injection system to 
increase the bansmission of high-intensity 
heavy-ion beams. Beam optics calculations 
including space charge can now be done to 
evaluate methods for compensating the space 
charge effects observed with high intensity 
beams. 

The anticipated needs for exotic stable beams to 
complement the ISOL facility and the recent decision 
to end the production of stable isotopes at Oak Ridge 
National Laboratory make it essential to develop new, 
highly-efficient methods for separating and using m e  
isotopes. There =e almost 300 stable isotopes and 
many of these have not been available due to their 
low abundance in nature. 

Two approaches for the production of a wide range of 
exotic stable b e m  will be evaluated. First, by 
building a specialized hot h e r ,  it. may be possible to 
improve the &ciency of ionizing rare isotopes in the 
ECIC ion sources by as much as 25 times. Second, a 
specialized on line separator, which directly injects 1+ 
ions of separated isotopes into the high charge ion 
source, could provide the capability to m rare stable 
isotopes. 

Accomplishments 
The LDRD effort during pY99 focused on the injection 
line and on efficient production of isotopically rare 
beams. Beam transport calculations using computer 
codes which include space charge effects have been 
done to analyze the existing system, and high- 
intensity beam tests were used to verify and fine tune 
the calculations. An emittance scanner was designed, 
constructed and installed to precisely measure the 
emittance of €he AECR-U beam after it is sent through 
an analysis magnet. These measurements provide 
realistic input values for the beam transport codes. 
hitial results on the emittance showed that the ion 
source and the analysis magnet produce a good 
emittance beam, which indicates that the transport 
losses are due to emittance growth, which OCCUTS in 

the horizontal and axial lines, One solution to the 
emittance growth may be to increase the injection 
voltage. This would require redesign of the inflector 
and center region. A preliminary analysis on use of a 
spiral innector in place of the existing mirror inflector 
was done, This indicated that it would be possible 
after some modi€ication of the cyclotron to use a 
spiral inflector and operate at injection voltages up to 
30 kV. 

Efficiency tests for calcium production in the AECR-U 
have been carried out. A new axial oven was 
constructed, installed, and tested. The detailed 
measurements wilI be carried out in W O O .  An 
extensive set of measurements were made on the 
efficiency of the AECR-U Tyith gases. These showed 
that the higher charge states are produced with 
greater efficiency, and that efficiencies up to 25% can 
be at.tained for the ionization of C4+fr0m CO,. 

Figwe 1. Plot of the emihnce  of n 520 {LA 
06+ benmfioni the AECX-LI io11 ~oiirce 
prodriced wit11 the new enziftarice scaimer, 
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Publications 
D. Wutte, C.M. Lyneis, M.A. Leiher, and Z.Q. Xie, 
"Radioactive Ion Beam Development in Berkeley," 
published in proceedings of 1 4 ~  Intl. Workshop on 
ECR Sources, CERN (May 1999). 

M.A. Leiher, SA,  Lundgren, C.M. Lyneis, C.E. 
Taylor, and D.C. Wutte, "Progress Report of the 3rd 
Generation ECR Ion Source Fabrication," published in 
proceedings of 14' Intl. Workshop on ECR Sources, 
CERN (May 1999). 

Z.Q. Xie, D. Wutte and C.M. Lyneis "Ionization 
Eficiencies for Highly Charged Stable and 
Radioactive Ions in the AECR-U Ion Source," 
submitted to Niiclenr I1zstrtinzelzts R W ~  Mekliods (July 99, 
in press). 

First Chemical Study of Element 108, 
Hassium 

Principal Investigators: Heino Nitsche and Uwe 
Kirbach 

Project No.: 99033 

Project Description 
The purpose of this project is to develop the pre- 
requisites for and carry out a first-time study of the 
chemical properties of element 108, hassium, Hs. The 
major goals of the program are: 

Development, construction, and testing of the 
recoil product transfer chamber (ICTC) 
interfaced to the Berkeley Gas-filled Separator 
(BGS) and a chemicd reaction unit where the 
Hs undergoes chemical conversion. 

Development, conshction, and testing of a 
cryo-thermochromatogtaphic separator (CTS). 
The CTS separates the Hs reaction products 
from other actinide reaction products that are 
concurrently present in the BGS-interfaced 
recoil transfer chamber. 

rn 

Study for the first time the chemical properties 
of Hs and determine if it behaves in a similar 
manner as its chemicd homologues ruthenium, 
Ru, and osmium, Os. 

The chemical identification will be achieved by 
combining a novel chemical separation system with 
the advantages of h e  BGS, The BGS provides good 
and fast separation of barisfer products stemming 
from impurities of the nuclear target and from long- 
Lived spontaneous fission products. The novel 
chemical separator is based on the expected high 
volatility of the tetraoxides of Hs and consists of a 
chemical reaction chamber and the CTS, The 
development of the RTC and the interface to t h e  BGS 
is an important part of this project and opens the 
possibility to directly couple the BGS with the 
chemical separation system, which will facilitate 
further separation from the actinides and detection by 
nuclear counting. In the chemical reaction chamber, 
the nuclear reaction products coming from the RTC 
via a gas jet are subjected to an o x y g m / h & u  gas 
mixture at a reaction temperature of 900 "C to form 
volatile hassium oxides. The volatile oxides are then 
transported via the gas stream through a quartz 
capillary to the CTS, leaving behind non- and less- 
volatile compounds. The CTS consists of a n  assembly 
of two rows of 32 silicon PIN-diodes arranged 
opposite each other, forming a narrow rectangular 
channel through which the reaction gas flows. A 
decreasing thennal gradient ranging born room 
temperature to about -120 "C is applied to the PIN- 
diode assembly. This results in the deposition of the 
hassium oxide on one of the detectors, where it can be 
identified by alpha counting. We expect a separation 
factor of IO7 to I O 9  for actinides from the combined 
BGS-CTS system. 

For the production of hassium, which has a n  
estimated half-life of about 9.3 s, we will use the 
reaction 26Mg (248Gn, 5n) 26gH5. As model 
experiments, the chemical volatilit-y and the 
chromatographic properties of the oxides o€ the 
lighter Hs-homologue Os (and possibly ruthenium, 
Ru) will be skudied in off-line experiments using long- 
Lived isotopes. 

Accomplishments 

The RTC was designed and constructed, It can be 
mounted on the existing BGS detector chamber to 
allow a fast transfer of pre-separated recoil nuclei 
from the BGS to the chemistry system. The RTC is 
interfaced to the BGS by a wire-grid-supported thin 
mylar foil with up to 200 pg/cm2 thickness, thus 
enabling a pressure difference of 380 Torr between the 
BGS and the RTC. Thin windows are necessary to 
accommodate penetration of the recoil nuclei with 
relatively low kinetic energy. The energy of the 



expected hassium recoil nucleus is about 13 MeV for 
the production reaction =Mg f4'Cm, 5n) 269H5. A 
sliding piston inside h e  RTC facilitates the change of 
the chamber's depth to accommodate different recoil 
stopping ranges for different recoil energies. This 
makes the RTC applicable for a wide range of nuclear 
reactions. 

The RTC was tested in two initial experiments to 
determine the transfer efficiency. In the first 
experiment, the reaction 4DAr ("Dy, xn) zor-nPo was 
used to measure the efficiency at the high kinetic 
energy of the recoil nuclei of 43 MeV. The window 
material was a n  800 pg/an2 aluminized mylar foil, 
The pressure inside the RTC and BGS was 760 and 1 
Torr, respectively. The activity was hamported 
through a polyeiihylene capillary 21 meters long via a 
KC1 gas jet system to our rotating wheel alpha 
detection system. The total efficiency of the bansport 
was about 25% compared to the activity measured in 
the BGS. In a second experiment, the reaction W e  
(lg7Au, xn) z13-"Ac was used to measure the eKicimcy 
for 11 MeV recoil nuclei. The total transport efficiency 
was about 5% using a 340 pg/m2 mylar window and 
760 Torr pressure inside the RTC, We calculated a 
stopping range of 370 pg/cm2 in mylar for recoh, 
indicating that the actinium nuclei were stopped by 
the mylar foil used. We then used thinner mylar foils, 
which required reducing the pressure inside the RTC. 
First tests indicated a substantidy decreased 
efficiency of the activity transport by h e  gas jet. 

For the consbvction of the CTS, we tested 'he 
suitability of commercially produced silicon diodes as 
or-detectors for the strip detector. The detectors must 
be able to withstand temperatures from t-20 to 
-120 "C, should have no protective window or coating 
on the silicon dioxide surFace, and should be 
stackable in line very close to each other. We found 
one detector that worked well within the tested 
temperature range, and had a n  acceptable energy 
resolution of about 40 keV. Unfortunately, the 
geometric shape of the detector is not suitable for 
assembling the detector strip to the desired 
specifications. We are currently identifying other 
manufac!mrers of silicon diodes, and the possibility to 
have the detectors manufactured in-house. 

To familiarize ourselves with the BGS, which will be 
used for producing the hassium for our chemical 
identification experiment, we participated in two 
series of experiments leading to the discovery of two 
new elements, elements 118 and 116. During the 
discovery of the new elements, a new hassium isotope 
was observed in the decay chain of element 118. 

Unfortunately, due to its short h&-live of 1.2 (+1.7, 
-0.6) s, this isotope, znHs, cannot be used for our first 
chemical identification study of hassium, 

Publications 

V. Ninov, K.E. Gregorich, W. Loveland, A. Ghiorso, 
D.C. Hoffman, D.M. Lee, H. Nitsche, W.J. Swiatecki, 
U.W. Kirbach, C.A. Laue, J.L.Adams, J,B, Path, 
D.A. Shaughnessy, D.A. Shellis, and P.A. Wilk 
"Observation of Superheavy Nuclei Produced in the 
Reaction of "Kr with 2a8Pb,rr Phys. Rev, Lett, 83, 1104 
(1999). 



Physical Biosciences Division 

Stuchastic Logic in Biochemical and 
Genetic Reaction Networks: Theory 
and Experiment with Application to 
Bacterial Pathogenesis 

Principal Investigators: Adam Arkin 

Project No.: 98026 

Project Description 
An organism's genome is commonly considered to be 
the program, executed by biochemistry, that defines 
the organism's behavior and development, It would 
be inaccurate, however, to a&ibute a computer-like 
Yogic'' to the decisions made by this program. In fact, 
the chemical reactions set off by this "computerr' are 
highly nonlinear and do not obey the laws of Boolean 
logic. Qualitative analysis of their behavior as a 
network is made even more difficult because these 
reactions hvolve concentrations of molecules of less 
than 100 molecules per cell and share substrates, 
products, and effectors. This difficulty is exacerbated 
by the small numbers of molecules involved in these 
reactions. From physical first principles, thermal 
fluctuations in reaction rates are expected to become 
sigrufrcant in comparison to average behavior at  such 
low concentrations. Because reactions involving 
genetic control generally involve only one or two 
copies of the relevant promoters and genes per cell, 
these "noise" fluctuations are Likely to be greater for 
these reactions. 

In prior work, we have examined some detailed 
meclvmisms of gene expression in prokaryotic 
systems and confirmed, theoretically, that the 
temporal pattern of protein production horn a single 
gene in a growing cell is highly erratic for a wide 
range of experimentally observed kinetic parameters. 
If our theoretical analysis is correct, the immediate 
questions raised by this observation are: "How is the 
genetic program executed correctly if its elementary 
components are so noisy?" and "Are any organism's 
genetic programs set up to exploit this noise and 
achieve diversity in it5 behavior or the population as 
a whole? " 

The devdopmental program encoded by the host's 
genome is designed, in large part, to throw the right 
set of genetic switches at the right times and places in 
order to produce particular cell types in an organism. 
To understand the common regulatory architectures 
tha t  are used to construct these developmental 
switches, we have focused on the study of two genetic 
"switches": the bacteriophage lambda lysis /lysogeny 
decision and random phase variation of type-1 pili 
expression in Esclzericlh coli. The architecture of these 
two switches, one implemented by two antagonistic 
feedback loops and the other implemented by a DNA 
inversion reaction, is typical of a large class of 
developmental switches commonly found in 
pathogenic microorganisms (as well as in general 
developmental pathways). Ow theories predict that 
the significmt noise expected in the elementary 
genetic reactions will lead to a statistical divergence 
in cell fate even with identical initial conditions. We 
wish to experimentally confirm this prediction and 
explore the role of genetic noise in promoting the 
virulence of these particular organisms. 

Our first goal is to build computational toolkits to 
(I) database the large amount of heterogeneous 
biological data necessary for building and validating 
the biological models needed to understand these 
systems; (2) create biologist-friendly model-building 
interfaces to Ehis database; (3) design and build the 
tools for network analysis (e.g., stoichiomehic 
network analysis, sensitivity analysis) and simulation 
(e.g., for hybrid stochastic, ordinary differential, 
algebraic, and spatially-dispersed systems); and (4) 
design and build visualization and reporting tools for 
digesting the complex time and space resolved output 
from the simulation programs. Our second goal is to 
apply these took to the engineering analysis of the 
genetic switches described above. 

Accomplishments 
The expression of type-1 pili in Esclrerichin coli, 
adhesin-tipped molecules mediating attachment to 
the mannose-containing receptors found in many host 
tissue surfaces, is phase variable, meaning that 
individual cells in a population randomly alternate 
between a Filiated state, in which pili are built 
densely on the outside of the cell, and a non-piliated 
state, This process of phase variation in E. coli 
presents a model of a random genetic switching 



decision that increases h e  pathogenic potential of a 
population of infectious bacteria. The phase variation 
of type-1 fimbriae is controlled by the orientation of 
an invertible element known as the '9111 switch," a 
314 base pair length of DNA containirrg a promoter 
for the genes encoding thefiln structural subunits. In 
one orientation (ON), this promoter dhects 
transcription of thefim structural subunit genes 
(fi~7zA-fi112H), while in the other (OFF) orientation, the 
promoter is no longer adjacent to the structural 
subunit genes and transcription does not occur. 
Inversion of thefim switch is accomplished 
independently by two recombinases, the proteins 
F W  and F h E ,  and is affected by a number of global 
regulators includhg integration host factor CIHp), 
leucine-responsive regulatory protein (Lrp), and H- 
NS. Environmental conditions of media and 
temperature influence switching behavior as well. 

In this project we developed single-cell and 
population levd mathematical models of the gene 
network controlling phase variation in E. coli. These 
models, capable of reproducing observed type1 pili 
phase variation behavior jn E, Coli as a function of 
regulating protein concentrations and environmental 
factors, were then used to generate and test 
hypotheses on the mechanisms responsible for phase 
variation behavior. In particular, we applied 
nonlinear analysis and computer simulation 
techniques to ourjinz model to generate hypotheses 
on (1) the roles of [FirnE], [FimE], their DNA binding 
affinities AGt and switching efficienaes & in the 
observed switching behavior of a 'minimal'finz 
switch; (2) the souzce of the observed ON-to-OFP 
specificiv of FimE; (3) the observed high ON-to-OFF 
switching speed; (4) why there are two recombinases 
when one would seem to suffice; (5) the role of the 
JnzE orientational control, a phenomenon in switch 
dynamics, wherebyfinzE is signhcantly expressed i f  
thefinz switch is in h e  ON position, and nearly 
undetectable if the swi tch is in the OFF position, and 
( 6 )  how temperature control of piliation is achieved. 

Our analysis reveals intriguing differences between 
the mechanisms responsible €or controlkg Pon*f the 
percentage of piliated E ,  Coli in a population that has 
reached equilibrium, and T the response speed of the 
system (the amount of time it take5 to reach this 
equilibrium). The control mechanisms for Po,* and T 
are coupled by their dependence on the ratio 
y=-[FimE]/PimB], Just as switching from a weakly 
ON population to a strongly OFF population and vice 
versa is accomphhed via changes in the recombinase 
ratio -y=[FM] / [FjmB] from one regime, m o s s  ~ 1 ,  to 
another, as determined by switching efficiencies, a 

corresponding switch in the speed of response is 
achieved by the same control input y. However, these 
mechanisms are decuupled by the diEfering nature of 
their dependenaes on [FimB] and [FW], assodated 
switching e€fiumdes q andbinding AGb While 
equilibrium Po,* depends only on relative 
concentrations ~d parameter values (ratios and 
differences), response speed T depends on absolute 
concenbations and parameter values. One 
consequence of this surprising decoupling of 
response h e  and equilibrium %ON control 
mechanism, is that response time can be varied 
without changing the equilibrium %ON. Any change 
in environment or growth phase afFecting the 
expression levels of both genes equally will have no 
effect on the equilibrium value of P, but will affect 
the amount of time it takes to reach this equilibrium. 

On the question (4) above, a single recombinase 
model does not show the above described 
decoupljng, It could be that whatever evolutionary 
advantage is conferied by a decoupling of response 
speed and equilibrium %ON mechanisms, played a 
role in shaping the two-recombinasefinz gene 
network design. 

Another feature of thejim network, intriguing from 
an evolutionary perspective, is that of the observed 
ON-to-OFF switching specEaty of FimE, as opposed 
to the relatively unbiased switching of FimB. The 
results of our analysis indicate that thae has been a 
concept missing from the discussion in the literature: 
that of switching efficiency. We show that it is 
differences in the switching efficiencies of FimB and 
FimE that are primarily responsible for the observed 
PimE spedicity rather than, as previously 
hypothesized, differences in DNA bjndjng affinity 
between FimE and FimB or the recently discovered 
orientational control offi771E. Not only does the 
orientational control offhzE not appear to contribute 
to FimE ON-to-OFF specificity, it actively works 
against it. Our analysis shows that the orientational 

happen faster &an it would without the presence of 
orientational control. 

control OffinIE allows pili turn-ON to go higher Md 

Finally, we examine the observed "temperature 
tuning" o€ pili expression to mammalian body 
temperature. Temperature !xming of bacterial gene 
expression is believed to be an important component 
of bacterial pathogeniaty. An example of this 
temperahue-tuning can be found in an E. Coli 
€imB+fimE- mutant known to have a local maximum 
switching rate near 37" C .  Our model provides a 
plausible hypothesis for a %-mediated mechanism 



responsible for the observed temperature tuning. This 
mechanism seems to be an example of a larger class of 
novel mechanisms responsible for phenotype 
"tuning" of bacteria to the environment. 

Publications 

D. Wolf and A.P. Arkin, "Mathematical Modeling, 
Analysis, and Simulation of E .  Coli Piliation Switch 
Dynamics," (draft, in preparation). 

X-Ray Microscopy of Multicomponent 
Biomolecular Machines 

Principal Investigators: James Balfholornew 

Project No.: 99034 

Project Description 

Most of the information we have on how 
biomolecular strvctures carry out their functions 
comes from indirect observations. We probe these 
structures using biochemical techniques, or alter them 
v ia  mutagenesis, and look to see what changes occur 
jn their functions. We have the tools for the direct 
observation of macromolecular structures, but these 
tools generally require the objects of interest to be in 
an environment that is not physiological. X-ray 
microscopy has the advantage of looking at  moleadat 
components in an environment in which they can 
function. If the technique can be shown to work a t  the 
resolution near that of the electron microscope, we 
could see how these biomolecular machines work and 
be able to determine what goes wrong in various 
situations. 

For this project, two approaches were outlined to 
enhance and identify the components in the DNA 
replication complex of the virus SV40. Although the 
proposal originally focused on DNA replication, the 
general approach could be applied to other biological 
complexes like DNA repair and transcription. All of 
these functions take place in complexes that are 
difficult to observe with current technologies. 

Accomplishments 

To test the resolution of h e  x-ray microscope a t  the 
Advanced Light Source (ALS) we began by looking at 
SV40 v i rus  particles isolated horn CV-1 monkey cells 

growing in culture. The SV40 virus particle is a highly 
condensed particle of DNA and proteins with an 
icosahedral structure and a diameter of 
approximately 45 nanometers. These parameters have 
been worked out in detail using electron microscopy. 
The size of SV40 is at the predicted limit of detection 
.of the x-ray microscope and is also the size that we 
calculated for the replication complex at the origin of 
SV40 DNA replication. 

Our original attempt5 were to look directly at lysates 
horn the CV-1 monkey kidney cells harvested from 
cell culture. The monkey cells were infected with 
SV40 at a multiplicity of three, After the c& lysed, 
the cell debris was removed by centrifugation and the 
lysate was used without further manipulation a5 a 
sample for the x-ray microscope. Under these 
conditions, the titre of virus was approximately io7 
infectious partides per mil l i i i t .~  (ml). Three pl of 
sample were placed in the sample holder and viewed. 
Although a lot of partides were seen in these samples, 
none of the particles had the shape charackristic of 
SV40 particles. We concluded that we were seeing 
mainly hagments of cells st i l l  in the samples from the 
lysate. Another difficulty we realized at this point 
was that the volume of the sample bdng observed 
was very small. We were looking through a column 
of liquid approximatdy 50 microns in diameter and 
0.5 microns thick. This volume is about 1000 cubic 
microns. Since each cubic micron is lo-= ml, each field 
of view represents i o 9  d. Our titre of virus was I O 7  
infectious units per ml, meaning we would have a 
virus partide about once in every 100 fields of view. 
These calculations suggest we need to concentrate OW 

preparations at least 100 fold before we can expect Lo 
see a virus particle. One caveat on this calculation is 
that the virus assays were measuring viable v i r u s  
particles, and generally there are many more 
defective virus partides than there are viable viruses 
in a preparation. Although this ratio is unknown in 
these preparations, we could expect to see particles 
representing SV40 With a fold concentration of less 
than 100. 

To concentrate and clean up the virus preparations, 
we ran the lysate through a sucrose density gradient 
onto a cushion of 30% sucrase. Under these 
conditions, the cell membranes and debris should 
separate from the v i rus  particles. The v i rus  partides 
could be seen as a layer on the top of the sucrose 
cushion. The layer containing the virus was isolated, 
and the virus particles were washed several times 
with phosphor buffered saline (PBS) in a centricon 
tube to remove sucrose. The resulting preparation 
was titred using CV-1 cells and shown to have a titre 
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of I O 9  infectious units per d. This sample was used 
€or observation in the x-ray microscope. Using this 
sample we were able to observe partides that 
resembled the images of SV40 in the electron 
microscope, although the resolution was not nearly 
good enough to idenhfy the particles. 

Within the timehame of this LDRD, we,clearly began 
to outline the problems that need to be solved in 
order to make x-ray microscopy of biomolecular 
machines feasible The SV4O virus particle is a good 
test system to work out these problems, since it is of 
about the right size to serve as a model for more 
complicated projects. It is relatively easy to grow and 
concentrate. It is clear from OUT work that sample 
preparationis a major area of concern. The objects 
being investigated need to be at a concenbation of at 
least lo9 per ml and preferably higher. If the material 
being investigated is less concentrated, it will be very 
difficdt to find the particles. Secondly, the partides 
need to be h e  of other debris. Other debris makes 
both finding and identifying the objects of study 
diffidt. The techniques outlined in the original 
proposal would help greatly in the identification 
process, but the concentration problem can only be 
addressed through good biochemical procedures 
designed for the complex of interest. 

The instnunentation issues are also important in this 
study. Can the resolution of the x-ray microscope be 
improved? Uearly the x-ray microscope at the ALS is 
at the forefront of this technology, but decisions have 
to be made as to whether it is worth the effort to try to 
improve the resolution of the instrument to address 
the type of research problems discussed in this study. 

The work carried out in this project was made 
possible because of both the technical expertise and 
the enthusiasm of the late Werner Myer-he. Werner 
was very interested in using his x-ray microscope to 
solve important biologicd,problems. He generously 
shared his thoughts and time to try to make each of 
these projects a success. He will be greatly missed! 

G€UCUR€: The Development of a 
Protein Folding Algorithm 

Principal Investigators: Kenneth Dill 

Project No.: 98042 

Project Description 

This project addresses the "protein folding problem" 
by developing GEOCORE, a new computer algorithm 
intended to predict the folded structures of proteins 
hom their amino-acid sequences. During the past 
30 years, dozens of computer algorithms have been 
designed that attempt to fold proteins. None has yet 
succeeded. 

GEOCORE is a new approach to computational 
protein folding methods. It is based on a very 
extensive conformational sampling method, a branch- 
and-bound method, which explores essentially all the 
cordormations that might include the global 
minimum in bee energy. GEOCORE uses an energy 
function involving united atoms, steric repulsion, 
hydrophobic and hydrogen bonding interactions. Our 
aim in this project is to (1) refine the energy, (2) 
develop a "smart" search strategy to construct tertiary 
structures from secondary structures, and (3) test it on 
peptides and proteins. 

Accomplishments 

We have taken several steps forward 

Assembly of Tertiary Structures from Helices and 
Strands: GEOCORE 2 
We have now extended GEOCORE (called GZ), to 
better treat tertiary structures, G l  was a chain growth 
assembly process in which one monomer at a time 
was added to a chain, in various conformations. 

This works well for proteins less than about 30 amino 
acids long, but does not assemble more complex 
structures well. In GZ, we now add either a single 
monomer at each growth step, or a helix or shand. 
Secondary structures are used in canonical 
conformations and the search step involves attempted 
assembly of each secondary element into a canonical 
tertiary sfTUcture, with side chain readjustments. 
Tests show that this method can assemble struchzres 
at the 3-6 angstroms resolution level, inclzlding p- 
proteins. It takes about a week per processor to fold a 
100-mer, but we have been streamlining the code and 
hope to speed this up. 

ENPOP (Energy Parameter Optimization) 
We have developed a systematic way to optimize the 

. parameters in models, such as those in computational 
biology, that involve single optimal structures that 
minimize an energy function. 



We find the global optimum structures with an initial 
parameter vector. Using the implicit function 
theorem, we then find a next set of parameters that 
reduce the prediction errors while forcing the energy 
to remain at a minimum, In two test problems, the 
ENPOP method has been shown to give optimal 
parameters. 

We are now generalizing the method for GEOCORE 
and other more realistic potentials. 

GEOCORHCGU 

We are developing a new underestimator-based 
search strategy to find low energy states of the 
GEOCORE model €aster than before. It is based on a 
Convex Global Underestimator (CGU) method that 
we have recently found to be a more efficient search 
strategy than Monte Carlo or Simulated Annealing. 

Publications 

K. Yue and K.A. Dill, "Constraint-Based Assembly of 
Tertiary Protein Structures born Secondary Structure 
Elements,"~(in preparation). 
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Sfructurai Sidogy of Large 
Biomolecular Complexes 

Principal Investigators: Thomas Earnest 
Project No.: 99035 

Project Description 

This project seeks to understand how biomolecular 
assemblies are formed, and how complexes of 
proteins and nucleic acids activate and modulate 
biological function. This includes the transient 
recognition and assembly of these molecules to define 
their role in signal transduction, and the investigation 

of large permanent assemblies. This research depends 
on tools and methods from a number of 
disciplines-moleculiu bialogy, biochemistry, and cell 
biology-along with access to a bright, tunable 
synchrotron crystallography beamline. There are two 
main components that serve as the basis of this 
project. 

Wnt Recepfor Pathway Proteins and Protein 
Complexes 

The Wnt gene products are a family of secreted 
glycoproteins, which bind to Wansmembrane 
receptors and transduce developmental signals. In the 
past few years, there has been extensive research into 
the role of the Wnt gene products in cdular 
proliferation and the establishment of cell fate in both 
invertebrates and vertebrates. There has been a 
concurrent identification of the role of several 
members of the Wnt signal transduction pathway in 
cellular development, and in certain cancers. The 
misregulation of members of cellular development 
pathways is commonly 5een in several types of 

Shce a number of these pot- are involved in more 
than a single pathway, it is critical to study the 
interactions of die rnoledes, which lead to 
differential activation. The atomic-resolution 
structure of the biologically-relevant complexes will 
illuminate how the interactions of these proteins 
mediate the function of hese pathways. Since these 
are typically weak, transient interactions among large 
molecules, sttuctural  studies of these proteins 
typically wil l  require high-brightness synchrotron- 
radiation so~~rces. The requirement of 
multiwavelength anomalous *action (IviAD) for 
phase infomation requires the tunability that only 
bright synchrotron sources offer. 

Members of the Wnf family bind to the membrane- 
bound receptor,fi-izzled, which appears to consist of 
seven transmembrane helices. The proposed 
extracellular region of frzzzlerl contab  a conserved 
cysteke-rich domain. A n  extracellular protein,frzB, 
contains a homologous cysteine-rich domain and acts 
as an endogenous antagonist of Wnt signalling. It is 
believed thatfizB binds to Wttt, preventing binding of 
Wnt tofi-itrled. The binding of Wnt tofrizzled activates 
dislzevelled, which hen negatively regulates glycogen 
synthase kinase (GSK-3). GSK-3, diskevelkd, axin, 
beta-catenin, and adenomatous polyposis coli (APC) 
protein form art intracellular complex of more than 
600,000 daltons which regulates beta-catenin levels. 
This regulation of beta-catenin, which later fonns an 

cancer. 
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intranuclear complex with LEF/TCP proteins and 
other transcriptional co-activators to regulate 
transmiptional activity, is a key step in the 
development: of the organism. The misregulation of 
beta-cat- has been definitively linked to various 
forms of cancer. 

The 705 Ribosome and functional Complexes 

The ribosome is the machinery that translates 
information horn the genome into the production of 
proteins. The 705 ribosome is a massively large 
complex of 3 RNA and 52 protein molecules with a 
total molecular weight of over 2.5 million daltons, 
and consists of two subunits, 305 and 505. The 50s 
subunit contains the peptidyl transferase activity 
responsible for amino acid ligation, while the 
interaction between the messenger ICNA template and 
&.e aminoacylated transfer RNAs is mediated by the 
305 subunit. The determination of the atomic 
structure of the 70s ribosome will serve as a basis of 
understanding ribosomal function, as well as a 
broader undershding about how these complexes 
are assembled and stabilized. Thus the signrhcance of 
elucidating the structu~e of the 70s ribosome, as well 
as the technical di€ficulties of this task, makes it an 
ideal target for a full-scale effort €or structure 
determination by the Maa-omoledar 
Crysfdography Facility at the Advanced Light 
Source (MCF/ALS)+ 

In an effort led by Dr. Harry Noller at University of 
California at Santa Cruz-who has extensive 
experience in RNA and ribosomal molecular biology, 
biochemistry, and a-ystallization-we undertake the 
determination of tihe structure of the 705 ribosome at 
atomic resolution, along with fhe structure of its 
functional complexes. DL Noller's group has obtained 
crystals that yield native data to 6-angstrom 
resolution at the MCP/ALS. Electron density maps to 
7.8-angstrom resolution have been calculated that 
reveal the structural arrangement of a number of 
components of the ribosome. One particularly useful 
approach, which is unique to the MCF/ALS, is the 
ability to perform MAD experiments around the 
absorption edges of several atoms, including the 
uranium Mv edge at  3.55 keV. This is useful since the 
anomalous signal at this energy is large enough to 
phase a complex a5 massive at the 705 ribosome. We 
will continue to develop methods and 
inshumentation to improve the quality of the data 
from the MCF/ALS for this project, which will be 
generalizable to other large complexes. Furthermore, 
we WiIl develop computationd methods for 

determining structures of this size and  difficult^. This 
will include mdti-solution phasing approaches to 
determining the structure of large macromolecules. 

Accomplishments 

Wnt Pathway and Complexes 
Initial results have been obtained from the PDZ 
molecular recognition domain of dishevelled. 
Dislzevelled is a multi-functional, multi-domain protein 
involved in a t  least two pathways. Native crystals of 
the 97 amino-acid PDZ domain have been obtained 
that diffract to 2.bangstcom resohtion. cryskds of 
selenomethionine-containing protein *act to 2.5- 
angstrom. h addition, a complete NLAD data set has 
been collected and the structure determination 
completed that suggests a novel PDZ/PDZ 
homodkner. Cellular assays on mutants are b&g 
pwsued, based on the information of this structure. 
This has led to a model of interaction between 
disltenefled and the proteins that it interacts with that 
suggests a mechanism for mediating multiple 
flxlctions. 

We have recently expressed and purified to 
homogeneity a number o€ other members of the W71t 
pathway+ Characterization and crystalhation tr ials 
for these molecules, and th& complexes are csurrently 
underway. 

705 Ribosome 

The contributions made by this program to the 
ribosome project led by Harry Noller helped lead to 
the structure determination of the 70s ribosome, 
along with a number of functional complexes. This 
has allowed for the development of a fuller 
understanding of &e large molecular machinery 
involved in protein biosynthesis. 

Pubiications 

J. Cate, M. Yusupov, G. Yusupova, T. Earnest, and H. 
Noller, "X-ray Crystal Stnrctures of 705 Ribosome 
Functional Complexes," Scicizce 285: 2095 (September 
24,1999). 

N. Khlebtsova, L.-W. Hung, K. Henderson, R. Moon, 
and T. Earnest, "Expression, Crystallization, and 
Initial X-ray Characterization of &he PDZ Domain of 
Dishevelled Protein," Actn Cry,rjtnllogmphicfl D56: 212- 
214 (February 2000). 
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N, Khlebtsova, L.-W, Hung, K. Henderson, J. Miller, 
R. Moon, and T. Earnest, "Structure of the PDZ 
Domain of Dishevelled Protein," Nnkrre Stnictzirnl 
Biology (in preparation). 

Primary Steps of Photosynthesis 

Principal Investigators: Graham Fleming 

Project No.: 99043 

Project Description 

The subtle interplay between electronic coupling, 
electron-phonon coupling, and disorder that makes 
natural photosynthetic systems so astoundingly 
efficient remains imperfectly understood. Indeed, the 
properties of photosynthetic antennas and reaction 
centers differ significantly horn the simple sum of 
their components. The primary processes of 
photosynthesis occur on the - 10-t' s hescale  
and thus require ultrafast spechoscopy for their 
investigation. We propose to apply novel nodnear 
optical techniques in combination with theory and 
elechonic structure calcdations to determine the 
design prin'ciples of these exquisite devices. 

We have developed the photon echo peak shift into a 
powerful tool to study energy and elech-on transfer in 
disordered systems. We will apply this technique, 
along with the new two-color, threepulse echo peak 
shift techique, to the bacterid reaction center, the 
photosystem II reaction center of green plants, and 
the combined mtma/reaction center system of 
green plants-photosystem I, Combining these 
measurements with ab initio and density functional 
electronic structure calculations will produce a 
complete picture of the quantum dynamics of 
photosynthesis. 

Accomplishments 

Carotenoid molecules play a vital role as light 
harvesters, damage protectors and regulators in 
photosynthetic light harvesting complexes. These 
molecules possess an optical dark first excited singlet 
state (Sl) that is implicated in both light harvesting 
and its regulation. The location of these states is 
unlmown. We used femtosecond two-photon 
spectroscopy to determine the spechum of S1 states 

in plant and bacterial carotenoids in the actual 
photosynthetic complexes themselves. 

Photosynthetic light harvesting complexes are truly 
complex in the sense that their properties cannot be 
understood when the entire syskern is included in the 
model. We demonstrated this point on bacterial light 
harvesting complex LED, where photon echo 
measurements and electronic structure calculations 
were used as input to a model incorporating disorder 
exatonic couplings and spectral overlaps. We showed 
that 8800-8850 energy transfer can only be 
understood in the context oE the complete model. 

Preliminary photon echo studies were made in the 
major light harvesting complex LHCII, revealing the 
importance of ddorophyll b to chlorophyll b transfer 
for the first time. 

Publications 
P.J. WalIa, Ja Yom, B.P. Krueger, and G.R. Fleming, 
"Two-photon Excitation Spectrum of LHC Il and 
Fluorescence Upconversion after One- and Two- 
photon Excitation of the Carotenoids," (submitted to 
The Joilrlml of Pliysicnl Chenrishy B). 

XAFS of Bifunctiona/ Transition Metal 
Molecular Sie wes for Artificial 
Photosynthesis 

Principal Investigators: Heinz Frei 

Project No.: 99036 

Project Description 
Photochemical synthesis of a fuel by direct reduction 
of CO, using visible light and H,O as an electron 
sowce is one of the most attractive, yet unrealized, 
goals in solar energy-to-fuel conversion. 
Photosynthesis of meiihanol for large-scale use in fuel 
cells is considered a promising option €or replacement 
of fossil fuel combustion as a means of power 
generation. We propose to explore transition metal 
framework substituted miclroporous solids containing 
two different met& as a new type of photoreactor for 
CO, reduction by H,O. The most critical and 
challenging aspeck of this task is reliable 
characterization of such bifunctional molecular sieves 
and the verification of thheir structural integrity under 



use. X-ray absorption techniques, espeaally Extended 
X-ray Absorption Fine Structtrre (EXAFS) and X-ray 
Absorption Near Edge Structure (XANES), are the 
best tools for this type of solid. The purpose of this 
project is to explore the synthesis of bifunctional 
framework metal sieves; and to conduct EXAFS and 
XANES studies at  the Advanced Light Source (ALS), 
in order to establish an efficient approach for the 
characterization and screening of these new materials. 

The project consists of XAFS experiments on two 
established microporous materials, TiAlP0,S and Ti 
silicakite in order to eluadate the local structure of 
kamework Ti centers, h parallel, the synthesis of 
novel mono-substituted sieves (RUALPO,) and 
bifunctional materials (TiFe.AW0,) will be explored, 
and the samples characterized by XAFS 
measurements. The project involves the design and 
fabrication of an X A F S  sample stage consisting of a 
cryostat (77 to 700" K), a holder for 12 samples, and 
detectors for measurement jn transmission or 
fluorescence mode. Experiments will be conducted at 
beaaline 9,3,1, whose energy range spans the K-edge 
of Ti and L-edge of Ru. 

Accomplishments 

A sample holder featuring 12 sample positions and 
variable temperature option (77 to 700" K) was 
designed and fabricated. An XYZ manipulator 
allowed convenient alignment of each sample 
(pressed wafer of molecular sieve crystallites) in the 
x-ray beam, The sample holder was mounted on an 
XAFS endstation built by Dr. Melvin Wein at ALS 
Beamline 9.3.1, which covers the energy range 2 to 6 
keV. Detection is done in either transmission or 
fluorescence mode by a retrievable Si photodiode, 
mounted at a right angle. 

With this new setup, we have recorded XANES 
spectra of Ti substituted aluminophosphate (TAPO-5) 
and silicate (TS-1) sieves synthesized in our 
laboratory. A sharp A1-T2 pre-edge absorption at 4968 
eV characteristic of Ti centers in tetrahedral 
framework sites was detected in transmission and 
fluorescence modes. Using samples wih Ti 
concentrations varying between 0.5 and 3 percent, the 
width and intensity of the pre-edge band revealed 
that materials with Ti content of 1.5 percent or lower 
exhibit perfect framework substitution (no extra- 
framework Ti present). Characterization of these Ti 
substituted sieves by XAFS measurements furnished 
the basis for two mechanistic studies on C 0 2  and CO 
photoreduction in our laboratory, both completed. In 
these experiments, the Ti centers are utilized a5 

chromophores and exated redox sites. Direct 
evidence for the precise nature of these active sites by 
XAFS, combined with i71 situ infrared monitoring of 
the photochemistry, has furnished the first insight 
into the primary reaction steps of carbon oxide 
reduction in these nanoporous reactors, 

We have accomplished hydrothermal synthesis of a 
microporous RUALPO, 'material. The importance of 
such a material lies in the known role of Ru in CO, 
chemistry. Prel;minary characterization by powder 
x-ray dilfraction, scanning electron microscopy, and 
ultraviolet-visible spectroscopy indicates a sieve with 
unidimensional channel structure and reversibly 
reducible Ru sites. L-edge measurements in the 2800 
to 3000 eV range revealed two sharp absorptions 
whose separation as a function of oxidative/reductive 
treatment will allow us to assign the oxidation states 
of the Ru in the material, Synthesis of bifunctional 
sieves TipeA1p04 and TiFe silicalite was 
accomplished. 

Publications 

N. Ulagappan and H. Frei, "Mechanism of CO, 
Photoreduction in TS-1 Molecular Sieve," J. Plrys. 
Clzein. (in draft). 

Y. H. Yeom and H. Frei, "Photoreaction of CO with 
CH,OH in Microporous Ti Silicate," Plzys. Chenz. (in 
draft). 

Novel Approaches to the Study of 
Molecular Organization in Living Cells 

Principal Investigators: Jay Groves 

Project No.: 99044 

Project Description 

The purpose of this project is to develop new 
strategies for imaging and studying the dynamic 
spatial organization of molecular components in 
living cells. In recent work, we have introduced the 
concept of using microfabricated substrates to impose 
patterns and structure on fluid lipid bilayer 
membranes. This is a fairly general technique that 
combines standard microfabrication processes with 
membrane self-assembly to produce lipid membranes 
wifh precisely defined patterns. The aim of the 
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current research is to develop mimopatterned 
membranes, along with more general shctures,  as 
novel means of examjnjng the role of dynamic 
organization in cell membranes on the micrometer 
and nanometer scale. 

This project involves a cross section of several rather 
different technologies. Conventionally 
microfabricated substrates will be used to guide the 
assembly of membranes and proteins into desired 
geometries. These hybrid bio-solid-state structures 
will then be employed in various experiments with 
proteins and living cells. Information will be gathered 
largely by fluorescence microscopy. 

Accomplishments 

The first phase of this project has focused primarily 
on system development. Our initial efforts have been 
directed towards characterization of the influence of 
supported lipid membranes on the adhesion of cells 
to solid substrates. Two standard and naturally 
adherent cell lines, HeLa and NIH 3T3, were chosen 
for the test studies. Both of these cell lines readily 
adhere and proliterate on silica substrates. Their 
ability to recognize and adhere to silica substrates 
coated with a supported membrane was analyzed for 
a variety of membrane compositions. The primary 
g o d  of this study was to identrfy membrane 
compositions ha t  effectively block cell adhesion. 
These then will form the background material for 
membrane-based display of biological ligands at a 
later stage in this work. General characterization of 
the stability and physical properties (fluidity, 
continuity, etc.) of supported membranes under cell 
growth conditions was also necessary. Membrane 
compositions which success€ully blo& cell adhesion 
and withstand cell growth conditions have been 
found and will be disclosed at a later date. 

The next phase OF development of our membrane- 
mediated cell adhesion system involves display of 
specific biological Ligands on the cell membrane. 
Several adhesion ligands involving lipid-linked 
peptide fragments and oligosaccharides are currently 
being synthesized. When the synthesis is complete, 
these will be incorporated into membranes, with the 
inert compositions we have identified, and their 
influence on adhesion will be studied. 

The long-term goals of this work will require a 
sophisticated level of micro- and nanofabrication 
capabilities. Organization to meet these needs is 
underway. Our first round of photomasks have been 
designed and are currently being fabricated. 

Production of electron beam patterned nanostruchrres 
has also begun. 

G/obal Optimization Approaches to 
Protein Structure Prediction 

Principal Investigators: Teresa Head-Gordon 

Project No.: 96038 

Project Description 

The protein structure prediction problem is to 
determine the three-dimensional arrangement of the 
protein molecule, given a proteinsolvent potential or 
free energy surface in accord with the amino acid 
sequence. The “rugged landscape” topography of this 
surface defines the underlying difficulty in solving 
the protein structure prediction problem; the native 
structure minimum, presumably the global 
minimu, must be discriminated from other minima 
whose number rises exponentially with the number of 
amino acids in the sequence. Furthermore, this energy 
surface is mcul t  to model reliably in a global sense, 
i.e. to ensure that all protein misfolds are higher in 
energy than the correctly folded conformation. 

For a suffiaently well-defined energy surface, 
mathematical optimization research for obtaining the 
global solution to a large nonlinear system with 
numerous local minima can be broadly categorized 
into two approaches. Constrained optimization 
methods rely on the availability of sufficiently well- 
defined constraints so that the desired solution is the 
only available solution, and local optimization 
algorithms can be applied. However, the necessary 
set of biophysical conshaints needed foi robust 
protein structure determination cannot be 
unambiguously predicted at this time, Global 
optimization techniques, in principle, avoid this 
predictive capaaty problem by systematically 
searching the potential energy stdace to find all low- 
lying minima including the global energy minimum. 
In collaboration with computer science researchers at 
the University of Colorado, we have developed a 
global optimization approach based on both local and 
global sampling, perturbation, smoohhg, and 



biasing (soft constraints) that ha5 been quite 
successful in the prediction of alpha-helical proteins. 

Global optimization methods only make sense in the 
context of an objective h c t i o n  whose global 
minimum is actually the desired minimum sought, 
While in principal the protein structure prediction 
problem seeks the global free energy minjmum, the 
modeling of an energy function that guarantees the 
native structure as the global minimum relative to all 
conceivable misfolded structures is a formidable task. 
It is well appreciated that so-called "gas phase" 
protein molecular mechanics force fields do not 
differentiate well between folded and misfolded 
energy conformation. Qualitative improvement in 
lowering the energy of correctly folded structures 
relative to non-native stnrctures is to incorporate a 
description of aqueous solvation. We have developed 
an atomic pairwise additive solvation term that 
stabilizes the burial of hydrophobic groups its well as 
spatially longer-ranged stabilization of hydrophobic 
groups. When this solvation potential is combhed 
with the AMBER95 protein force field, the total 
function gives the a y s t a l  structure of four different a- 
helical proteins a5 the lowest energy structure relative 
to other conformations. 

The work is computationally demanding and requires 
a commitnent of high performance computing 
resomces, such as massively pardel platforms, to 
reaIize its full potential. The developed global 
optimization strategy was pardelized and run on the 
T3E at National Energy Research Scientific 
Computing (NERSC) using.from 16 to 256 processors. 
A new dynamic load balancing strategy, broadly 
applicable to tree search problems in general, has 
been used to generate our most recent results on a 
four-helix bundle DNA binding protein. 

Accomplishments 
This project is a collaboration between leading 
research groups in numerical optimization and 
computational biochemisky to pursue a 
computational solution to the protein folding 
problem. The research has resulted in advances in 
both large-scale and parallel numerical cornputation, 
and in models and prediction methods for 
computational biology. To succeed in solving the 
protein struchue prediction problem by optimization 
approaches, we have focused on the following four 
areas: 

9 Largescale global optimization algorithms 

0 Construction of accurate energy models of 
proteins 

constraints 
. Prediction of protein secondary structure 

Largescale parallel computation 

The research project involves a symbiotic relationship 
between these computational and scientific research 
topics, Key features of ow research include new 
approaches to "smoothing" the energy model in order 
to increase the effiaency of the global optimization, 
incorporation of secondary shc ture  prediction 
information as non-binding constraints in the global 
optimization proce~s, and a novel representation of 
aqueous solvent that energetically differentiates the 
desired structure as the lowest energy conformer 
relative to other misfolds. Our global optimization 
methods require use of parallel Computation, and we 
have explored scheduling, task migration, and load 
balancing to increase efficiency. 

Researchers at Berkeley Lab and University of 
Colorado have actively collaborated on this effort. We 
have obtained state-of-the-art results in predicting 
lielical proteins of about 70 amino acids, and have 
developed robust energy models involving solvation.' 
Fuhrre work involves exkending the research to more 
general proteins and larger targets. We wilI need to 
deveIop improved methods of secondary structure 
prediction using neural networks, and further 
improved energy models. This will result in the . 
distribution of new algorithms, models, and software. 



Figure 1. A ribbotz dingrnm compmison betrueen tl2e nziclenr nzngzetic resoiznnce fNMN 
sfriichiia of n four helix biurdle DNA bitrdirig proteitr (Zpoii) (right) nrid the outcosze of 
our global optiinizntioii n lgor i th  (le!,) 
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Identification of Novel Functional 
RNA Genes in Genomic DNA 
Sequences 

Principal Investigators: Stephen Holbrook and lnna 
Dubchak 

Project No.: 99037 

Project Description 

The goal of this project is to identdy novel, 
functional RNA genes within genomic DNA 
sequences. Computational algorithms will be 
developed to assign putative RNA genes, the 
products of which can be verified and charackerized 
by biochemical methods. Current programs for gene 
assignment are based largely on characteristics of 
protein sequences such as start and stop codons, 
ribosome binding site, and amino acid coding biases 
which are not applicable to RNA coding regions. We 
will, therefore, create an  automated computer 
program that specifically recognizes sequences 
found predominantly in stable RNA structures. The 
computational methods we develop will be applied 
to current genome sequences (including E ,  coli and 
yeast) and partial genome sequences (i.e., human) 
and made publicly available to those involved jn 
genome sequencing and analysis. 

An automated method will be developed for the 
identification of putative genes coding for functional 
RNAs that are not homologous to previously 
characterized RNA molecules. The approach is 
based on the observation that all known functional 
RNAs share a small set of common structural 
elements. Sequences corresponding to these 
structural elements were shown to occur with a 
higher frequency in known RNA genes when 
compared to protein genes or non-coding regions. 
These frequencies, as well as the calculated bee 
energies and base pairing of h e  predicted secondary 

structures, are being incorporated into computer- 
s h d a t e d  neural networks for the prediction of 
novel RNA gene sequences in genomic DNA. 
Prediction of RNA gene promoters using hidden 
Markov models may be coupled with predictions of 
the RNA coding regions to define the gene 
.sfructu~es. We will then test these predictions by 
biochemical and genetic methods, first by checking 
for the presence of a stable RNA transcript, and then 
for phenotypic consequences of gene deletion or 
disruption. 

Accomplishments 

Our initial approach to locating novel RNA gene5 
was based on h e  premise that all stable, hct ional  
RNAs share common s h c h z r a l  elements and that 
sequences corresponding to these elements occur 
preferentially in RNA genes. 

Thus, we have used sequences characteristic of XNA 
structure such as GNRA tetraloops, uridine turns, 
UNCG tetrdoops, teetraloop receptors, md 
adenosine platforms that are expected to occur in 
higher frequency jn RNA genes, as well as the 
sequence CTAG that occurs rarely in E. coli prokin 
genes compared to RNA genes. We have 
demonstrated a statrstical preference for these 
structural elements in RNA genes from several 
genomes. We have also used the h e  energy of 
folding as a structural  parameter representing 
double helicity in RNA sequences. 

Since the hequency of occurrence of RNA struchrral 
elements cannotbe expected to idenbfynon-RNA 
sequences in a positive manner, we identified 
additional'sequence preferences based on global 
sequence descriptors (previously applied to protein 
fold prediction) to discriminate RNA genes from 
non-RNA genes. These descriptors include 4 
composition (C), 16 distribution (D), and 20 
transition (T) parameters, for a total of 40 parameters 
(CcD+T). Alternatively, i f  only the composition and 
bansition parameters are used (C+T), the total is 24 
parameters. 

From the known RNA genes in E. coli, we selected 
305 sequence windows of 80 residues including 
examples from W A S ,  ribosomal RNAs, and 
miscellaneous RNAs in approximately equal ratios. 
We also selected 305 sequence windows horn non- 
annotated regions of the genome. Neural networks 
were trained on these 610 examples to predict 
whetfier or not the sequence window was from an 
RNA gene. They were tested by the jackknife 



method of removing one sequence at a time horn the 
training set for testing and then averaging the 
predictions horn all 610 trained networks. The 
testing results are shown in Table 1 at various 

RNA GENE PREDICTION - Jackknife Testing of Computational Neural Networks 

strengths of prediction. The hid neural network 
weights were obtained by training on the entire set 
of examples and stored for later use in prediction, 

Structure 16 parameter) Sequence 1C+T+DI Sesuence (C+TI V O ~ E  [Structure, C+T\ 

Threshold 7'0 Correct YO Predicted % Correct % Predicted 96 Correct '% Predicted X Correct % Predicted 

10% 84.3 93.8 . 89.8 99.7 89.8 99.8 94.0 78.7 

20% 84.3 59.7 59.8 99.7 90.0 98.7 90.5 78.0 

40% 86.2 782 902 982 90.6 97.2 95.1 66.6 

60% 88.6 57.7 91.9 89.2 91.4 58.2 95.4 46.6 

70% 93.5 35.2 92.2 46.2 91.6 46.9 972 17.7 

80% 97.8 22.1 ' 86.4 9.7 83.6 9.0 100.0 1.5 

Table 1. All nehuorks used 2 Iiiclden nodes. Tl1i .es l iold=(pi~erl~-pre~2~~~O~./ lyred~+~recl2~ - predl n ~ i d  
pred2 nre mtiuities of2 nerirnl nehuork outpiits. C=%A,G,C,T; T=%Diiiircleotides line. AC,TG); 
D=Distr-ibutioiz iii seqiteizce (Le. %A iiz$rst 1/4 seqiieizce); Stzrchire=#WCG, #GNRA, #CTAG, 
#Tetmlooy receptor; #Uridine hinrs, Free eiiergy offolding*lO.O 

The structurebased and sequence-based neural 
networks are trained on very different parameters 
and therefore can be expected to be complimentary 
in their predictions. h order to optimize prediction, 
we used a voting procedure in which predictions 
were accepted only when predicted by both types of 
networks. The results of the voting predictions are 
summarized in Table 1. For the structure and voting 
based predictions, Table 1 shows that as the 
threshold of prediction is inneased (strength of 
prediction), the number of predictions above this 
threshold decreases P/o predicted), but fhe accuracy 
of prediction increases (Yo correct) toward 100% 
correct. 

After the networks were trajned, the next step was 
to parse the E. coli genome so as to remove the 
known RNA and protein gene sequences (jncluding 
50 residues upstream its promoters) and then divide 
the remaining jntergenic sequences into windows of 
80 residues overlapping by 40 residues. This 
resulted in 6,108 windows horn each strand (only 
sequences without genes on either strand were 
considered). The bee energy, structural parameters, 
and sequence parameters used as input to the neural 
nets were caldated for each of these windows. 
Structure-based, sequence-based, and voting 
predictions were made for each window and the 
strongest predictions chosen for further analysis. A 
total o€ 230 moderately strong (60% 

compositional/70% structural threshold) predictions 
were made by voting, while 9 windows were 
identified as potential RNA gene codhg regions at 
the strongest level (70% compositond/80% 

As a further indicator of RNA genes, we have 
searched for potential RNA promoters, New RNA 
genes can occur either in existing operons or with 
their own promoters. We used lcnown promoters for 
22 rRNA and tRNA genes to make a hidden Markov 
model of RNA gene promoters. This model was 
used to search the intergenic sequence windows for 
RNA promoters, In strand one, 19 potential 
promoters were identified along with 21 in strand 
two. Five examples of putative RNA promoters 
followed by strongly predicted RNA gene sequences 
were observed'h strand one. An example is shown 
below (Figure 2) along with its predicted fold 
(predicted promoter underlined). One additional 
intergenic region containing both a predicted 
promoter and an RNA gene occurs in strand two. 

A first step toward confirmation of a putative RNA 
gene is to see whether a sequence homologue 
appears in a closely related organism. We therefore 
searched the available genome sequence horn 
Snliizoirelln typhinrririian using the sequences 
described above as probes and found strong 
sequence analogs ( ~ 9 0 %  identity) in Salmonella. 

shuct-lnal) . 



We have now reproduced the experiments described 
above For E. coli using genomes horn several other 
organisms. These include Mycoplnsnm gaiitnlitiitz, 
Mycoplmnn pizetimonine, and Pyrococcus horikoshii. 
These weights horn the trained neural networks will 
be used in a public web server to allow users to 
make predictions using their sequences, We will be 
enlarging the number of organisms present in the 

database of OUT server, including other bacteria, 
lower eukaryotes such as yeast, and ultimately 
human. 

Finally, we will require experimental verification of 
predicted RNA genes. The most direct approach 
,initially is to probe total RNA using Northern blots. 
These experiments are currently underway. 

Publications 

I. Dub&&, S.R. Holbrook, and I. Muchnik, "Global 
Description of Amino Acid & Nucleotide Sequences: 
Application to Predicting Protein Folds, Intron-Exon 
Discrimination, & RNA Gene Identification," 
Proceedings of the International Conference on 
Modeling and Shdat ion  of Microsystems (1999). 

I. Dubchak and S.R. Holbrook, "Identification of 
Novel RNA Genes in Genomic DNA Sequences'' 
(draft). 
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Basis Sei. of Protein Folding: a 
Computational Taxonomy of Protein 
Folding Families 

Controlled Environment X-Ray 
Absorption Spectroscopy Studies at 
2 to 5 KeV af the ALS 

Principal Investigators: Sung-Hou Kim 

Project No.: 98027 

Project Description 

An examination of genomic DNA sequences reveals 
that a majority of genes have no known functions as 
judged by sequence similarities. However, an 
increasing number of proteins with weak sequence 
SimiIarity have been found to assume similar three- 
dimensional fold, and often have similar or related 
biochemical or biophysical functions. The objective 
of the project was to develop a computational 
method, based on amino acid properties alone, for 
detecting the fold s i m i l a ~ 3 ~  between two proteins 
with low sequence similarity. 

Accomplishments 

We have developed the proximity correlation matrix 
IpCM) method. This computational method is built 
on the observation that neighboring amino acid 
residues in sequence at structurally equivalent 
positions of two proteins of similar fold have 
physical properties that are often correlated, even 
when amino acid sequences are diE€erent. 
Hydrophobic@ is shown to be the most strongly 
correlated property for dl protein fold classes. The 
PCM method was tested on 4220 proteins belonging 
to 64 Werent lmown folds, each having at least 
three proteins with Little sequence similarity. The 
method detected fold similarities for 40% of the 420 
sequences. Compared with sequence comparison 
and several fold recognition methods, the PCM 
method demonstrates good performance in 
detecting fold simiIarities among the proteins with 
low sequence identity. Applied to the complete 
genome of Me~~~~izococcusjnniiflschii this method 
recognized the foIds for 22 hypothetical proteins. 

Publications 

I.V. Grigoriev and S.-H. Kim, "Detection of Protein 
Fold Similarity Based on Correlation of Amino Acid 
Properties," PNAS 96,14318-14323 (1999). 

Principal Investigators: Vitta1 Yachandra and Melvin 
Klein 

Project No.: 98043 

Project Description 
The purpose of this proposal is to provide a 
capability for performing x-ray absorption 
spectroscopy ( U S )  of lower-Z elements at the 
Advanced Light Source (ALS}. Elements from P 
through Ca have K-absorption edge energies 
between 1.8 and 4.9 keV, whereas the L-edges o€ 
most second-row elements f d  in this range. The 
U S ,  espedally the near edge spectra of the lower Z 
elements, is extremely rich and can provide detailed 
chemical and structural information (espeaally 
chemical speciation) on samples as diverse as 
biological cells and geological samples. Such 
measurements can be performed on any state of 
matter at selected temperature and environment. 
The setup we propose will provide an enclosure 
with provisions for sample containment in an 
mvirbrunmt of the experimenter's choice (vacuum 
or specific aimasphere, elevated or reduced 
temperature, absorption or fluorescence detection). 

We will construct a "mini-hutch" to safely contain 
general and specific components for U S .  Required 
components indude detectors to monitor incident 
and transmitted photon flux, fluorescence, sample 
momthg, cryostat and other enclosures for 
achieving low or devated temperatures, vacuum or 
other ambient gases, sample positioning, and 
alignment. Longitudinal positioning along the beam 
direction will provide for operation at or displaced 
horn the beam focal position to permit examining a 
small or dishibuted fraction of a large sample. 

Accomplishments 

An endstation designed to achieve the goals stated 
in the project description has been designed, 
fabricated, installed on Beamline 9.3.1 at the ALS, 
tested, and placed in operation. Frst light was 
observed in h e  endstation exactly one year after the 
original proposal was submitted. 
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The endstation incorporates a number of useful 
features. It permits samples to be observed while in 
either vacuum or a gas of the experimenter's 
choosing. The temperature may range from ambient 
to 10" K. To minimize attenuation of the incoming 
soft x-rays it may be operated with a single thin 
window between the beamline vacuum and the 
sample. As most soft x-ray absorption spectra, U S ,  
are observed by fluorescence detection of x-rays 
characteristic of the element under study, we have 
incorporated a detector inside the sample chamber, 
thus avoiding another exit window, Provisions have 
been made to use detectors externally with only one 
window between sample and detector, Sample 
changes can be performed in minutes. 

Incident beam intensity is measured either by 
photoemission horn a metal mesh or by creating a 
small ionization chamber between two BE windows 
that can be inserted into the incident beam path. 
Spectra have been obtained at the P, 5, C1, Ar and Ca 

K-edges, at several second row transition dement L- 
edges, and the three L-edges of Xe. 

Because small shifts in the precise energy of features 
in the x-ray absorption near edge structure (XANES) 
often reveal sigruhcant chemical information, precise 
energy referencing from scan-to-scan and horn m- 
t o - m  is required. For low-resohtion studies, 
observation of a n  internal standard compound 
sdfices. For more exacting studies, we have 
incorporated a Si crystal at fixed angle relative to 
both the incident beam and to a detector. The 
diffraction "glitches," which o c m  as the beamline 
monochromater scans energy, provide very sharp 
energy markers. 

The endstation has been used by two groups horn 
Physical Biosaences Division, one hom Earth 
Sciences and one horn Chemica l  Saences. A number 
of investigators from outside Berkeley Lab have 
expressed interest jn using the setup, 

Figtire 3. A1-bif-rmy envirorinrerit endstation for+ performing x-TRIJ nbsorptioiz 
spectroscopy in f l i ~  energy mzge of 2 to 5 keV instnlled nf Benriiliiie 9.3.1 nt the ALS. 

Publications 
I< L. McFarlane, 2. Hussain, M.P. Klein, and V.K. 
Yachandra, "A Non-Vacuum End Station for 
Intermediate-Energy XAS and the ALS.," ALS Users 
Meehg,  October 1999, in draft for Review of Scieizhjic 

K.L. McFarlane, M.J. La the r ,  M.P. Klein and V.K. 
Yachandra," Cryostat for XAS at Low Energy with 
Internal Fluorescence Detection," in draft for Reviezu of 
Scierztijk bisbiinzeizts. 

rnsfmniertts. 
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Computational Modeling of Protein 
Folding and Unfolding Using Lattice 
Models and All-A tom Molecular 
Dynamics 

Principal Investigators: Daniel Rokhsar 

Project No.: 98044 

Project Description 

The goal of this project is the consttuction of 
quantitative theoretical models of biological materials 
and systems. Our primary focus is two-fold: (I) the 
thermodynamic and kinetic properties of proteins and 
(2) the development and organization of neuronal 
networks in the mammalian visual system. 

Studies of protein folding require extensive Monte 
Carlo simulation for thermodynamic properties and 
molecular dynamic5 and Langevin analysis for 
kinetics. Because all-atom calculations are limited to 
nanoseconds of real time (while real proteins fold in 
milliseconds], progress demands the construction of 
faithful, yet tractable, models to make the best use of 
available computational resources, We use lattice 
models, simplified representations of proteins, and 
&-atom molecular dynamics with solvent to study 
the nature of folding and unfolding pathways. 

Simulation and analysis of retinal and cortical 
pa thns  and their projections requires bo& image 
processing and dynamical simulations. Parallel 
simulations of a range of control parameters for these 
reahtic networks is the best way to accumulate 
suf f iaen t  data to understand these complex 
dynamical systems. The goal of this effort is (1) a 
quantitative model of the developing mammalian 
retina and (2) the ability to make s p e d c  predictions 
for the behavior of this network under various 
conditions. 

This computational effort relies heavily on the 
computational resources of National Energy Research 
Scientific Computing (NERSC), specifically the Cray 
T3E. 

Accomplishments 

Unfo/ding and Refolding a Beta Hairpin 
Using molecular dynamics, we have studied the 
unfolding and refolding pathway of a beta-hairpin 
fragment of protein G. While this h a p e n t  is small, it 
possesses several of the qualities ascribed to s m a l l  
proteins: cooperatively formed beta-sheet secondary 
structure and a hydrophobic cluster o€ packed side 
chains. At high temperatures, we find that the hairpin 
unfolds through a series of sudden, discrete 
conformational changes. The discrete states are 
identified with the folded state, a pair of partially 
unfolded kinetic intermediates, and the unfolded 
state. To study refolding at low temperatures, we 
perform a series of short simulations, starting horn 
the putative transition states of the discrete transition 
5een in unfolding. These simulations show that 
refolding at low temperatures can proceed by 
reversing the unfolding pathway at high 
temperatures. 

Unfolding a Beta Hairpin by Mechanical Forces 
Single-molecule mechanical unfolding experiments 
have the potentid to provide insights into the details 
of protein folding pathways. To investigate the 
relationship between forceextension unfolding 
curves and microscopic events, we performed 
molecular dynamics simulations of the mechanical 
unfolding of the C-terminal hairpin of protein G. We 
have studied the dependence of the unfolding 
pathway on pulling speed, cantilever siifhess, and 
attachment points. Under conditions that generate 
low forces, the unfolding trajectory mimics the 
untethered, thermally accessible pathway previously 
proposed based onhigh-temperature studies. In this 
stepwise pathway, complete breakdown of the 
backbone hydrogen bonds precedes dissociation of 
the hydrophobic duster. Under more extreme 
conditions, the cluster and hydrogen bonds brealc 
simultaneously. Transitions between folding 
intermediates can be identified in OUT simulations as 
features of the calculated force-extension curves. 

Retinal Waves and Collective Network Properties 
Propagating neural activity in the developing 
mammalian retina is required for the normal 
patterning of retinoihalamic connections. This activity 
exhibits a complex spatiotemporal pattern of 
initiation, propagation, and termhation. We have 
introduced a model of the developing retina using a 



combination of simulation and analytic calculation. 
Our model produces spatially and temporally 
restricted waves without requiring inhibition, 
consistent with the early depolarizing activity of 
neurotransmitters in the retina. We find that highly 
correlated, temporally regular, spatially restricted 
activity occurs over a range of network parameters; 
this ensures that such spatiotemporal patterns can be 
produced robustly by immature neural networks in 
which synaptic transmission by individual neurons 
may be unreliable. Wider variation ofthese 
parameters results in several different regimes oE 
behavior, We also find that wave properties are 
locally determined by a single mesoscopic parameter, 
the fraction of recruitable cells. From this perspective, 
a given area's local ability to support waves with a 
wide range of propagation speeds--as observed in 
experiment-reflects the variability in the local state 
of excitability of that area, These predictions are 
supported by wholecell voltage-clamp recordings. 
Our approach to describing the developing retina 
provides new insight into how the organization of a 
neural circuit can lead to the generation of patterns of 
complex correlated activity. 

DNA Microarray Analysis 
We are developing GUACAMOLE, a comprehensive 
so€tware package for the analysis of DNA microarray 
data. This integrated package combines image 
analysis and quantification; graphically oriented, 
user-guided sorting; classification and visualization of 
single microarray datasets; and higher-level analyses 
across multiple experiments, including complex 
queries, sorting, clustering, pattern recognition, etc. 
The package provides a single, user-hiendly platform 
for navigation and exploration across single and 
mdtiple experiments. Results are stored in a 
relational database, BEANDIP, with a database 
shema that has been designed to be compatible with 
a wide range of other analysis tools, including 
espeaally the SCANALYZE series, and Laboratory 
Information Management Systems (T.JMS)-including 
Stanford, Berkeley, and Berkley Lab versions. The 
implementation of a relational database permits high- 
level statistical analyses to be performed across 
multiple experiments. A simple web interface allows 
multiple users (with suitable 
idmtificaiion/passwords) to access and search large 
collections of microarray data. 

GUACAMOLE is in a beta-testing stage, with several 
groups at UC Berkeley and Berkeley Lab currently 

testing it using microbial, fly, mouse, and human 
arrays. 

BoseiEinstein Condensation 
Although not within the scope of the original 
proposal, some local computational resources were 
used to develop the theory of rotating Bose-Einstein 
condensates. Specifically, the steadily rotating states, 
of the dilute Bose gas were determined exactly us,hg 
a combination of walyfical and computational 
methods. The result is stable rafts of quantized 
vortices. A single vortex was recently observed by the 
Joint Institute for Laboratory Astrophysics (JILA) 
group in Colorado. 

Publications 

2. Bryant, V.S. Pande, and D.S. Rokhsar, "Pulling 
Apart a Beta Hairpin," to appear, Biuplzysicnl Joui~zal 
78 (2) (2000). 

V+S, Pande and D.S. Rokhsar, "Molecular Dynamics 
Simulations of the Unfolding and Refolding of a Beta- 
Hairpin Fragment of Protein G," Proceedings of the 
Nntiorinl Acndenry of Sciences 96,9062-9067 (1999). 

D.A. Butts, M.B. Feller, CJ. Shah, and D.S. Rokhsar, 
"Rehal Waves are Governed by Collective Network 
Properties." Joiirrinl of Neiiroscieiice 19,3580-3593 

V.S. Pande and D.S. Rokhsar, "Folding Pathway of a 
Lattice Model for Proteins," Proceedings of the Nrltiorznl 
Acndeiny O J S C ~ I C E  96,1273-1278 (1999). 

D.S. Rokhsar, "Condensates in a Twist." Nnhm 
(News and Views) (1999). 

D.A. Butts and D.5, Rokhsar, "Predicted Signatures of 
Rotating Bose-Einstein Condensates," Nnhrre 397,327- 
329 (1999). 

(1999). 
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Protein Microcrystallization and 
Structure Determination 

Principal Investigators: Joseph Jaklevic, Peter 
Schultz, Jim Jin, and Raymond Stevens 

Project No.: 98045 

Project Description 

The difEculty in producing quality crystals is a major 
boktleneck for protein molecular structure 
determination using x-ray crystallography. Typically, 
to obtain a single, highquality protein crystal, it is 
necessary to screen the protein sample agajnst a 
multi-dimensional array of variables (eg .  reagents, 
salt concentrations, pH levels), or "mother liquids," 
comprising hundreds of crystallization trials. Done 
manually, these trials are so labor intensive and 
tedious that it is not practical to set up enough trials 
to ensure su'ccess. Another limiting factor is the 
scarcity of highly purified protein samples, with the 
typical current. protein yield =1 ml, which can limit 
the total number of trials. 

The development of the robotic systems for protein 
crystallization studies began in M98, A robotic 
system was conceptualized that automates the protein 
crystallization processes, synthesizes the necessary 
reagents, and optically screens the individual trials. 
The robotic system allows the user to vastly expand 
the number of possible reagents used to attempt 
crystallization. Compared to current state-of-the-art 
c o m e r a d  systems, the first goal of this project is to 
achieve an order-of-magnitude increase in 
throughput of crystallization trials. The second goal is 
to reduce the amount of protein sample used in a 
single trial to one tenth of a microliter to vastly 
expand the nurnber of trids per protein. 

The goal of the entire systemis to generate and detect 
high-quality protein crystals. Every protein sample 
will first be screened against a coarse array of 480 
standard mother liquids that Can be purchased in 
bulk horn an outside vendor. An optical system will 
automatically monitor the individual trials for 
crystallization. As a crystal grows, repeated imaging 
will track its size, shape, and structure. If the crystal is 
of sufficient quality, the user will be alerted and the 
crystal removed for evaluation, If the cry5 tal is 
suboptimal, two-dimensional arrays of new mother 

liquids will be automatically synthesized based on the 
identified mother liquid, and new crystallization trials 
will be created and monitored. Three discrete 
subsystems will perform the functions of 1) setting up 
a protein a y s t a l  growth plate; 2) optically monitoring 
the crystal growth trials; and 3) synthesizing the fine 
grid screening reagents, Through the use of unique 
barcodes on each microtiter plate, a single database is 
used to communicate and store information among 
the three subsystems. 

Accomplishments 

Crysfallizafion Subsystem 
By the end of FY98 the entire crystallization 
subsystem had been designed with detail drawings 
for each subcomponent complete and in the process 
of being fabricated. The early months of FY99 were 
spent testing subcomponents (e,g. greaser), designing 
and building the electronic control system, and 
assembling the complete system. Preliminary testing 
of the full system began in January. Following a delay 
in delivery of mstom-designed and molded microtiter 
plates, full testing of the system with reagents was 
begun. The first crystals to be grown using the 
crystallization subsystem without manual 
intervention were done with drop volumes as low as 
250 nl. By the end of April, lysozyme crystals were 
regularly being grown in total drop volumes as low 
as 40 nl and at a rate of 8 seconds/hial(6 
minutes/microtiter plate). By early summer, effort 
was mainly directed into research issues surrounding 
dispensing of high-viscosity liquids, accuracy and 
repeatability of such liquids at low volume, 
investigating drop size versus crystallization rates, 
and designing test protocols for the end user. Effort 
was also spent on improving the control software for 
the client's use as well as creating an extensive 
operating manual. 

Synthesizer 

The second subsystem developed for the project is 
designed to provide a finer mesh of growth 
conditions foaoWing a successful (yet sub-optimal) 
identification of crystal growth conditions from the 
primary combinatorial robotic system. The 
synthesizer is based on a commercial Tecan robot 
modified with custom hardware fixtures and 
extensive software improvements, Development 
efforts were directed toward optimization of liquid 
level sensing of PEG solutions, as well as the initial 
construction of a database to allow for the meation of 
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the fine grid solutions based upon the 480 coarse 
solutions used in the crystallization subsystem. The 
early months of calendar 1999 saw the construction 
and assembly of the electrical control box, the 
necessary hardware to supply the stock solutions, and 
fixtures to adapt the Tecan deck plate to our use. 
Preliminary testing of single buffer pH gradients for 
the fine grid synthesizing showed the need to 
purchase the s m a l l  volume pipetting option for 
accurate results. Time Mals using multiple stock 
solutions and viscosities were begun in May, followed 
by work on the necessary refinements to the liquid 
handling protocols and database. June and July were 
spent on polishing GUI software for the client’s use as 
well as creating an extensive operating manual. 

Optical Station 

The plan for the automated optical station for 
monitoring the crystal growth trials called for the 
station to be developed in two stages. During the first 
stage, a commercial CnjstnlScare system horn 
Diversified Scientific, Inc. was bought to image the 
preliminary triaIs from h e  crystallization subsystem. 
Based on images collected by the CystfllScore system, 
software continued to be written for crystal 
recognition and analysis. This software is to be used 
in the second phase when a new, fdly automated 
imaghg station is built. This subsystem was 
conceptualized and optical spedications drawn up 
w i h  detail drawings completed by early summer. 
Due to financial considerations, construction of this 
subsystem was put on hold while the clients continue 
to use the CiystnlScoue system to manually capture 
images of the crystal  growth trials 

Summary 

The project has been successful in demonsk~ating the 
capability for largescale combinatorial growth of 
protein crystals using very small volumes of purilied 
reagents. This is an important breakthrough Fn the 
emerging area of genomics-based protein structure 
characterization since small mystals appropriate for 
synchrotron-based analysis can be rapidly prepared 
from small volumes of expressed p d e d  proteins 
The automated approach also lends itself to scale-up 
to accommodate h e  large numbers of samples 
anticipated in planned studies. The project has also 
served as a lead-in to an additional bstrumentation 
effort devoted to the automaton of x-ray crystal 
analysis at the Advanced Light Source (ALS) 
synchrotron facility. 

These results demonstrate conclusively the validity of 
this approach. Continuing work will be required to 
demonstrate its applicability to the detection of 
specific targets. There is a Science article planned with 
ow collaborators at NIFG. We are also presenting the 
results at an international automation codermce in 
January. 
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Physics Division 

Silicon-on-lnsula tor Technology for 
Ultra-Radiation Hard Sensors 

Principal Investigators: Kevin Einsweiter, 
Naimisaranya Busek, Roberto Marchesini, Gerrit 
Meddeler, Oren Milgrome, Helmuth Spieler, George 
Zizka 

Project No.: 99038 

Project Description 
Readout electronics for vertex detectors in high- 
luminosity colliders are becoming increasingly 
complex. One design for the ATZSIS pixel readout 
integrated circuit (IC), for example, includes about 
106 transistors. Consequently, assessing the suitability 
of a process for hture detectors must go beyond 
merely determining whether devices "die" or not. 
Instead, a detailed evaluation of many electrical 
parameters is necessary to determine how the 
individual device parameters canbe balanced against 
one another to mitigate the effects of radiation 
damage, F&emote, a systematic procedure to 
compare the agrement between simulation 
parameters and actual device characteristics is 
necessary to allow reliable design of radiation- 
tolerant circuitry. 

Accomplishments 

Much of the effort in FY99 concentrated on detded 
characterizations of devices before irradiation. We 
focussed on two processes: 

Honeywell 0.8 pn bulk CMOS, as used in the 
vertex detectors for BaBar at Stanford Linear 
Accderator Center (SLAC), the Collider Detector 
at Fermilab (CDF) and D0, also at Fermilab. 

Taiwan Semiconductor (TSMC) 0.25 pn CMOS, 
available through MOSIS. 

The 0.25 p.m process is especially interesting, as its 
gate oxide thickness approaches the regime where 

electron tunneling should substantially neubahe 
radiation-induced charge buiIdup. 

ResuIts from the measurements taken on the 
Honeywell process were used to develop an 
expanded set of test devices to allow a more reliable 
extraction of SPICE parameters. The enhanced device 
set was used for the TSMC 025 pm submission and 
for an additional submission using the DMILL 
process. 

Extensive comparisons between measurements and 
simulations were conducted using Honeywell 
devices. There were several problems encountered in 
modeling MOS transistors, even with an advanced 
model such as BSIM3.2, used in this work. One factor 
is the dependence of drain current I, vs. gate voltage 
V, for simulation and experiment of a device with 
0.8 pt channel length. At gate voltages V, > 1.5 V 
the agreement is quite good. This is the strong 
inversion regime. At lower gate voltages the 
operating point moves into moderate and then weak 
inversion. Here the discxepanq is quite pronounced. 
Both the transition from strong Lo weak inversion and 
the subthreshold slope (i,e. weak inversion) are 
poorly reproduced. This discrepancy is critical in our 
designs, as the moderate and weak inversion are 
especially important in circuitry optimized for low 
power. 

We also determined that at larger channel lengths the 
subthreshold slope is better reproduced, although the 
transition is shifted 

A useful measure of the transition from strong to 
weak inversion is the current at which the normalized 
transconductance g,,,/ID is 50% of the weak inversion 
value. The comparison between experiment and 
simulation of this current vs. channel length is shown 
in Figure I. Long channel devices show a factor-of- 
two discrepancy, whereas with decreasing channel 
length the disagreement between simulation and 
experiment approaches a factor of seven for the 
minimum channel length, 
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Clearly, the model parameters must be treated with 
care, especially since radiation damage will shift the 
transition point. 

Deep submicron devices introduce additional 
features that complicate the models. Since the local 
fields in the chmel  are high, the carrier velocity 
saturates. This changes the drain current vs. gate 
voltage characteristics significmtly, as shown in 
Figure 2 for the 0.25 pn process hves tigated in our 
work. Rather than showing the linear increase of 
transconductwce with drain current typical of 
conventional devices, the transconductance 
saturates. This is indicative of velocity saturation of 
the carriers in the channel. This phenomenon allows 
a direct determination of the carrier density in the 
channel, which provides an imporat  cross-check of 
post-radiation device physics. 
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On the other hand, saturation of tramconductance 
also'hnposes an upper limit on the gain-bandwidth 
product obtainable with a given device. Specifically, 
this implies a maximum device size, which 
optimizes gJC. A drawback of the high fields in the 
deep submicron structures is increased susceptibility 
to impact ionization. Turn-on of the parasitic bipolar 
transistor associated with CMOS structures has been 
observed in many of the short-channel devices and 
considerable effort was expended to determine 
proper operating conditions and obtain valid device 
characteristics. 

In summary, thorough analysis of device 
characteristics aver a wide range of device 
geometries has been performed for both Ehe 0,8 pm 
Honeywell and the 0.25 pm TSMC processes. 
Results have been used to develop a comprehensive 
framework for testing the reliability of simulation 
parameters and defining expanded sets of test 
structures for parameter extraction before and after 
radiation damage. Deep submicron devices show 
qualitatively different behavior in some respects, 
which poses additional difficulties for the models. 
The preparatory work necessary for a meaningful 
evaluation of post-radiation characteristics has been 
completed and the keechniques can be applied to 
other processes. 

Computational Innovations to 
Measure the Parameters of the 
Universe 

Principal Investigators: Saul Perlrnutter, Peter 
Nugent, Gerson Goldhaber, Donald Groom, and 
Gregory Aldering 

Project No.: 96044 

Project Description 

In h e  next few years, we will measure the 
fundamental parameters of cosm0logy, using 
astrophysics techniques developed in the Supernova 
Cosmology Group. This project already requires 
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unusual computational environments and 
cap abilities, The future, larger amount of data will 
need innovations for near-real-time computation, 
fast access to large data sets, and tools for sderttEc 
visualization, networking, and “collaboratory” 
environments-all of which are research interests of 
National Energy Research Scientific Computing 
(NEFCSC). As a first step in a collaboratory, we are 
using T3E calculations to interpret our supernova 
spectra. We have also begun studies of image 
processing with supercomputers. . 

The key to successfd cosmological measurements is 
to attack statistical and systematic error. This current 
project aims to reduce the systematic wror 
associated with the minor variation in intrinsic 
brightness among Type Ia Supernovae (SNe Ia) by 
calibrating against features of Lhe supernovae 
spectTum (spectral work that involves 
supercomputer simulations of supernovae 
atmospheres to produce “synthetic spectra”). This 
theoretical and phenomenological research wilI 
make it possible to prepare simulated spectra that 
will enable us to understand the distant supernova 
specha and thus calibrate the supernova’s 
brightness. 

. 

Accomplishments 

Using astrophysics techniques developed in the 
Berkeley Lab Physics Division’s Supernova 
Cosmology Group and extensive use of the NERSC 
facilities and expertise, we have begun to measure 
the fundamental parameters of cosmology that 
shape o w  current understanding of particle physics 
through the observation of very distant Type Ia 
Supernovae (SNe Ia). Our results indicate that the 
universe does not contain enough matter to stop the 
expansion that began with the Big Bang and, more 
surprisingly, that the expansion is speeding up. 

At this point in time, our measurements are no 
longer limited by statistical uncertainties. Systematic 
uncertainties are the dominant source of error. These 
include the e€fects of evolution (As you look back 
further in time do h e  SNe la behave the same 
way?); the effect of intergalactic dust on the 
bri$hess of h e  SNe Ia; and a thorough knawledge 
of the spectral response of SNe Pa as a function of 
time, especially in the ultraviolet (UV), where our 
current data sets are quite limited. 

Irt FW9, we were able to usefully complete a 
number of the computational modeling and analysis 

efforts discussed in last year‘s report. More 
specifically: 

. Spectrum synthesis studies, particulatly on 
the metalJiuty environment for SNe Ia 
progenitors, enabled conclusions to be drawn 
about the limits on systematic uncertainties 
for values of the mass and radiation densities 
of the universe, and the cosmological 
constant. 

For these same parameters, studies on 
reddening due to interstellar dust were 
important in constraining systematic 
uncertainties due to this cause. 

Modeling peak luminosiiy in light curves was 
important in concluding that rise times of 
high and low redshift SNe Ia are consistent. 

Data reduction and h a g e  deblurrirtg and 
denoising techniques were important in 
studies of Hubble Deep Field SNe Ia. 

A final effort was an additional modeling effort for 
improving the discovery of SNe Ia. This would 
sigru€icantly increase the number of calibrators used 
bo set h e  zero point in the determination of the 
cosmological parameters, and would provide us 
with a large enough data set, which we could 
sample in different ways to test for systematics. We 
would also be able to get a much better hold on the 
relationship between stretch (the breadth or 
narrowness of h e  light curve) and the peak 
luminosity of the supernova. 

The effort was a complete success with over 40 
supernovae discovered to date. We have begun the 
process of reducing and analyzing these 
observations in order to constrain the 
aforementioned systematic errors in the high- 
redshift results. 

This LDRD lead to a very competitive fiveyear 
NASA Long-Term Space Astrophysics Grant of 
$578,221 €or Dr. Nugent, which will allow us to 
continue and expand this program. In addition we 
successfully proposed for 24 orbits oE Hubble Space 
Telescope time to obtain furher observations of 
nearby SNe Ia in the UV. 
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Model: Spectroscopy Follow-up Epoch for SNe Ia 
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Solutions to Data Handling 
Constraints for Large H E W  
Experiments 

Principal Investigators: David Quarrie 
Project No,: 99045 

Project Description 
The current generation of largescale High Energy 
and Nudear Physics (HEW) experiments are 
characterized by signrficant data management 
problems. This is because of the sheer quantity of 
the information (0.3-1.0 petabytes per year), as well 
as the large sue  and geographical dispersion of the 
collaborations. Current experiments such as BaBar at 
Stanford Linear Accelerator Center (SLAC) and the 
Solenoidal Tracker at Relativistic Heavy Ion Collider 
(STAR at RHIC) have 500 to 1000 physicists, spread 
across 80 to 100 institutions in eight to ten countries. 
The next generation of experiment at the Large 
Hadron ColJider (L;EIC) (ATLAS, CMS) will require 
further scaling of five to ten. Thus the problem of 
data storage and more LmportantIy data access, are 
scaling faster than hose of processing needs, 
partidarly when contrasted with the performance 
growth of commercial hardware. Processing speeds 
are increasing faster than network speeds, which in 
turn are increasing faster then the performance of 
rotating disks and lastly, tape storage media. 

Since the days of the Superconducting Super 
ColJider (SSC), Berkeley Lab scientists have been at 
the forehont of applying innovative techniques to 
these data management problems. These techniques 
include the use of object-oriented programming 
languages and database management syskms, 
distributed object brokers and data indexing. These 
efforts have most recently focussed on the BaBar and 
STAR experiments. This LDRD is designed to build 
upon the experience gained from these projects, to 
generalize the solutions SD they are applicable across 
a broader range of experiments, and to address 
scalability and distributed-access issues khat remain 
to be solved before the advent of the LHC 
experiments. 

The BaBar data management system is based upon a 
commercial object-oriented database, but has added 
sigrufrcant domain-specific software. This not only 

deals with &e complex data model of the 
experiment data, but also adds several security and 
data-protection tools. This also provides monitoring 
tools to allow re-optimization of the data placement 
across a hierarchy of data swvms, The management 
system includes the ability to iterate across so-called 
.collections of events in order to select candidate 
events of jnterest for a particular physics analysis. 
However, indexing techniques offer the potential for 
sigruficmt performance enhancements relative to 
conventional iteration, and these are being 
developed, but are not yet in production. In 
addition, a mixed language environment based on 
both Java and C++ is now feasible, and the 
implications of this are beginning to be understood. 

The LDRD proposes, therefore, to continue the 
development of he BaBar data management system, 
but to review the techniques and lessons with a view 
for their adoption by other experiments. 

Accomplishments 

Work on this LDRD in FY 1999 covered severd 
areas: 

Wide Area Access to Distributed Data 

The major focus for this year was the creation of 
production procedures for tape-based wide area 
dishibution of data to remote sites. This included 
both the distribution procedures themselves, and the 
bookkeeping procedures to back the flow between 
sites. Given the state of the wide area networks 
betwe& the United States and Europe, it was 
decided to defer development of a network-based 
distribution scheme until there were improvements 
in the reliability and bandwidth of the networks, 
and the synchronous nature of h e  present 
distribution transaction management environment 
had been replaced by an asynchronous one. This is 
an area of active discussion betureen ourselves and 
the object-oriented database management system 
(ODBMS) vendor, and it is hoped that a 
collaborative project. willbe forthcoming shortly. 

Scaling to Multi-petabyte Data Sizes 

This ha5 been addressed by the development of a 
larger address space (to 128-bit from &bit) and a 
so-called long-reference allowing navigation 
through this larger address space. This is s t i l l  in 
development within the vendor, but resulted from 
strenuous negotiations with h e  research team and 
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other high energy physics, research and 
development groups. 

However, active development of a CORBA-based 
extension is underway. The main focus of this is to 
d o w  more transparent access to the conditions 
data-which describes the state (detector 
alignments, electronics calibrations, etc.) of the 
detector at the time at which physics events were 
taken-and to decouple this access from the primary 
event store. It also allows a decoupling of the 
detailed configuration of the now disjoint 
federations, which will allow for better performance 
optimizations based on an enlarged page size (the 
unit of transfer to h e  persistent store) for the 
primary event store. 

Security 
A n  abstract security application progamming 
interface (MI) has been designed that can support a 
number of Werent protocols. Support for this API 
has been adopted by h e  vendor, and a Kerberos- 
based implementation is being developed, for 
deployment during FY2000. This will overcome the 
present security concerns and allow for 
improvements in wide area access, since firewalls 
and gateways c a n  be configured to allow the secure 
protocols to be transmitted between remote sites. 

lndexing Techniques 

Two prototype, multi-dimensional indexing 
techniques have been implemented, One is based on 
the use of multiple one-dimensional bit-mapped 
indices developed by the HE" Grand Challenge 
Project, whereas h e  other is based upon the use of 
multi-dimensional grid files. These are ready for 
deployment in pY2000, whereupon we will be able 
to embark upon the investigation of their 
advantages and disadvantages relative to 
conventional iterative techniques. 

Schema Evolution and TransientPersBfent 
Separation . 

Extensive tests were made of a variety of schema- 
evolution approaches during the E 9 9  work. It was 
determined that the vendor-provided solution was 
inadequate since it caused existing exemtables, even 
those only accessing unevolved data, to faiL It was 
therefore decided to implement a schema-evolution 
mechanism that took advantage of the separation 
between the transient information, as seen by the 
application programmer, and the underlying 

persistent representation. This had been the source 
of much design discussion, since there are 
s'ignificant disadvantages to the approach. In 
particular, one disadvantage is that one of the main 
foreseen advantages of an ODE-its direct 
programming language interface-has effectively 
been negated using this approach. 

As implemented, the schema-evolution strategy is 
based upon a cascade, where each persistent type 
ody knows about its immediate predecessor in the 
evolution chain, and t h e  conversion to or horn the 
transient form is performed automatically by the 
appropriate type. This has been found to scale 
reasonably well to the level of evolution that ha5 
been encountered in the first nine months of 
production running. 

Data Access Optimization 

This ha5 been one of the major focal points for FY99. 
Of particular note has been the optimization of the 
configurations, bath hardware and software, for 
parallel loading of the database detector 
information, as well a5 ongoing studies of access 
performance. 

The database design calIed for an input rate of 
1OOHz horn a farm of'200 networked client 
machines. These clients run the full event 
reconstruction chain in pseudo real-time, with the 
design goal that 90% of the event data should have 
been processed within two hours of it being 
acquired. Several server machines support tttiS 
activity, backed up by a hierarchical mass storage 
system ( H P S S ) .  At the time of turn-on of the 
experiment, the atihieved rate was BHz, well below 
the design value, and much effort has been targeted 
at understanding this and improving it. As can be 
seen in the figure, the achieved rate has improved to 
about 130Hz using 200 client nodes, The sources of 
improvements have been many, including: 

A better matching of the number of file s w e r  
machines, and the number of file systems and 
CPUs per file server 

Assodating groups of client nodes to 
different groups of databases 

Mhimizbg federation catalog operations 

Changes to system configuration parameters, 
most particularly the file descriptor limit 

The use of mdtiple database saver processes 
per database server madime 



The use of dedicated auxiliary servers for the 
federation catalog and journal files 

In parallel with this work, another development has 
focused upon read access, in particular for making 
fast event selections based upon a small subset of 
s u m m a r y  information, the so-called event tag. As an 
example of such efforts, the perfomance for one: 
particular benchmark has improved from 35Hz to 
2000Hz through careful optimization of the 
application code. Independent of this improvement, 
the aggregate bandwidth of the computing 

inhastructure for such physics analysis activities has 
increased, through the availability of more database 
servers and file systems, by approximately a factor 
of 25 during FY99. Further improvements are being 
planned for FYZOOO, Currently such infrastnrcture 
improvements have been aimed towards the 
aggregate throughput, and any single job is 
bandwidth limited. Understanding the relatiomhip 
between this improvement and the availability of 
multi-dimensional indexing, and the investigation of 
parallel iteration techniques are proposed for future 
development. 
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S .  Patton, et al., "Schema Migration For BaBar 
Objectivity Federations," submitted to Conzp~tiizg in 
High E1ieq-j Pl~ysics (February 2000). 

E. Leonardi, et al., "Distributing Data around the 
BaBar Collaboration's Objectivity Federations," 
submitted to Coinptitiiig in High Energy Physics 
(February 2000). 

Publications 

D. Quarrie, "First Experience with the BaBar 
Database," proceedings of Objectivity Worldview 
Conference (May 1999). 

D. Quarrie, et al., "Operational Experience with the 
BaBar Database," submitted to Contpzitirig in High 
Eizergy Physics (February 2000). 

J. Becla, et al., "Improving Performance of Object 
Oriented Databases, BaBar Case Studies," submitted 
to Contptrtiizg iit High Enerpj Plysics (February 2000). 
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Research on High4 uminosity 
Tracking Systems 

Principal Investigators: James Siegrist 

Project No.: 99039 

Project Description 

Charged particle tracking in h i g h - l ~ o s i i y  
experiments such as those planned for &he Large 
Hadron Collider (LHC) depends heavily on 
measurements using pixel and silicon strip detector 
devices. The LHC groups, including the Berkeley 
Lab ATLAS group, have been developing such 
detectors for use at high-rate hadron colliders, but 
many of the components still need research and 
development to provide a tracker designed to m 
for many years at a luminosity of ~ d ~ c r n ~ ~ s e c - ' .  
Silicon trackers, even at the LHC, cannot survive at 
full machine design luminosity at the innmost-  
radii. 

This project is to concentrate on some outstanding 
technical questions relating to silicon tracker 
devdopment, both in the pixel system and the 
silicon strip systems. Not yet resolved, under the 
constraints noted above, is the comparison of 
measured signal development to simulated signal 
development in undamaged and radiation-damaged 
devices. Work on fhis project is to measure actual 
devices and compare the results with simulations. 
Various test devices exated by lasers, sources, 
and/or cosmic rays will be used h the 
measurements. Devices wi l l  be characterized, 
analyzed, and modeled after irradiation at the 
Berkeley Lab 88-hch Cyclotron and with cobalt 
sources. 

Accomplishments 

Typical electrode structures in semiconductor vertex 
detectors have a pitch of 50 to 100 p, To measure 
the signal pulse shape vs, h e  position of incidence 
relative to the electrode, the laser beammust be 
collimated to a spot diameter <10 p, wi& a 
divergence sufficiently small to preserve this 
collimation throughout the thickness of the 
detector--typicaUy 300 pm in readily available 
devices. 

First, the spot size and the opening angle of the laser 
beam at the output of the optical fiber were 
measured to be 100 pm and 0.2 radians, somewhat 
larger than the manufacturer's estimates. We first 
investigated c o b t i o n  using a pair of dits to 
provide a small spot size and divergence, but 
caldations indicated that fringing could be a 
problem. This was verified experimentally by 
scanning the beam aaoss a strip detector. We then 
investigated a combination of collimation and 
focussing, where the collimation was performed at a 
rather large spot size to reduce the relative effect of 
h g i n g  and a lens system focussed the beam. We 
compared a two-lens system with an intermediate 
iris collimator and a single lens preceded by the 
collimator. The latter was adopted andpradured a 
spot size at the waist of 5 p, which increased by 
40% at f 150 pm, i.e. h e  beam was smaller han 7 
pm throughout the 300 pm thickness of the detector. 
Clearly, the use of a collimator to reduce the 
emittance also reduces the intensity, and 
measurements of the current pulse required 
averaging over many pulses to obtain an adequate 
signal-to-noise ratio. 

The measurement system is shown in Figure 5. The 
optical fiber hom the laser is coupled to the optical 
system, whose distance horn the detector can be 
adjusted by a manual micrometer to 1 pn accuracy. 
This allows us to position the waist (i.e. focal plane) 
in the middle of the sensitive thickness and also to 
measure the divergence. A silicon strip detector with 
a 5U pm pitch is used as a sensor, mounted on a 
sfage that can be positioned over a range of 25 mn 
to 1 p accuracy. Since the 10 pm wide metal 
contacts on each strip are opaque to the laser beam, 
scanning the beam across the electrode edge allows 
the beam profile to be determined. 

To dekermine the intensity distribution of the beam, 
we use charge-integrating preamps, feeding an 
ampliEier and pulse shaper with I ms shaping time. 
For the measurement of the pulse shape, a syskem 
rise time e 1 ns is needed, so we use fast, low-noise 
preamps with a 50 ohm input impedance and 350 ps 
rise time. To main& a small input time constant, 
the detector capacitance must be small, so we use 
short-strip detectors with 6 mm strip length 
fabricated some years ago in the Microsystems Lab 
for SSC detector R&D. This yields an input time 
constant: of 100 ps, i.e. about 200 ps rise time. The 
strip detector is mounted on a detector board 
espeddy designed to provide low-inductance 
signal return paths and controlled impedance to the 



preamp input. Signals from up to seven adjacent 
strips are brought out to measure the signal induced 
on the neighbor strips. The preamp signal is 
amplified in a subsequent wide band arnpMer and 
viewed on an oscilloscope. The overall system rise 
time is 600 ps. Due to the large bandwidth, the 
signal-to-noise ratio is about unity, so about 100 
pulses are averaged to extract &he pulse shape. 
Currently, the measuement of the time structure is 
limited by the laser pulse width of 5 ns. Although 
this is adequate to determine gross features of the 
detector pdse shape, greater smsitivity is required 
to map the field profile. Modifications to the laser 
driver can reduce the pulse width to I ns, but at the 

expense of intensity. Some further optimization of 
the focussing optics may make up for this penalty, 
but dtimately a higher power laser coupled to a 
singlemode fiber will be necessary. 

h summary, using existing equipment and 
inexpensive off-the-shdf optical and mechanical 
positioning components, a test system was 
assembled that allows measurement of the time 
structure of detector pulses. Initial results on strip 
detectors are in agreement with the simulations, but 
additional refinements to the measurement system 
and mme detailed measurements are needed to test 
the code and proceed on the analysis of heavily 
radiation-damaged detectors. 

Figure 5. The detector inoiiiztiiig stnge wit11 nzicrometers for lrorizoit tnl positiotririg of the 
defector niid verticd adjzisttiiellt of the optics. The fnst  (350 ps rise tiine) preniiips are at 
the rig11 t. 
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Extraction of Fundamental Parameters 
from the Cosmic Microwave 
Background Data 

Principal Investigators: George Smoot 

Project No.: 97038 

Project Description 

The cosmic microwave background (ChIl3) is the 
universe's wallpaper. It is what is left over when all 
&e radiation horn astronomical objects is subtracted 
horn what we observe. Theoretically, we understand 
it as the faintest echo of the Big Bang itself. 

As the universe expands, the average energy of the 
matter and radiation drops. Today, it is three degrees 
above absolute zero, but 15 billion years ago-give or 
take five biUion years-we think there was an 
arbitrarily hot Big Bang, when space and time came 
jnto being. Some 300,000 years later, the universe had 
cooled enough for the protons and dectrons to stop 
bouncing off each other and electromagnetically 
couple to form neutral hydrogen atoms. In the 
absence of hee electrons to scatter off, the photons 
simply continued in the direction they were last 
moving in until we detect them today. This collection 
of photons is what we call the Cosmic (because it fills 
the universe SO completely and uniformly) 
Microwave (because of the frequency at which it5 
spectrum peaks today) Background (because it 
originated further away from us than all other 
radiation we receive). 

Despite its stunning uniformity-isotropic to a few 
parts in a million-it is the tiny perturbations in the 
CMB that contain its unprecedented view of the early 
universe. Already present before gravitationally 
bound objects had formed, these temperature 
differences are a n  imprint of the primordial density 
fluctuations that seeded everything from planets to 
galaxy clusters and superclusters. As such, they 
promise to be an exceptionally powerful discriminant 
between competing cosmological models. 

Subtracting the foregrounds horn what we measure 
at a particular frequency is a difficult jab, often 

requiring us to extrapolate horn a source's intensity at 
its characteristic frequency to the miuowave 
frequencies at which the CMB is measured. The 
obs6ational equipment itself-mirror, detectors, 
and electronics-also introduces si@cant noise into 
our measurements, evert when cooled to a few 
degrees Kelvin. However, scanning each point in the 
s k y  many h e s  allows us to distinguishbetween the 
signal and the noise components of the observations. 
Given a map of the sky temperature, and knowing 
something about the statistical properties of noise that 
went into it, we can now calculate h e  most likely 
underlying signal, and by how much it is the most 

Computing Lhis maximum likelihood is now the 
liniting step in exttacting cosmology horn CMB 
observations. Recent successful flights of the 
h4AXIMA and BOOMERANG balloon-borne 
detectors have produced the largest CMB data sets to 
date, Both experiments flew twice. They will be 
followed by the MAP and Planck satellites in 2001 
and 2007. Over that time, the maps produced will 
grow from tens o€ thousands to millions of points, 
and, with the algorithms we currently use, the time 
needed to analyze t h m  will correspondingly hcrease 
from hours to millions of years. 

likely. 

Accomplishments 

Our work ha5 continued to focus on the development 
and application of codes to obtain CMB angular 
power spectra horn time-ordered observations of the 
sky temperature. Given the computational challenges 
inherent to this task, the majority of this work has 
continued to involve implementations for parallel 
architectures, 

This year 5aw the release of WDCAP-fhe 
Microwave Anisotropy Dataset Computational 
Analysis Package-into the public domain. After a 
long period of testing the code and making it 
sdfidently robust for general release, a beta-version 
was made available in the early summer. Since then 
MADCAP has been taken up by a number of 
experiments. In addition to the original users, 
MAXIMA and BOOMERANG, new users include 
TopHat, BEAST, BOOST and Archeops. The 
MADCAP code has been ported to a number of 
locations in the United States, Canada, and Europe, 
and to a wide range of parallel architectures. Based on 
feedback from users and personal experience, 
MADCAP version 1.1 will be released early in 2000. 
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Our effort is guided by h e  notion that algorithmic 
development should be based on the problems 
encountered in handling actual data. We have 
therefore continued to apply IvIADCAP to the 
analysis of the MAXIMA and BOOMERANG data 
sets, with first results horn each experiment being 
released in the winter of '99/'DD. The BOOMERANG 
North American test flight preliminary results were 
posted to the preprint server and were featured in a 
front-page New York Times article the last week in 
November. The article included a preLiminary map 
from h4AXlMA [made using MADCAP on &e 
National Energy Research Scientific Computing 
(NERSC) computers]. 

The MAXIMA-1 data are under intensive analysis. As 
soon as the preliminary results are released (and a 
Ph.D. thesis completed), attention will turn to the 
MAXIMA-2 fight data. The BOOMERANG Long 
Duration Balloon flight data is far along in its analysis 
and like MAXhW-1 early results should become 
available early in 2000. 

The primary focus has been to continue to develop 
MADCAP for ever larger and more complex data sets; 
we are nowroutinely handling data sets of up to 
50,000,000 observations, resulting in maps with over 
30,000 pixels. 
Future work wiII focus on the next generation of 
algorithms, which will be necessary once the number 
of pixels exceeds 100,000, At that point, the memory 
and CPU-time scaljng properties of MADCAP'S direct 
approach will make it impractical as an analysis tool. 
However, it will continue to be useful as a tool to 
check the validity of the new algorithms we develop. 

Large Astrophysical Data Sets 

Principal Investigators; George Smoot 

Project No,: 99040 

Project Description 

The purpose of this project is to develop an approach 
to handle the very large, complex astrophysical data 
sets now being generated by satellites and earth- 
based detectors. To accomplish this, we must provide 
a means for filtering these large data sets for events 

relevant to establishing the underlying astrophysical 
science and distributing these data sets to larger 
collaborations. This involves identzfying extremely 
rare ahd unusual events and determinjng correlations 
among parameters in large databases, and 
coordinating collections of databases. These go& 
involve issues that are on the forehont of computer 
science and driving new statistical approaches to data 
handling. 

More spe&cally, we chose an interesting and 
exciting astrophysical problem-the study of the 
supermassive black holes powering and disrupting 
active galactic nuclei which makes them visible across 
the entire universe-which has an appropriate and 
relevant data set available. We intend to use data 
generated in the array of sensors that comprise the 
AMANDA neutrino telescope operating at the South 
Pole. The detector transmits data now at a rate of -1 
Terabyte per year and will increase substantially 
during its further years of operation. This data set and 
collaboration serve as a pilot project to test: (a) the 
transmission of large amounts of data from a remote 
site to the mass storage at the National Energy 
Research Supercomputing Center (NERSC), (b) 
hm&g and processing of this data, and (c) the 
disbibution of the filtered data sets io the 
collaboration members and eventually a wider 
audience. 

Accomplishments 

We have focused on organizing and processing 
several large astrophysical data sets collected by the 
AMANDA neutrino telescope, located at the South 
Pole. To date, the NERSC madines have filtered the 
1997 data twice and we are in the process of filtering 
the 1998 data, which will be quickly followed by the 
-filtering of the 1999 data. This effort required the 
development and testing of filter and reconstruction 
codes, In addition, we are analyzing the efficiency of 
the code and building tools to faditate the 
organization and distribution of the data. 

The 1997 data (0.9 "bytes) was &st processed in 1998 
on the CRAY T3E ushg 1600 hours. After the detector 
was further calibrated, the data was refiltered in 1999 
on 24 nodes of the PC Cluster Project belonging to the 
Future TechnoIogies Group. This second processing 
included a full reconstruction of particle trajectories, 
and took 1100 CPU days. This data has been used by 
the collaboration to produce 10 papers presented at a 
Salt Lake City Conference in August 1999. 

Physics Diuisioii 141 



The 1998 data (1.8 Tbytes) are currently 10% 
processed on the Parallel Distributed Systems Facility 
(PDSF) cluster. The cumulative processing time is 
estimated to be 2900 CPU days. Increased resources 
are needed to sift through the larger data sample, as 
well as to split more complicated data streams. The 
new filter includes streams for time coincidences with 
the South Pole Air Shower Experiment (SPASE) array 
triggers, Gamma-Ray Bursts (GRB) triggers, weakly- 
interacting massive particle (WIMP)s, and cascades in 
addition to the particle trajectories filtered previously. 

The 1999 d a h  (-1 Tbyte) was delivered from the 
South Pole in November 1999. It will be transferred to 
HPSS and processed as soon as the 1998 data 
processing has been completed. A fiIter scheme 
similar to that currmfly being used on the 1998 data 
wiII be used to make multipurpose samples. 

In addition to processing data, we have been working 
to organize the data. Web pages document the filters, 
and data samples stored in HPSS. A database of files 
ha5 been created to facilitate data access, document 
He integrityr and keep track of detector livetime. 

A web-based file distribution server  has been under 
construction since early summer.  With &is  facility, a 
user can download small filtered streams directly 
from HPSS or from our local cache disk. Any 
particular file from the raw or processed data is 
available. Limits have been established to ensure that 
users do not transfer more than a few Gbytes of data 
without contacting us for permission. In the hme, 
we plan to include detector live-time calculations and 
filters in this product, so that while the data is 
streaming out to remote institutions, it can also be 
tailored to their particular requirements while 
providing them with the total detector live-time for 
their specific data sample. 

Finally, we have been working with the collaboration 
on the reconstruction and simulation codes. These are 
fairly complex, and trade-offs between efficiency and 
multiple-data representations have been made. We 
are analyzing the code efficiency to improve fume  
filter speed, and &e reliability of the algorithms. We 
are investigating promising high-energy cascades, 
and rare-events mining. 

. 

Publications 

R. Bay, et al., "AMANDA Search for High-Energy 
Neutrinos Accompanying Gamma Ray Bursts," 
presented at 1999 Lnternational Cosmic Ray 
Conference, Sdt Lake City, Utah (August 1999). 

A. Karle, et al,, "Observation o€ Atmospheric 
Neutrino Events with AMANDA," presented at 1999 
hternational Cosmic Ray Conference, Salt Lake City, 
Utah (August 1999). 

J.H. Kim, et al., "A Search for Point SDWCES oP High 
Energy Neutrinos with the AMANDA Neutrino 
Telescope," presented at 1999 International Cosmic 
Ray Conference, Salt Lake City, Utah (August 1999). 
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Cross-D ivis ional 

Computational Modeling of Turbulent 
Combustion Dynamics 

Principal Investigators: John Bell, Nancy Brown, 
and Phillip Colella 

Project No.: 99008 

Project Description 

The overall goal of this project is to develop a high 
fidelity numerical simulation capability for 
turbulent combustion processes such as those 
arising in natural gas burners, and spark-ignited and 
compression-ignited engines. The physical processes 
involved in engineering combustion are diverse. 
Our goal is to €oms on the interaction of turbdmt 
eddies in a reactive environment and to evaluate 
different subgrid models for representing this 
interac tian. 

Research aimed at understanding transient effects in 
turbulent flows has led investigators to study h e  
interaction of a single vortical structure with a 
premixed flame. These flows offer advantages of 
being more repeatable and more ammable to 
analysis and ,experimental diagnostics than fully 
developed turbulent flow. Experimental studies 
typically consider either a planar vortex pair or an 
adsymmetric toroidal vortex. 

Accomplishments 
We conducted a DNS study of a vortex-flame 
interaction with premixed N,-diluted methane 
flames having equivalence ratios in the range 4 = 
0.76 to1.28. The vortex was chosen to match fiat 
generated in a n  experiment by Nguyen and Paul. 
The numerical simulation used a parallel, adaptive 
low Mach number combustion algorithm developed 
by Day and Bell. All of the computations used 
chemistry, transport, and thmnodynamic databases 
specified in GRI-Me& 1.2, a state-of-the-art chemical 
mechanism for natural gas combustion, 

The computational study approximated the 
experimental conditions with a flat premixed flame 
oriented normal to the inlet Bow, on which was 

superimposed the velocity field of a counter-rotating 
vortexpair. The vortex pair propagated upward 
with a self-induced velocity of 110 a i l s ,  the same as 
reported for the vortex pair in the exgerimat. Only 
the left vortex was numerically evolved, using a 
reflective boundary condition on the right boundary 
which became the line midway between the vortex 
pair. For the simulations, we chose five inlet 
stoichiometries: Cp = 0.76,1.01,1.10,1,19, and 1.28. 

The vortex propagated upward and passed through 
the flame. Andysis showed that the vortex not only 
stretched and strained the flame, it also scoured 
material hom the cold region in front of the flame 
and replenished the flow with inlet gases at early 
time, This scouring eHect produced the dramatic 
decline in CH observed experimentally by Nguyen 
and Paul. The interactions showed a strong 
dependence of CH behavior on equivalence ratio. 
Additionally, the model predicted a measurable 
increase in C,H, as a result of the vortex, and a 
marked increase in the low-temperature chemistry 
activity. The model failed to reproduce the 
enhancement of OH observed by Nguyen and Paul. 
One possibility is that some unknown chemistry or 
imprecise knowledge of thermochemistry in the 
model might lead to the discrepancy. 

The use of an adaptive grid allows finer resolution 
and smaller h e s t e p s  where required, and permits 
us to count simulation time in days rather than 
months, which would be the case for traditional, 
static-grid DNS. 

The dominant cost in combus tion modeling wih 
high fidelity chemical mechanisms is h e  time 
required to solve the ordinary differential equations 
associated with chemical kinetics. A class of 
methods to reduce the costs is to develop surrogates 
or models for the evolution of the chemical kinetics. 
These methods view the time evolution of chemical 
kinetics as a mapping from one chemical 
composition onto another. The methods then try to 
construct an approximation to that mapping that is 
inexpensive to evaluate. One such method, 
Piecewise Reusable Implementation of Solution 
Mapping (PRISM), was ported and interfaced with 
the adaptive grid computational fluid dynamics 
(CFD) code. 



Because of the methodology used in PRISM, in 
addition to providing faster computing, it was 
realized that PRISM could serve as a tool to 
investigate the dimensional properties of the active 
portion of chemical composition space. In theory, 
the dimensionality of active chemical composition 
space at an instant of time cannot be more than the 
dimensionality of the physical space, which it 
represents. Adding t ime evolution to this can 
increase the dimensionality by at most one. In 
practice the issues are more complex. If the surface is 
sufficiently convoluted, it may appear to have a 
highm dimension than the theoretical bound when 
viewed with finite resolution, On the other extreme, 
it could be confined and localized suffiaently to 
appear to have lower dimensionality, PRISM’S 
method of dividing chemical composition space into 
hypercubes makes it an  ideal tool for looking a t  this 
space with varying degrees of resolution, thus 

allowing for ifhe determination of the 
dimensionality. 

We investigated the dimensionality for the two- 
dimensional case of a premixed hydrogen flame 
propagating through an unburned turbulent 
mixture. The turbulent intensity ranged horn a weak 
case with little effect on the flame to stTong 
turbulence-tearing pockets of burning ffuid from the 
main flame. 

The fractional dimensionality was determined as a 
function of turbulent intensity. In all the cases, it was 
found to be lower than the theoretical asymptote of 
3 (which would occur at infinite resolution). We 
observed that fractional dimensionality was least in 
the weak turbulence case, highest for the 
intermediate case, and then decreased slightly again 
for the strong turbulence case. 

Publications 

J.B.Bell,N.J. Brown, MS, Day, M.J. FrenkIach,F. 
J.B, Bell, N.J. Brown, M.S. Day, M. Frenklach, J.F. 
Grcar, R.M. Propp, and S,R Tome, “Scaling and 

Grcar, and S.R. Tome, ”The Effect of Stoichiometry 
on Vortex Hame Interactions,” submitted to h e  28th 
Symposium (Inntl.) of The Combustion Institute, 
December 16,1999 (in review). 

EEaency of PRISM in Adaptive Simulatiok of 
Turbulent Premixed Flames,” submitted to the 28th 
Symposium (Intz.) of The Combustion Institute, 
December 26,1999 (in review). 



I 

Research and Development for 
Kilometer-Scale Subsurface Neutrino 
Astrophysical Observatory 

Principal Investigators: William Chinowsky, 
John Jacobsen, Douglas Lowder, Jozsef Ludvig, 
David Nygren, Gerald Pizybylski, George Smoot, 
and Robert Stokstad 

Project No.: 98029 

Project Description 

High-energy neutrino astronomy may allow earth- 
based instruments to detect and study some of the 
most energetic, violent, and bizarre processes in the 
universe. 

The goal of lhis effort is to develop robust 
instrumentation for a kilometer (km)-scale high- 
energy neutrino detector, to be sited deep within the 
Antarctic icecap. Neutrino-induced reactions lead to 
extremely energetic muons and electrons, whose 
Cherenkov radiation may be detected at 
considerable distances from the oyigin. Muon 
trajectories'retain most of the directional information 
of the hcidmt neutrino, permitting a new form of 
astronomy if suff icient volume can be instrumented. 

In FY99, LDRD supported electronic engineering 
activities for a specific Berkeley Lab system concept 
aimed at the realization of cost-effective, high- 
quality information capture, using modem digital 
system concepts and an innovative application- 
specific integrated circuit (ASIC), also developed at 
Berkeley Lab. Another major goal of this effort is to 
obtain the capability of completely remote set-up, 
control, calibration, operation, and monitoring, in 
order to realize a km-scale 'detector with limited 
personnel. 

Accomplishments 

During FV99, the original proposal components of 
conceptual design, detailed engheerirtg, 
prototyping, software development, debugging, and 
testing were all successfully completed. The goals of 
the revised LDIiD plan were entirely met, and the 
successful outcome of the LDRD project 
immediately led to its application as part of a Digital 
Optical Modules (DOM) activity in Antarctica. 

Consequently, this report will describe the overall 
specifications of the DOM activity, which applied 
the specific technical accomplishments of the LDRD 
project. 

A single two-km-long twisted-pair connects each 
DOM to the surface. This ordinary twisted pair 
carries bi-directional comunications and data, 
power, and thing signals for the establishment of a 
universal timebase with 1 nanosecond root-mean- 
square (m) accuracy. A particularly successfd part 
of this engineering effort was the development of IIS 
timing accuracy and resolution, with such a modest 
communications link. A sigruhcant advantage of the 
DOM system concept is the total absence of fiber- 
optic links, which have not been consistently reliable 
in the deep ice environment, and which would add 
more than $1OM to the km-scale detector system 
cost. 

Inside each DOM is a complex electronic system. 
Functionality is controlled by a 32-bit low-power 
CPU, designed for hand-held applications, and a 
field-programmable Gate Array (FPGA). Signal 
capture is achieved with the Berkeley Lab ASIC 
"Analog Transient Waveform Digiitizer" (ATWD). 
The ATWD can capture photomultiplier signals at 
sampling speeds up to 2 GHz (or as low as 0.2 GHz) 
and produce 10-bit digitized results. Simultaneous 
multichannel sampling permit dual- or triplerange 
signal capture to provide exceptional dynamic range 
for such rapid sampling. Tlie excellent signal 
capture offered by the ATWD will provide data of 
superior quality for all classes of neutrino-induced 
events, the reconstruction of which is complicated 
by optical scattering of C h e r d o v  radiation in the 
deep ice. 

Each DOM can store events for several minutes, 
faditaijng relaxed triggering and event-building. In 
addition, each DOM communicates directly with its 
nearest neighbor, permitting the real-time 
implementation of a local coincidence. 

Funds for the construction of a "Digital Test String'' 
of 42 DOMs based on this engineering effort were 
separately obtained from the National Science 
Foundation (NSr;) (G. Smoot-P.I.). In mid-January, 
2000, as part of the Anfxctic Muon and Neutrino 
Detector (AMANDA) collaboration, and in 
anticipation of an effort to reach &e Ism-scale 
(IceCube proposd to NSF), the Digital Test String 
was deployed smoothly a t  the South Pole, to an 
operating depth of 2000 meters. Initial tests of the 
deployed string show that all but one DOM are 
responding properly. This outcome is a tnrly 



spectacular achievement for such a short design-test- 
fabrication cycle. 

The success of this effort places the DOM system 
concept, and Berkeley Lab, in a leading position to 
provide the technical and engineering basis for 
IceCube. This represents both an excellent 
opporhdty to support the United Staks university 
community in an area which requires greater 
engineering strength than otherwise possible, and 
also to open a new frontier in science.. 

Synchrotron Radiation Research for 
Molecular Environmental Science 

Principal Investigators: David Shuh, Neville Smith, 
Tetsu Tokunaga, Geraldine Lamble, Satish Myneni, 
and Glenn Waychunas 

Project No,: 98030 

Project Description 

Molecular environmental science (MES) has. 
merged in the last few years in response to the need 
for basic research to underpin long-term solutions to 
environmental problems, The objectives of MES 
research are to provide information on the chemical 
and physical forms (speaation), spatial distribution, 
and reactivity of contaminants in natural materials 
and man-made waste forms; and to develop a 
fundamental understanding of the molecular-scale 
environmental processes, both chemical and 
biological, that affect h e  stability, transformations, 
mobility, and toxicity of contaminant species. 
Chemical reactions at the surface of natural solids 
play doriinant roles in many environmental 
processes. Consequently, molecular-level studies of 
contaminant reactions at- interfaces are an important 
focus of MES research. The vacuum ultraviolet 
0 /soft x-ray synchrotronradiation (SR) region 
has traditionally been one of the domains of surface 
saence research. However, experimental MES 
studies in this spectral region are compEcated by the 
need for in situ studies with aqueous so~utions, 
spatial and spectral resolution, and the ability to 
characterize the speciation of contaminants at very 
low concentrations. The combination of new 
technologies provided by third-generation, high- 
brightness SR sources, improved vacuum 

techniques, and improved detectors provide the 
opportunity for new applications of traditional 
VUV/soft x-ray surface saence methods to MES 
issues, 

Fundamental studies of several specSc issues in 
MES have been initiated by techniques unique to the 
VLTV/saft x-ray region. Wd-developed techniques 
in the vcTv/so€t x-ray energy region have distinct 
advantages in surface sensitivity, spectral resolution, 
and spatial resolution when compared to techniques 
used for MES research in the x-ray region. The focus 
will be on fundamental spectroscopy/microscopy 
investigations of contaminant speciation in "wet" 
and model envjranmental systems at mineral 
interfaces, with organic materials, with 
microorganisms, and with solid state materials. This 
will include several key species containing C, N, G, 
Tc, Se, Mrr, and selected actinides to provide 
molecular level information to explain macroscopic 
behavior. This is a coordinated environmental 
research effort to utilize the K-edges of the light 
elements, L-and Kedges of the transition metals, M- 
edges of the actinides, and low-lying core levels of 
other elements to obtain comprehensive chemical 
information. Many of these core level thresholds are 
exclusive to the W / s o f t  x-ray spectral region and 
are optimal for investigation at the Advanced Light 
Source (ALS). The experimental studies will be 
complemented by a theoretical component 
extending exisijng spectral modeling into the 
VUV/soft x-ray region and will provide valuable 
data for computational efforts. Additionally, this 
research effort will develop specialized VW/soft  x- 
ray SR experimental instrumentation necessary for 
IVIES research. This research program will 
demonstrate the utility oEVUV/soft x-ray SR 
methodologies for the investigation of a range of 
MES issues. 

The MES research activities are a collaborative and 
multidisciplinary approach to utilizing VW/soft 
x-ray SR techniques for MES research, involving 
scientists of the ALS, Chemical Sciences, and Earth 
Sciences Divisions, and external participants. The 
initial studies will make use of existing endstations, 
beamlines, and available beamtime at the ALS, while 
specialized instrumentation needed €or future MES 
studies is developed. 
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Accomplishments the exact nature of the defect arrangements are 
underway with colleagues at Ohio State University. 

St-nictzrre ofthe Hydrnted (0002) Szirfnce of a-A1203 

A thorough investigation of the hydrated (0001) face 
of a single crystal of sapphire was performed using 
surface x-ray diffraction at the CARS PRT (Beamline 
13ID Advanced Photon Source ( O S ) ,  Argonne 
National Laboratory). Crystal truncation rods of 
type (lOL), (20L), (11L) and (ZOL) were collected. 
Refinement of the surface structure was done for a 
variety of models, with excellent agreement found 
for a geometry having relaxed oxygem in the 
termination surface, and an additional ordered 
oxygen overlayer. We intend to continue such 
studies with other metal oxides including quartz, 
hematite, magnetite, and manganese oxides, all 
important reactants in environmental systems. A 
new sample cell with attached ult ra high vacuum 
0 preparation chamber is being developed for 
this purpose for work both at the ALS (surface 
spectroscopy) and at the APS (surface scattering). 
This work was performed in conjunction with the 
Brown group at Stanford University, and the CARS 
PRT at the APS. 

. 

Correlafion of 2p and Is Absorption Edge Sfrucfure 
with Calcium Strucfural Sites 

Ca is an important biochemical and environmental 
agent with rich and complex crystal chemistry. Both 
the 2p &-edge) and 1s (K-edge) x-ray absorption 
near edge structure (XANES) spectra are amenable 
to skulation, particularly in the case of the 2p edge, 
due to the empty 3d shell. Initial efforts utilized a 
suite of well-characterized Ca minerals and model 
compounds to collect high quality spectra on both 
edges at the ALS. Subsequently, FEFF 8.0 has been 
used to calculate the Is X A N E S  with a self- 
consistent multiple scattering approach, and 
TTMultiplets to calculate the 2p XANES full 
multiplet s f ~ ~ c h r r e s ,  Results so far indicate that the 
X A N E S  calculations canbe used to determine the 
crystal field parameters and first interatomic 5hell 
distances in unknown Ca materials, which should 
allow good determinations of site geometries. Figure 
2 shows the polarization dependent XANES and 
extended x-ray absorption fine structure (EXAFS) 
obtained from apophyllite. Related work has also 
proceeded to collect analogous Ca data from 
aqueous solutions and from sorption complexes on 
mineral. surfaces. These experiments will help in the 
development of "wet" spectroscopy techniques at 
lower x-ray energies at the ALS. 

Study of Sorption Properties and Structure of 
Schwertmannite 
Schwertnannite is an impgrtant natural Fe 
oxyhydroxide found in acid-mine-drainage 
environments, It contains a large amount of 
supposedly structural sulfate, and can sorb high 
quantities of toxic heavy metal ions. However, the 
proposed structure €or the nineral is problematic in 
view of infrared spectra of the bound sulfate groups, 
the type of x-ray diffraction patterns observed, and 
simulations that show large disparities in the 
interatomic distances from known stable structures. 
Wide-angle diffuse x-ray scattering and EXAFS 
analysis were used to characterize the structure and 
rnoledar topology about the sulfate site. Results 
showed that schwertnannite appears to be a 
disordered akaganeite with inner-sphere adsorbed 
sulfate that h t m p t s  the growth process during 
formation. Measurements werk also made on 
selenate-substituted schwertmannite that indicated 
an  identical structural state for selenate in the 
structure. Elecbon diffi-action studies to determine 

Zn Sorption on and Go-precipitation with Ferrihydrite 
Zn aqueous complexes over a range of solution 
conditions have been sorbed onto f d y d r i t e ,  and 
also prepared in a co-precipitation mode. The 
investigative parameters were chosen to study the 
sorption range where deviation horn Langmuir 
behavior begins to occur. Considerable EXAPS 
analysis has been done on a wide range of sample 
compositions. Additional recent work has included 
FEFP 8.0 simulations of 1s XANXS spectra. Results 
show that there is a continuous change in the nature 
of the average sorption complex as a function of 
sorption coverage. At low sorption density the 
aqueous Zn, found in solution only as a 6- 
coordinated complex, sorbs as a tetrahedral complex 
coupled to 3 4  or more edge-sharing Fe (O,OH), 
octahedral units, With increasing sorption density, 
the number of attached Fe octahedral units 
decreases, and Zn-0-Zn polymerization begins to 
occw. At highest sorption density a well-defined Zn 
hydroxide precipitate with octahedral Zn (O,O€€), 
units is observed. Simulation of the XANES 
structure was essential in unraveling these changes, 
which could not be done with EXAFS alone, or via 
x-ray scattering methods. This work was done in 
collaboration with the US. Geological Survey, 
Menlo Park, California. 

. 



Spatially-resolved MES Studies of Speciation by 
Micro X-ray Absorption Spectroscopy 
The cornbizlation of x-ray fluorescence microprobe 
(XRFM) and micro x-ray absorption spectroscopy 
(p-XAS) techniques has been fully operational on a 
single beamline during the past year at the ALS. 
These techniques are powerful methods for 
investigating a range of issues pertinent to earth and 
environmental saence. There has been continued 
development of the p - W  techniqueand 
improvement of the p-XAS beamline 
instrumentation in collaboration with A. 
MacDowell, €3. Padmore, and R. Celestre of the ALS. 
Recent spatially-resolved studies have examined 
mixed metal hydroxide formation on surfaces, Zinc 
uptake in plant roots, and the speciation of both 
arsenic and zinc in soil materials. 

Metal Ion Speciation Studies Utilizing X-ray 
Emission Spectroscopy 
X-ray emission spectroscopy (XES)  is important for 
MES studies shce it yields valuable speciation 
information and is applicable to "wet" or other 
intractable sample environments such as those 
accompanying radioactive materials. In combination 
with photoemission and absorption spectroscopies, 
XES is able to deternine the speciation of metal ions 

furnishes a basis from which to characterize 
chemical bonding to develop an improved 
understanding of environmental systems. This 
knowledge is of particular importance for actinide 
species in which the behavior of the 5felectrons 
dictates chemical behavior and contrasts to that of 
the 4flanthanide species. The first XES results horn 
the simple uranium oxide series clearly 
distinguishes the common uranium oxides from one 
another, The most recent studies have extended the 
initial work to examine additional uranium 
materials series such as the fluorides, carbonates, 
and several uranates. The resonant inelastic x-ray 
scattering studies comparing the oxide to the 
fluoride spectra, establishes thatf-transitions are 
observed as in the corresponding optical spectra of 
these materials. This leads to the capability of 
idenhfymg oxidation states in complex non- 
stoichiometic materials. Furthermore, the features in 
the spectra are easily distinguished. The spectra may 
be calculated within a fairly simple but meaningful 
theoretical framework that has confirmed the 
interpretation of the resdts. This work has been 

in complex enviromerltal systems. Thus, XES 

. 

done in collaboration with S. Butorin, J. Guo, and J. 
Nordgren. 

X-ray Photoemission and Near Edge Absorption 
Studies of Rhenium(VI1) Absorption onto Fe-bearing 
Materials 
Technetium ("Tc) is a radioactive byproduck of 
nuclear fission, and its concentration in nuclear 
waste materials may set the regulatory limit for 
disposal, The high solubility and mobility of TcO,  
which can be present in both nuclear waste streams 
and waste forms, needs to be addressed. A solution 
is to reduce Tc7* to Tc4+, which is much less soluble 
and mobile. One method is by adsorbing Tc7' onto 
surfaces of reducing agents. While previous 
experiments demonstrated that Tc7" ions were 
sorbed on and reduced by some materials, the 
products and the mechanism of sorption and 
reduction are nok €ully characterized or understood. 
Re has similar redox properties as Tc and can be 
heated as a surrogate for Tc in selected systems. 
Rl-t&um sorption samples were prepared by 
h e r s i n g  powders of Fe metal, FeO, FeS, and FeS, 
respectively, in a 0.010 M R e o  solution. The 
reacted powders were extracted after the mixtures 
were centrifuged and the liquid phase decanted. The 
photoemission of Re 4d and 4€ core levels, and Near 
Edge X-ray Absorption Fine Stnrchne ( N E W S )  of 
Re N, e+erimmts were performed at the ALS. The 
results reveal that the amount of absorbed Re 
deaeases &om Fe metal, through FeO, Pes, to FeSg 
and that different species of Re are sorbed on 
surfaces of different Fe-bearirtg materials, with more 
oxidized species tending to domjnate on the less 
sorbed surfaces. This result is intriguing because the 
sulfides were thought to be more efficient than the 
oxide for reducing R e o  because the sulfide ion 
has higher reducing potential than the ferrous ion. 
The puzzle was solved after h e  pH values of the 
residual solutions were measured. The residual 
solutions of the sulfides have pH values of 2 to 4, 
while those of the Fe metal and PeO have pH values 
of 8 to 10. Low pH values made the sulfides less 
reducing and Reo, chemisorb more easily to the 
surfaces, whereas high pH made the Fe and FeO 
more redu&g and ReOi does not readily chemisorb 
on the surfaces. Thus, the photoemission and 
NEXAFS results, together with the pH 
measurements of the residual solutiom, suggest that 
the sorption and reduction of Re on the surfaces of 
Fe-bearing materials are a t  least partially controlled 
by the final p H  of the solution-particle mixture. 
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advanced electron-yclotron resonance 

atomic force microscopy 
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Advanced Light Source 

adaptive mesh refinement' 
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application-specific integrated circuit 
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B/B-bar (system of mesons produced at 
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Biomedical Isotope Facility 
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charge-coupled device 
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charge detection mass spectrometry 

computational fluid dynamics 

convex global underestimator 

Chymobypsin Inhibitor 2 

cosmic microwave background 

chemical mechanical polishing 
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cenbal processing unit 

Computing Sciences 
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Department of Energy 
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Environmental Energy Technologies 
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electron microscopy 
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Energy Parameter Optimization 

Environmental Protection Agency 
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electron spin analyzer 

Earth Sciences Division 

effective system performance 

elecimns in response 
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Federal Aviation Administration 

fatty acid-binding protein 
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High Energy and Nuclear Physics 

High Energy Physics 

High Energy Physics Advisory Panel 

high-energy-resolution spectrometer 
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high performance storage system 

high-temperature superconducting 

ion-beam assisted deposition 

integrated circuit 

integration host factor 

Intergovernmental Panel on Climate 
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infrared 
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Life Sciences Division 
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MSD 

NASA 
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NMR 
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PBS 
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PI 

latent semantic indexing 
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multiwavelength anomalous di€fraction 

molecular beam epitaxy 

maltose binding protein 

magnetic circular dichroism 
Macromolecular Crystallography Facility 

microelectromechanical structures 

molecular environmental science 

mul ti-energy x-ray holography 

x-ray absorption fine structure 

Materials Sciences Division 

National Aeronautics and Space 
Adminishation 

National Center for Environmental 
Prediction 

National Center for Supercomputing 
Applications 

National Energy Research Scientific 
Computing Center 

near edge x-ray absorption fine structure 

National Institutes of Health 

National bstitute of Standards and 
Technology 

nuclear magnetic resonance 

Nuclear Science Advisory Committee 

Nuclear Science Division 

National Science Foundation 

object-oriented database management 

Physical Biosciences Division 

phosphor buffered saline 

proximity correlation matrix 

polymerase chain reaction 

Physics Division 

Parallel Distributed Systems Facility 

processor element 

Principal Investigator 

system 



PIC partidate inorganic matter or 

PLD pdsed laser deposition 

PM particulate matter 

POC particulate organic carbon 

PPb parts-per-billion 

PV photovoltaic 

particle in cell 

QED 
QSPR 

QW 

QWS 
R&D 

RCSM 

RCSMhp 

REh4PI 

rf 

W E D  

RHlC 

RIB 

RNA 

RTC 

SkT 
SAGE 

SAXS 
sc/IvR 
SLAC 

SMOKE 

S M P  

spFRET 

S Q m  

quantum electrodynamics 

Quasiparticle Scattering Resonances 

quantum well 

quantum well states 

research and development 

regional climate system model 

high-performance regional climate system 
model 

Resonance Enhanced MulWhoton 
Ionization 

radio frequency 

reflection high energy electron diffraction 

Relativisfk Heavy Ion Collider 

radioactive ion beam 

ribonucleic acid 

recoil product transfer chamber 

Science and Technology 

ser ia l  analysis of gene expression 

small angle x-ray scattering 

semiclassical initial value representation 

Stanford Linear Accelerator Center 

Surface Magneto-optic Kerr Effect 

symmetric multiprocessor 

single-pair FRET 

Superconducking QUantum hterference 
Device 

SR 
ssc 
SS-DNA 

SSRL 

SST 

STAR 

STM 

SVD 

TBP 

TCR 

TEY 

TGF 

uc 
uv 
vuv 
WlMP 

XAFS 

X A N E S  

XAS 

XES 

XFH 

XMCD 

XPS 

XRFM 

YBCO 

YSZ 

synchrotron radiation 

Superconducting Super Collider 

single stranded DNA 

Stanford Synchrohon Radiation 
Laboratory 

sen surface temperature 

Solenoidal Tracker at RHIC 

scanning tunneling microscope or 

singular value decomposition 

TATA Binding Protein (TBP) 

transcription-coupled repair 

tokl electron yield 

transforming growth factor 

University of California 

ultraviolet 

vacuum ultraviolet 

weakly-interqcting massive particle 

x-ray absorption fine structure 

x-ray absorption near-edge structure 
spectroscopy 

x-ray absorption spectroscopy 

x-ray emission spectroscopy 

x-ray fluorescence holography 

x-ray magnetic circular dichroism 

x-ray photoelectron spectrum 

x-ray fluorescence microprobe 

YBa2Cu307 

yttria-stabilized zirconia 

microscopy 
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