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Introduction

SDRD FY 2009 Program Summary

Fiscal year (FY) 2009 marked a signifi cant year of accomplishment for the Site−Directed Research 
and Development (SDRD) program. Numerous successes in technical innovation and advanced 
engineering directly illustrate the program’s positive impact on the Nevada Test Site (NTS) mission 
and the broader needs of national security. In particular, 10 SDRD−developed technologies were in-
tegrated into direct support areas in stockpile stewardship, non-proliferation, and homeland security 
applications. Eleven invention disclosures were submitted based on SDRD activities, multiple arti-
cles were published in peer-review journals, and several presentations given at technical conferences. 
Th e program also continues to generate R&D 100 award submissions emphasising implementation-
ready solutions to national security issues. In addition, four projects were presented at the Laboratory 
Directed Research and Development Symposium in Washington, D.C., where the theme was 
“Strengthening America’s Infrastructure Security.”  Th ese projects were well received by representa-
tives of a diverse community that included NNSA, the National Weapons Laboratories (NWL), the 
Department of Homeland Security, and the Department of Defense. 

Th e NTS technical staff  has generated over a thou-
sand proposals since the program began in 2002, 
routinely submitting approximately 150 per proposal 
cycle, which begins in April and continues through 
May. Th e number of projects selected, though, has 
steadily decreased from a program high of 57 in 
FY 2004 to 25 new projects in FY 2010. A new 
emphasis on “work for others” in FY 2010 has broad-
ened the R&D mission space, and increasingly com-
petitive submissions have created a strong SDRD 
program that now has a selection ratio of ~1 in 6. 
Proposals are evaluated on well-established criteria, 
such as technical merit and innovation, probability 
of success, potential benefi t, and alignment with 
mission applicability and goals. Our NTS Technology 
Needs Assessment document aids potential investiga-
tors in proposal submission and reviewers in deter-
mining mission relevance. Th e tool is developed in cooperation with NTS, NWL, NNSA and external 
agencies, and it provides signifi cant value for guiding SDRD investment. Total funds expended for the 
FY 2009 program were $5.2 million with an average per-project cost of approximately $200,000. 
Th is modest investment returns considerable value as evidenced by achievements and the creativeness 
exhibited in the project portfolio.

Figure 1. Inventions disclosed (dark red bars) 

plotted as function of total number of SDRD 

projects (light red bars) in a given fi scal year
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Eff ectiveness of an R&D program can be measured 
in many ways, and metrics such as intellectual prop-
erty and technology transfer are sound indicators of 
innovation productivity. Th e number of inventions 
disclosed as a function of total number of projects 
in a given year is shown in Figure 1 for FY 2003 to 
current. SDRD has also generated over half of the 
total inventions disclosed company-wide since the 
program began and continues to be an effi  cient en-
gine for new ideas. Furthermore, an increasing ratio 
of disclosures fi led to total project number is more 
evidence of strengthening innovation. 

Figure 2 shows a chart of the number of projects for 
which technology was subsequently picked up by 
NTS programs per fi scal year. As part of the natural 
life cycle for technologies to mature and migrate, SDRD advancements often take some time to be 
communicated and adopted by programmatic eff orts. Also, many prior SDRD eff orts lend solutions to 
programmatic needs when evolving requirements mandate them. It is thus expected, and highly prob-
able, that SDRD–developed technologies will continue to be deployed and grow in number well into 
the future and impact new mission areas.

Another gauge of program eff ectiveness and alignment with missions is how well projects address 
technology needs as identifi ed in the NTS Technology Needs Assessment analysis. Th is needs assessment 
is updated annually with the most current requirements as foretold by NNSA strategic plans and 
management, NTS management and technical staff , and NWL management and staff . Th e number 
of projects that have directly addressed a technology “gap” or requirement outlined in the assessment is 
shown plotted in Figure 3 against the total number of projects. Th e increasing percentage of needs ad-
dressed to projects is also indicative of a trend that aligns eff orts strategically with the NTS mission.

Th e project reports contained herein are for activities that occurred from October 2008 through 
September 2009. Th e numerous achievements described are a tribute to the talent and enthusiasm 
principal investigators brought to their individual projects. Many of the reports that follow illustrate 
R&D eff orts that resulted in successful and natural conclusions. Still others have and will spawn fur-
ther research based on discovery. A desired outcome of SDRD is to develop and/or refi ne technologies 
that can ultimately be used by programs. Yet, in some cases the result is a negative fi nding, such as 
uncovering a technology that is currently impractical, which is a perfectly valid conclusion often ob-
tained in the pursuit of “high-risk” research. Both types of results advance knowledge and help make 
National Security Technologies more agile by identifying solutions that can be applied appropriately. 

Figure 2. SDRD projects contributing technologies 

to programs (dark gold bars) compared to total 

number of projects (light gold bars) in a given 

fi scal year
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In summary, the SDRD program continues to pro-
vide a valuable mechanism for innovation and devel-
opment, which returns multifold to the NTS mis-
sion. Overall the program has been strengthened by 
enhanced mission and increased competitiveness to 
yield maximum benefi t. Th e 23 projects highlighted 
here exemplify the creativity and ability of a diverse 
scientifi c and engineering talent base. Th e eff orts 
also showcase an impressive capability and resource 
that can be brought to fi nd solutions to a broad 
array of technology needs and applications relevant 
to the NTS mission and national security. 

And fi nally, I want to acknowledge the tremen-
dous support aff orded by the multiple individuals 
and teams that make SDRD successful. My sincere 

gratitude goes out to Michele Vochosky, Sierra Cory, and Kelly Streeton for compiling, editing, and 
publishing this report; to Nancie Nickels for her contributions to the cover and divider graphics; to 
Project Controls Engineer Linda Flaugher for her valuable eff orts in cost accounting on the array of 
FY 2009 projects; to Cathy Cooper and Cindy McIntosh for compiling the fi nancial data for con-
gressionally mandated reporting requirements; to Lynn Veeser and Larry Franks for highly valuable 
technical guidance; and to SDRD site representatives and committee, Amy Lewis, Zaheer Ali, Steve 
Iversen, Paul Guss, Tim Meehan, Rick Maurer, and Carson Riland. Again, my sincerest appreciation 
for your dedication in implementing and managing a very productive year of R&D! 

Howard Bender, SDRD Program Manager

Figure 3. SDRD projects (dark blue bars) that directly

address a technology requirement as identifi ed in 

the yearly NTS Technology Needs Assessment
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Las Vegas, Nevada 89193-8521
(Nellis Air Force Base)

Sandia Operations (SO)
Sandia National Laboratories
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Mail Stop 1193
Albuquerque, New Mexico 87185

Special Technologies Laboratory (STL)
5520-B Ekwill Street
Santa Barbara, California 93111-2352
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 DEBYE-WALLER DYNAMIC TEMPERATURE MEASUREMENTS

Dane Morgan,1,a Mike Grover,b Richard Hacking,c Don Macy,a Michael Madlener,c and 
Gerald Stevens b

Single-pulse x-ray diff raction (XRD) has been implemented to measure the temperature 

of shocked aluminum 6061-T6 free surfaces on the nanosecond time scale. A series of 

eleven experiments were performed on disks of fi ne-grained aluminum 6061-T6 shocked 

to pressures exceeding 300 kbar using PBX-9501 high explosives. Bragg-refl ected single-

pulse XRD line intensity measurements were used to obtain a temperature measurement 

upon pressure release of the free surface for a 2 × 5 mm illuminated surface area. Preliminary 

results indicate average temperatures in the range of 400−450 K. 

Background

Single-pulse x-ray diff raction (XRD) has become a well-established technique for studying solid-
state structural changes within shocked single crystals and, very recently, for polycrystalline metals 
(Morgan, 2008). We have undertaken an investigation to determine whether single-pulse XRD line 
intensity measurements can be used to determine the temperature of a shocked surface on the nano-
second time scale. According to the theory of Debye and Waller (Warren, 1990), XRD lines decrease 
in intensity as the temperature of the sample increases, with the eff ect becoming stronger at greater 
scattering angles. Single-pulse XRD bench-top laboratory measurements of this eff ect have been 
reported (Morgan, 2007), and recently, the possibility of observing and measuring the Debye-Waller 
eff ect in shocked copper using laser-plasma x-ray sources has been discussed (Murphy, 2008).

Th e established dynamic temperature diagnostics, pyrometry and neutron resonance spectrometry 
(NRS), have limitations and possible systematic errors that have encouraged the development of 
new dynamic temperature diagnostics. Pyrometric temperature measurement diagnostics are subject 
to uncertainties associated with changes in emissivity for diff erent infrared wavelengths with tem-
perature, volume, and pressure, and are unable to perform bulk temperature measurements below 
the sample surface. Free-surface pyrometry likely requires a vacuum or helium back-fi lled environ-
ment to mitigate the production of ejecta-induced visible light during shock breakout. Furthermore, 
recent investigations have been performed that show that pyrometric measurements close to the sur-
face are strongly dependent on the surface roughness (Seifter, 2006). Pyrometry may be performed 
with an optically transmissive back-window for shock loading (Swift, 2007); however, corrections 
for the shock eff ects on the window infrared transmission are problematic. Although NRS directly 
measures the average atomic velocities, measurements with this diagnostic are subject to systematic 
error associated with plastic fl ow within the sample and nonuniform velocity of the fl yer (Yuan, 

1 morgandv@nv.doe.gov, 505-663-2047
a Los Alamos Operations; b Special Technologies Laboratory; c Sandia Operations 



FY 2009Material Studies and Techniques

2

2005). Th e goal of this project was to develop a single-pulse XRD Debye-Waller dynamic tempera-
ture diagnostic that provided unambiguous, precise, dynamic temperature measurements of shocked 
samples for verifi cation of code calculations and existing temperature diagnostics. 

Coherent scattering from atomic centers in a solid-state lattice results in diff raction lines, which are 
observed at angles for which the diff erence in path lengths is an integral number of wavelengths. As 
the temperature of a solid rises, the displacement of the atoms in the lattice from their equilibrium 
position increases. Th is causes an increased phase shift in the scattered wavefront from adjacent scat-
tering atoms. Th erefore, the intensity of the diff raction lines decreases as the temperature increases, 
which is known as the Debye-Waller eff ect (Warren, 1990). For a solid face-centered-cubic lattice 
with a single type of atom, the reduction in the diff racted x-ray intensity is given as:

(1)

where us
2 is the mean square displacement of the atom position from its equilibrium position per-

pendicular to the Bragg plane, θB is the Bragg angle, and  is the x-ray wavelength. From Equation 
1, the reduction in intensity is greatest when the Bragg planes are closely spaced and the scattering 
angle is large. Using the harmonic approximation, the mean square displacement of the atom from 
its equilibrium position is approximated as:

  (2)

where ħ is Planck’s constant, ma is the mass of the atom, k is Boltzmann’s constant, D is the Debye 
temperature, and x = D ⁄T, where T is the temperature of the sample. Th e term ф(x) in Equation 2 
is written as:

  (3)

More recent theoretical calculations consider the anharmonics of the atomic vibrations, as well as 
thermal expansion (Nicklow, 1966). However, for shock-and-release experiments with single-pulse 
XRD as a temperature diagnostic, the harmonic approximation described above should be adequate. 
Because the intensity of the diff raction lines depends upon the atomic mass, the Debye temperature, 
and the scattering angle, aluminum was chosen for the initial single-pulse diff raction tests. Alumi-
num has a Debye temperature of 395 K, and a low atomic weight (27 g/mole). Furthermore, the 
x-ray refl ectivity is high for aluminum at wavelengths of 0.56 and 0.71 Å. Th is allows high sensitivity 
to high-order refl ections with large scattering angles. 

Although small corrections to the Debye-Waller factor are required because compression of the 
sample aff ects the harmonic potential of each atom in the lattice, and hence increases the Debye 
temperature, the problem can be mitigated by shock-and-release free-surface experiments, if the 

  x= ξdξ
exp(ξ)

x
x ∫0  –1

〈us
2〉 = 3ħ2

makΘD
}} x

x +

4

I/I0 = exp  – 16 2〈us
2〉sin2θB
λ2 }} ,

,

.
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free-surface shock front has refl ected beyond the x-ray penetration depth of the sample. In this case, 
the slight thermal expansion causes a small reduction in the Debye temperature, for which there is 
a very small correction, which is likely insignifi cant compared with experimental uncertainties. Th e 
corrections may be obtained through extrapolation of tabulated Debye temperatures with thermal 
expansion or by available molecular dynamics codes. 

Project

Th e results of a series of single-pulse XRD experiments for obtaining dynamic temperature mea-
surements of high explosives−driven, shock-and-release aluminum 6061-T6 are reported here. Fig-
ure 1 shows the single-pulse XRD system for these experiments, including a fl at image plate holder 
and 16-degree x-ray beam input angle. Th e increased collimation length improved resolution over 
that of last year’s system.

Figure 1. Single-pulse XRD system for Debye-Waller experiments

Th e shock-and-release experiments described in this report used PBX-9501 high explosives and 
were conducted at the Special Technologies Laboratory Boom Box. Seven experimental data sets, 
having high-quality images and proper x-ray timing with respect to surface shock breakout, are 
described in Table 1. Th e x-ray fi ring time was measured with an electromagnetic pickup on the DS-
2158 cable near the x-ray diode, and the x-ray signal timing with respect to the cable electromag-
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netic pickup time was measured in the laboratory prior to these experiments. A photonic Doppler 
velocimetry (PDV) diagnostic was used to measure the free-surface shock breakout time and the 
free-surface velocity and to determine the surface translation, which was used for image correc-
tions. Th e PDV measurements were inserted in the WONDY code to determine the peak pressure.

Table 1. Summary of single-pulse XRD Debye-Waller free-surface

temperature measurements on aluminum 6061-T6

Experiment No.

Peak Pressure

(kbar) λ (Å)

X-ray Delay from 

Breakout (ns)

Surface Motion

(μm)

090910-01 299 0.56 96 279

090911-01 301 0.56 180 517

090914-01 303 0.56 107 313

090914-02 304 0.71 78 233

090915-01 306 0.71 63 188

090916-01 301 0.71 152 440

090916-02 304 0.71 179 521

Equation-of-state computations predict a temperature increase of 232 K upon adiabatic release for 
a similar aluminum alloy when shocked to a peak pressure of 350 kbar (Walsh, 1955). Th e results of 
these computations are shown in Figure 2. Although we expected slightly lower shock pressures for 
the experiments reported here, these computations provided a useful guideline. Walsh also calculated 
the shock Hugoniot and release adiabat for aluminum, which show a volume increase of about 1.5% 
upon release; this volume increase could possibly be measured as a shift of the diff raction lines by 
our single-pulse XRD system.

Figure 2. Aluminum equation-of-state calculations showing the thermal expansion and temperature increase 

upon pressure release (Walsh, 1955)
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Figure 3. Images from Experiment No. 090910-01. The Debye-Waller eff ect is observed as the decreasing line 

intensity with increasing scattering angle.

Figure 4. (a) Debye-Scherrer ring integration and (b) least-squares Gaussian fi t to the integrated data

Th e static and dynamic single-pulse XRD patterns from Experiment No. 090910-01 are shown 
in Figure 3. For this experiment the measured static and dynamic beam intensities were virtually 
identical, as were the total scattered intensity, so no corrections to the amplitudes were performed. 
Th e image plates were calibrated using a radioactive test strip, and the results of the calibration were 
very close to the correction provided by the manufacturer of the image plate scanner. New image 
analysis software that includes a correction for the measured surface translation was developed to 
integrate the elliptical Debye-Scherrer rings in the image. Th e Debye-Scherrer ring integration for 
Experiment No. 090910-01 is shown in Figure 4. Th e images in Figure 3 and the integration in 
Figure 4 indicate a decrease in intensity of the diff raction lines, which is indicative of the 
Debye-Waller temperature eff ect. A least-squares Gaussian fi t was performed to measure the ratio of 
the dynamic-to-static line intensities, and the fi tted diff raction lines are also shown in Figure 4; the 
ratio of the dynamic-to-static line intensities is shown as a function of scattering angle in Figure 5. 
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Equation 1 for ΔT = 125 K is also shown in Figure 6, a qualitative estimate to fi t the measured data 
points. Eff orts to develop a more rigorous, quantitative least-squares fi t analysis program to deter-
mine the sample temperature are in progress.

Figure 5. Ratio of dynamic-to-static line intensities for Experiment 

No. 090910-01 and Debye-Waller harmonic calculation for T = 420 K.

The unresolved lines have been grouped. 

Figure 6. Experimental diff raction line shifts. Experiment No. 80613-01

underwent shock-loaded compression at 72 kbar, whereas Experiment 

No. 090910-01 was shock-and-release. Δd/d = −0.0033 corresponds to 

the thermal expansion at 420 K.
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Figure 6 compares the shift in diff raction line scattering angle in Experiment No. 080613-01, 
for which the sample was shock-loaded with a vitreous carbon back-window along the Hugoniot 
equation of state given as the upper data point in Figure 2, with shock-and-release Experiment 
No. 090910-01. Th e shock-and-release Experiment No. 090910-01 shows an inward shift of the 
diff raction lines, which is consistent with thermal expansion. However, for the experiments reported 
here, line broadening was consistently observed. Possible explanations for this broadening include 
Scherrer particle-size broadening and nonuniform expansion of the coherently diff racting domains, 
although the most likely cause is nonuniform motion of the sample volume resulting from a combi-
nation of spall and/or outward bulging of the sample on axis, which has been observed with radiog-
raphy in this type of experiment. If nonuniform motion of the sample volume is present, the PDV 
measures the point on the sample volume with the maximum translation, and an overcorrection of 
the translation is performed by the software, leading to systematic error in the expansion measure-
ment. Th erefore, it may be diffi  cult to verify the Debye-Waller temperature measurement by obser-
vations of thermal expansion.

Figure 7. Confi guration for experiments performed at 0.71 Å. The zirconium (101) 

diff raction line was used to monitor the source emission at 0.71 Å.

Experiments conducted at 0.71 Å used the confi guration shown in Figure 7. For this confi guration, 
two beam stops were employed, and the zirconium K-β line emission fi lter was placed on the col-
limator output. Th e intense zirconium (101) line was observed on the image plate, and the higher- 
order zirconium lines were blocked by the fi rst beam stop. A second beam stop blocked the lowest 
order aluminum target diff raction lines to prevent them from overlapping the zirconium (101) line. 
Th e observed image consists of high-order aluminum diff raction lines and the zirconium (101) line. 
Th e zirconium line is independent of the dynamic behavior of the shocked sample, and so provides a 
source intensity reference and can be used to correct for variations in source line emission intensity.
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Conclusion

We have successfully demonstrated that the Debye-Waller technique can be used to measure the 
temperature of a shocked aluminum free surface after the refl ected wave exceeds the x-ray penetra-
tion depth. A natural extension of this work is independent verifi cation of the pyrometry tech-
nique used extensively in the dynamic shock experimental community. Collaboration with Sandia 
National Laboratories (SNL) has begun, in fact, to simultaneously measure the temperature of 
shocked free-surface aluminum with pyrometry and the Debye-Waller method developed here. 
Experimental verifi cation of pyrometry is an SNL major milestone in the NNSA shock physics 
science campaign. We have developed a complete set of design drawings for these experiments in-
cluding a spectrally selective IR beam splitter for simultaneous PDV and pyrometry measurements, 
and all the necessary hardware and optical components have been received or have been ordered.

Analysis continues for the Debye-Waller single-pulse XRD experiments performed in FY 2009. We 
need to develop software to perform a least-squares fi t of Equation 1 to the experimental data. We 
will continue to develop improvements to our single-pulse XRD system in FY 2010.
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 EXPLORING PHASE TRANSITION/SHOCK DYNAMICS WITH

THZ SPECTROSCOPY

Craig A. Kruschwitz,1,a Ming Wu,a and Michael Madlener  b 

Th is research sought to explore phase transitions of metals and laser-induced shock dynamics 

using time-resolved terahertz (THz) spectroscopy. Th e THz spectral fi ngerprint of a solid 

is sensitive to its lattice structures and components. Th us, THz spectroscopy will provide a 

powerful and sensitive method to identify phase transitions of solid metals. Combined use of 

laser-induced shock in solid metal and time-resolved THz spectroscopy can generate a pump-

probe scheme for the possible study of shock dynamics in solid metals. Our team performed 

static experiments on the U4IR beam line at the National Synchrotron Light Source to 

investigate the α↔β phase transition in Sn and the transition to the high-temperature ζ 
phase in an AuSn alloy. We found features in the refl ectance spectra that suggest the phase 

transformation in both species.

Background

Because a solid’s terahertz (THz) spectral fi ngerprints are sensitive to its lattice structures and 
components, THz spectroscopy provides a powerful and sensitive method to identify phase. Com-
bined use of laser-induced shock in solid metal and time-resolved THz spectroscopy can generate a 
pump and probe scheme to study shock dynamics.

In the last few decades, experiments with hundreds-of-picoseconds time resolution using either 
impact or laser-driven shocks have been demonstrated in which picosecond, time-resolved, nonlin-
ear coherent anti-Stokes Raman spectroscopy (CARS) was used to monitor shock-induced chemical 
reaction propagation on a metal surface, or vibrational sum-frequency generation (SFG) was used 
to watch a planar laser-driven shock front pass over a thick layer of molecules. We proposed to use 
time-resolved THz spectroscopy to study shock dynamics inside solid metals on the same time scale. 
We expected that detection sensitivity of linear absorption THz spectroscopy would be much higher 
than for techniques such as CARS, SFG, and Raman spectroscopy (Carr, 2003).

In FY 2007, as part of an earlier SDRD project, we conducted experiments at Brookhaven National 
Laboratory on the National Synchrotron Light Source (NSLS) U12IR beam line, searching for 
α↔β phase transition in Sn (Kruschwitz, 2008). Refl ectance measurements on a 5-micron-thick Sn 
foil revealed some interesting spectral features that may have indicated the diff erent phases. How-
ever, insuffi  ciently fl at Sn sample surfaces led to less than optimal refl ectance spectra.

For FY 2009 our goal was to perform two sets of experiments. Th e fi rst set was primarily a follow-up 
to those done in FY 2007. Th ese were static experiments aimed at measuring the phonon spectrum 

1 kruschca@nv.doe.gov, 505-663-2023
a Los Alamos Operations; b Sandia Operations 
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of the α and β phases of Sn. We also attempted to investigate the intermediate ζ phase of AuSn 
alloy. We planned to follow these experiments in the summer of 2009 with dynamic, time-resolved 
experiments using a short-pulse, high-power laser to generate a shock wave and thereby induce a 
phase transformation in our metal targets. For these experiments we hoped to study Sn again (the 
β↔γ phase transformation, which occurs above 9 GPa), and possibly Bi, given its rich solid phase 
structure in the 2 to 9 GPa pressure region. Unfortunately, due to scheduling confl icts at the NSLS, 
we were unable to perform the dynamic experiments.

Th e phase structure of tin was of principal interest in the static experiments performed in FY 2007 
and remained of interest in this year’s work. Th e transition from the low-temperature α phase (gray) 
to the high-temperature β (white) phase begins around 13°C. Gray tin has a diamond crystal struc-
ture, while white tin has a tetragonal crystal structure. Th e phonon density of states for the two 
phases is markedly diff erent, as has been simulated using density functional theory methods (Figure 
1) and demonstrated by neutron diff raction experiments (Pavone, 1998). Tin, therefore, is an excel-
lent candidate for our investigation, all the more so given its frequent use in shock experiments. 

Figure 1. Unit cell of Sn α and β phase and calculated phonon density 

of states (DOS) for each. Calculations were performed using density 

functional theory (Pavone, 1998).
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In FY 2009 we also planned to investigate the phase structure of AuSn alloy with Sn atomic percent-
age between about 10% and 18%. At these concentrations, and between the appropriate temperature 
ranges (above about 330 K), the alloy exhibits its ζ phase, a hexagonal-close-packed structure. At 
temperatures below this range, the alloy exhibits some mixture primarily of the Au face-centered-
cubic phase and an Au

5
Sn intermetallic compound structure (Chevalier, 1988). While AuSn is not 

of particular interest to the shock physics community, its phase structure is quite accessible to our 
capabilities for static measurements, and samples are readily available from vendors. We hoped it 
would be a useful alternative to prove the experimental concept.

Project

For our experiments we used a heating and cryogenic cooling stage to heat and cool the samples, 
inducing, or attempting to induce, the desired phase transformations. Th is cooling/heating stage 
was obtained under the FY 2007 SDRD project from Bruker Optics, and while it was specifi cally 
designed for the spectrometer on the U12IR beam line, the cooling stage was quite easily adapted for 
use on the U4IR spectrometer. Th e temperature range of the heating/cooling stage can be as high as 
500 K and as low as liquid He temperatures, which was more than adequate for our purposes.

One issue we encountered during the FY 2007 experiments was the suitability of the Sn samples 
used. We purchased several free-standing Sn foils of various thicknesses mounted on aluminum 
rings from the Lebow Company in Goleta, California. While the quality of the samples was fi ne, 
the foils were not suffi  ciently fl at for refl ection experiments. To remedy this, we instead purchased 
tension-mounted foils, again from the Lebow Company, and their fl atter surface was much more 
suitable for our purposes.

Another issue we encountered in FY 2007 was the lengthy time required for the β↔α phase transi-
tion in Sn; the transition can take many months or longer. Since beam time at the NSLS is allocated 
in days not months, we had to fi nd a way to mitigate this issue.

Research has shown that Sn crystals epitaxially grown on CdTe wafers are normally in the α phase, 
as illustrated in Figure 2, and persist in that phase for temperatures up to about 100°C, much higher 
than the typical transition temperature of 13°C (Reno, 1989; Gomez, 2003). Unfortunately, it proved 
cost-prohibitive to have samples of epitaxially grown Sn on CdTe made for our experiments. Th us, 
we asked the Materials Deposition Laboratory at Livermore Operations (LO) to use their electron 
beam deposition system to deposit a ~500 nm layer of Sn on CdTe wafers. Our hope was that this 
procedure would mimic the eff ects of epitaxial growth, producing α-Sn fi lms or at least reducing the 
length of time required for the β↔α phase transition.

We also tasked the LO Materials Deposition Laboratory with making several AuSn alloy samples. 
Th e samples were ~10% Sn by atomic percent with the remaining 90% Au. According to Figure 3, 
with these parameters, the ζ phase should have started to appear around 330 K. Th e samples were 
approximately 500 nm thick and were coated on an aluminum substrate. 
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Figure 2. Schematic of α-Sn on a CdTe substrate 

(Gomez, 2003)

Figure 3. Phase diagram for AuSn alloy. The hexagonal-close-packed ζ phase occurs 

between 10 and 18.5 atomic percent Sn and for temperatures between about 50°C 

and 480°C (Chevalier, 1988).
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Experiments were conducted at the NSLS on U4IR from March 23 to 28, 2009. A few days were 
required for setup before data acquisition began. Data were obtained from March 25 to 28, 2009. 
We fi rst conducted experiments using the tension-mounted Sn foils. Unfortunately, the tension foils 
did not perform as well as we had hoped. Th e spectra obtained were noisy, with a great deal of back-
ground variation. We came to the conclusion that free-standing foils are simply not suitable for this 
type of experiment, which involves large changes in temperature (from the cryostat) and pressure 
(as the sample compartment is evacuated and brought back up to atmospheric pressure). Th in fi lm 
coatings on thick substrates are better suited for this purpose.

Th e Sn samples coated on CdTe substrates provided much more reliable, though inconclusive, data. 
Figure 4 shows the data from two diff erent beam cycles for the Sn on CdTe samples. Data for one 
cycle were obtained at 173 K, 243 K, 283 K, and 420 K, with a reference spectrum taken at room 
temperature (293 K). Data for the other cycle were obtained at 173 K and 320 K, again with a ref-
erence spectrum taken at 293 K. Th e spectra were then divided by the reference spectrum to get a 
relative refl ectance. It is clear that the low-temperature spectra exhibit a broad absorption feature 
from 30 cm−1 to 115 cm−1, with other absorption features at 150 cm−1 and 190 cm−1. Whether these 
features are truly a result of the β↔α phase transition is diffi  cult to say. Th e features at 150 cm−1 
and 190 cm−1 suggest the transition (the phonon density of states for β-Sn cuts off  near 140 cm−1 
while the density of states for α-Sn extends to 200 cm−1 with a strong peak near 190 cm−1), but 
the broad absorption at lower frequencies is more diffi  cult to reconcile. Th us, it seems that the Sn on 
CdTe experiments were inconclusive.

Th e AuSn data are shown in Figure 5. Th ese data were obtained during two diff erent NSLS beam 
cycles. Spectra were obtained at several temperatures: 173 K, 293 K, 360 K, and 420 K. Th e 293 K, 
360 K, and 420 K spectra were all divided by the 173 K spectrum to obtain a relative refl ectance. It 
is evident that for both sets of data the 293 K data are essentially featureless, demonstrating that 
lowering the temperature had little eff ect. However, the higher temperature spectra show absorp-
tion features at 125 cm−1 and 160 cm−1, with another smaller one at 95 cm−1. Th ese features begin to 
appear in the 360 K spectra, consistent with the onset of the ζ phase near 330 K, and are enhanced 
in the 420 K spectra. Unfortunately, lacking knowledge of an independent measurement or calcula-
tion of the AuSn phonon density of states, we are unable to say whether these particular features are 
expected or not, but their appearance at the expected temperature is suggestive.

Conclusion

Th e experiments conducted this year were a successful follow-up to those conducted in FY 2007. 
Sn, Sn coated on CdTe, and AuSn alloy (~10% Sn by atomic percent) samples were investigated this 
year, and the data obtained were an improvement upon those taken in FY 2007. Th e samples of Sn 
coated on CdTe, an attempt to mitigate the ponderous rate of the β↔α phase transition, produced 
refl ectance spectra showing some interesting features as a function of temperatures. While not con-
clusive, these features suggest the β↔α phase transition. Th e appearance of several absorption fea-
tures in spectra from the AuSn alloy samples beginning at 360 K strongly suggests transition to the 
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Figure 4. Relative refl ectance spectra for Sn on CdTe samples for two diff erent 

beam cycles and at several temperatures. Raw spectra were divided by the 

room-temperature spectrum to obtain relative refl ectance. 
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Figure 5. Relative refl ectance spectra AuSn samples for two diff erent beam cycles 

and at several temperatures. Raw spectra were divided by a spectrum taken at 

173 K to obtain the relative refl ectance plotted here. 
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ζ phase, which is expected to occur near 330 K. However, we cannot state with certainty that the 
phase transition has occurred since we lack knowledge of the expected phonon density of states 
for the ζ phase. All in all, we believe these results show that THz spectroscopy remains a promis-
ing technique for detecting phase transitions in static and shocked samples. Future work should 
involve conducting the dynamic experiments and using the LO THz-time domain spectroscopy 
facility, which is capable of detecting a full refl ectance spectrum from a single, short-pulse laser shot 
(Buckles, 2008). Such experiments have been proposed for a future SDRD project.
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 PICOSECOND TIME-RESOLVED ELECTRON DIFFRACTION OF 
PHASE TRANSITIONS

Megavolt relativistic electron beams were utilized in electron diff raction to do pump-probe 

studies of phase transitions with picosecond resolution in materials of interest for stockpile 

stewardship. Th is research was a continuation of an FY 2008 SDRD project of the same 

title (Bender, 2009). Th is year we confi gured the beam line and modifi ed the Los Alamos 

Operations linear accelerator. Simulations of the beam line and the microchannel plate 

detector were also completed. Single-shot static electron diff raction images with relativistic 

electron beams were obtained, and the fi rst dynamic (pump-probe) electron diff raction 

images were recorded, analyzed, and reported in a separate publication (Musumeci, 2010).

Background

A fundamental understanding of material properties in the high temperature and pressure regime 
is critical to the weapon physics community. Experiments in these extreme conditions were possible 
with underground nuclear testing, but now rely on the predictions of computer-based modeling. 
Computer simulations require accurate knowledge about a material’s equation of state (EOS) and 
experimental data are needed to verify models and refi ne EOS to obtain accurate simulations. Also 
essential are the details of phase transition and melt properties, but these are not generally well-
described by current models. Th us, a need exists to provide experimental tools to diagnose phase tran-
sitions. Th e FY 2008 project, “Picosecond Time-Resolved Electron Diff raction of Phase Transitions” 
(Bender, 2009), sought to use electron diff raction as new potential phase-transition diagnostic.

As a continuation of the FY 2008 project, the goal of this investigation was to extend electron dif-
fraction at megavolt energies with picosecond resolution as a phase-transition diagnostic with high 
temporal resolution. We expected to explore both solid-liquid and solid-solid phase transitions. 
Experiments demonstrated the capability to record static diff raction patterns with sub-picosecond 
electron bunches generated by a linear accelerator (LINAC). Initial pump-probe experiments showed 
the feasibility of measuring phase transitions using MeV electron beams.
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Project

LINAC Development

At the conclusion of the FY 2008 project, it was deemed necessary to further control and improve 
the performance of the Los Alamos Operations (LAO) LINAC. Our initial concern was control-
ling the energy spread as it directly relates to diff raction fi delity. To accomplish this, a spare electron 
spectrometer was installed into the beam line for analyzing the beam energy (Figure 1). Th e spec-
trometer was originally designed to measure electron beams of ~3–20 MeV. Th e resolved energy 
beam exits the dipole at 60 degrees off  the beam axis. Several graphite collimators were constructed 
and installed into the aperture of the spectrometer to determine their ability to narrow the energy 
spread. Th e energy spread varied from 3.2% FWHM, with no collimator, to 2.4% FWHM with a 
1 mm collimator at beam energy of 2 MeV. Beam current was reduced by a factor of 100 with the 
1 mm collimator installed. 

Figure 1. Schematic of downstream section of the LINAC showing the spectrometer for beam energy control. 

The actual beam line layout is shown in the inset photo.
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Unfortunately, signifi cant beam distortion was noted when using this spectrometer at low-
er energies around 1–3 MeV. Th e spatial spread of the beam led us to investigate this fur-
ther through simulations using the beam transport code Parmela (LAACG, 2008). Simulations 
were run for several energies of interest, and the results for electron beam energy of 2 MeV 
are shown in Figure 2. It was determined that the distortion in the beam was due to the fringe 
fi elds in the spectrometer. Th e simulations are consistent with measurements and observations.

Undesirable eff ects due to beam issues are consistent with previous fi ndings; the FY 2008 report 
(Bender, 2009) described how beam emittance and beam control are key to achieving quality elec-
tron diff raction images. It was shown that emittance and external magnetic forces play a large role 
in image distortion. Th e beam simulations in Figure 3 (Bender, 2009) show how the diff raction pat-
tern is aff ected by both emittance and quadrupole magnetic focusing. Th e unrealistic zero-emittance

Figure 2. Two beam simulations at 2 MeV showing the spatial distributions 

of  electrons: (a) before the spectrometer and (b) after the spectrometer, 

where fringe fi elds in the spectrometer are distorting the beam

Figure 3. Electron diff raction simulation for polycrystalline Al. Modeled diff raction 

indices are (111), (200), (220), and (311) (corresponding to the 4 rings in the fi rst fi gure).
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beam gives sharp and distinct diff raction rings; whereas, signifi cant blurring is seen in the beam that 
has physically reasonable 0.3π mm-mrad emittance. Th e fi gure also illustrates that higher quadruple 
magnet currents induce expected asymmetry in the ring pattern.

University of California, Los Angeles (UCLA) RF Photoinjector

After repeated attempts to improve beam quality of the LAO LINAC it became clear that there 
were fundamental parameters (primarily emittance) limiting its suitability for these studies. We 
considered alternate accelerator systems and contacted Pietro Musumeci’s group at UCLA after 
learning of their Pegasus (PBPL, 2009) accelerator and electron diff raction studies. Th e Pegasus ac-
celerator is an RF photoinjection (laser-driven cathode) LINAC operating at 3 MeV beam energy. 
Th is accelerator was an optimum choice, given that its photocathode and electron gun design pro-
vided an ultra-low emittance beam. Th e LAO and UCLA Pegasus LINACs are compared in Table 1. 
Of particular importance for diff raction studies are the cathode spot size and normalized emittance 
since minimizing these parameters is required to resolve the closely spaced diff raction rings.

Table 1. Comparison of LAO and the UCLA Pegasus LINACs

Parameters LAO LINAC Pegasus LINAC

Beam energy 0.8−3 MeV 3.5 MeV

Beam charge/pulse 12 nC 1−5 pC

Bunch length ~15 ps 25−200 fs

Cathode spot size 18 mm 400 μm

Normalized emittance >3 mm-mrad <0.5 mm-mrad

Field gradient 100 MV/m 75 MV/m

We established a collaboration with the UCLA Particle Beam Physics Laboratory with the follow-
ing goals: (1) to compare the capability between microchannel plate (MCP)―enhanced imaging and 
direct imaging of phosphor screens for diff raction fi delity, (2) to conduct static diff raction experi-
ments, (3) to conduct pump-probe or dynamic experiments of phase transitions, and (4) to explore 
the characteristics of MCP detectors at energies greater than 1 MeV. 

Electron Diff raction Experiments

Detector Studies

Initial diff raction imaging at the Pegasus accelerator was done using a Lanex phosphor imaged by a 
CCD camera. Diff raction patterns were observed but the image quality was limited by the low dy-
namic range of the camera system. In the follow-up series of experiments, a Photonis double-stack 
(chevron) type MCP with 12-micron channels along with a Princeton Instruments CCD camera 
were used to provide higher resolution and increased dynamic range. Th e MCP was run in DC and 
gated modes. In the DC mode the channel plate voltage was varied from 1.3 kV up to 1.6 kV in 
50 V increments. Th e phosphor voltage was set between 3.6 kV and 4.4 kV. In the gated mode, the
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Figure 4. Single-shot diff raction patterns of Al recorded with diff erent MCP voltages in DC mode 

(black area is a graphite beam block)

channel plate was biased at 1.25 kV (just below the amplifi cation point), with the gate pulse varied 
from 100 to 500 V. Aluminum diff raction patterns taken in the DC mode with plate voltages of 
1.35 kV and 1.55 kV are shown in Figure 4. 

Th e DC mode provided adequate images, but as the channel plate voltage was increased above ideal 
(~1.35 kV), a loss of spatial resolution was seen. Th ese higher gains, coupled with the energy of the 
electron beam, caused distortion due to secondary electron emission. Degradation in spatial resolu-
tion also occurred because of the inter-plate charge spread that inherently exists between the two 
chevrons in the MCP (Wiza, 1979). Th ese eff ects can be seen at the center of the 1550 V image 
where the graphite beam block is located. Additionally, background level also increased with higher 
voltages.

Another interesting possibility off ered by the MCP is using a short voltage pulse to gate the detector. 
By turning on the voltage over a 100 ns wide time window centered around the electron beam peak, 
it is possible to remove from the image most of the microsecond-long dark current background. 
However, the dark current fl uctuates slightly due to statistical and RF amplitude jitter. Th is makes 
background subtraction problematic, especially when the amplitude of the diff raction signal is very 
small. Due to impedance characteristics of the MCP and non-ideal vacuum conditions, we were 
not able to reliably pulse the MCP and obtain stable gain in the gating confi guration.

In order to better understand the response of the MCP to MeV electrons, preliminary simulations 
were performed using the Monte Carlo N-Particle Extended (MCNPX) code. For simplicity, only 
a single plate was modeled instead of a chevron. Figure 5 shows the result of scattering from an 
electron beam incident on the MCP at 1 and 3 MeV. Th e beam enters the MCP at the origin and, 
in the case of 1 MeV, exits with minimal scatter. Th e beam output is shifted due to the 8-degree 
bias angle of the MCP. At 3 MeV considerable penetration and scatter occur, as shown, which
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contributes to blurring of the signal and increased background. No gain was incorporated into this 
simulation; however, these results confi rm general degradation at higher energies and less distortion 
at lower energies.

Figure 5. MCNPX simulations showing the normalized number of electrons emerging from 

the rear of the MCP for 1 MeV and 3 MeV electrons. Source electrons are incident at the origin. 

MCP pore locations are indicated by circles.
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Pump-probe Studies

Th e static diff raction results established that the MCP imaging system on the Pegasus accelerator 
had the capability to resolve phase transitions in pump-probe experiments. Th e target chosen for 
these studies was 100 nm Au. Th e target was located approximately 1 m from the cathode, while the 
MCP was located 2.5 m from the target.

Figures 6 and 7 show example raw diff raction images along with representative line plots of intensity 
with background subtracted for the pump-probe experiments. Th e pump-probe experiments con-
sisted of a series of shots in which the electron beam (probe) time was varied, both before and after, 
with respect to laser heating of the sample (pump). Th ree images for each probe time were acquired: 
(1) probe on, pump off  (static); (2) probe on, pump on (dynamic); and (3) probe off , pump off  
(background).

Figure 6. Au diff raction pattern and line plot (red radial line on image) with probe on and pump pulse off . 

Peaks are labeled with respective diff raction indices.

Figure 7. Au diff raction pattern and line plot (red radial line on image) with probe 100 ps after pump pulse. 

Peaks are labeled with respective diff raction indices. 
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Signifi cant fl uctuations in the data can be seen in the line plots in Figures 6 and 7. Th ese are due to 
low signal level and MCP repeatability. Th ese fl uctuations were averaged out by performing a radial 
integration, and the background was subtracted. Th e results are shown in Figure 8. (Note that Figure 
8 shows intensity as a function of radius from the electron beam axis while Figures 6 and 7 show 
intensity along a line with x = 0 defi ned at the left edge of the red bar shown.)

A comparison of the diff raction peak intensity before and after sample heating is shown in Figure 9. 
Shortly after the laser pump heats the target, the peaks’ intensities decrease. Shot to shot reproduc-
ibility of the images, however, was a concern due to fl uctuations in MCP background level. Due to 
the Debye-Waller factor, the ratio between the peaks corresponding to long- and short-range order 
should change quickly if the sample is heated. It follows that in order to detect very small tempera-
ture change in the sample, this ratio should be as stable as possible when the sample is not pumped 
by a laser. Th e exponential gain of the MCP made stability in this respect less than ideal.

 

Figure 8. Comparison of radially integrated intensity at –50 ps (before 

pump) and +50 ps (after pump) 
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Figure 9. Diff raction peak intensity at various times with respect to 

sample heating due to pump at time zero. The y-axis shows the diff erence

in intensity (intensity after pump minus intensity before pump) for a given 

diff raction peak. 

Conclusion

Th e goal of this project was to demonstrate the use of megavolt relativistic electron beams as a new 
potential phase transition diagnostic for materials under extreme conditions. After considerable 
eff ort to determine suitable accelerator requirements for emittance and beam quality, we successfully 
imaged static electron diff raction patterns with sub-picosecond, 3 MeV beams. We also improved 
the fi delity of diff raction imaging by using MCP detectors over phosphor screens. Initial results of 
pump-probe experiments showed a reduction in diff raction intensity after heating of thin foil sam-
ples and demonstrated the concept as a phase transition diagnostic tool. Further studies, however, are 
needed to refi ne the technique and develop it for stockpile stewardship−relevant material studies.
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 DARK FIELD RADIOGRAPHY

Fletcher J. Goldin1,a

Th e practicality and limitations of a grating-based variation of phase-contrast radiography 

(PCR) operating in dark fi eld were investigated. Th e dark-fi eld aspect puts the signal on 

a zero-background, rather than on top of a uniform, but noisy background. Th us, small 

perturbations introduced by the radiographic object have suffi  cient contrast to be seen, and 

signal-to-noise ratio is greatly enhanced. At lower (keV) x-ray energies where wavelengths 

are suffi  ciently long, this advantage will not justify the increased complexity and moderate 

loss of resolution. However, at higher energies required for penetrating thicker objects, the 

shorter wavelengths gives less phase contrast and a dark-fi eld system holds the potential 

for detecting the reduced signals. Further, the version investigated here uses phase gratings 

rather than absorption gratings, which could allow the use of a broadband x-ray source. 

Th is research was motivated by recently published results (Weitkamp, 2005; Kottler, 2007; 

Engelhardt, 2007) showing improved contrast with PCR. Goals for the project reported 

here were to understand the grating-based PCR mechanism, determine its practical limits, 

particularly maximum energy, and generate a conceptual design. Th ese objectives were 

addressed theoretically and with the x-ray case scaled to visible light. Extrapolation of visible 

light tests indicate PCR up to ~60 keV might be physically possible. Th ese results were also 

published in SPIE Conference Proceedings (Goldin, 2009). An x-ray system is in design and 

will be tested in FY 2010.

Background

Conventional absorption-contrast radiography generates images from variations in x-ray absorption 
resulting from variations in the product of the thickness and imaginary part of the index of refrac-
tion, Im(n). An alternative, phase-contrast radiography (PCR), couples to diff erential refraction of 
the x-radiation passing through the object. Th e coupling is generated by variations in the product 
of the thickness and the real part of the index of refraction Re(n). Since for any object, at any given 
point, either gradient could be greater, either technique may render visible features diffi  cult or even 
impossible to detect with the other. PCR, then, is attractive for its promise of complementary capa-
bility, but its use requires overcoming several unique challenges. 

Most of these diffi  culties ultimately stem from the very slight deviation (~10−5 to 10−6) of Re(n) from 
unity. Th is is why a straightforward shadowgraphy version of PCR gives a signal easily swamped by 

1 goldinfj @nv.doe.gov, 925-960-2686
a Livermore Operations
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the zero-order, i.e., bright-fi eld, background. Th is has recently been achieved, but only by using 
extremely coherent, monoenergetic radiation generated by a synchrotron, giving a phase-contrast 
signal distinct from the bright fi eld. PCR using a simple x-ray tube bremsstrahlung source, however, 
would seem to depend on eliminating this bright fi eld. One way to do this, and the subject of this 
work, is to produce a Talbot interference pattern in such a way that refraction at very small angles 
will signifi cantly shift the fringes. With the PCR image thus encoded in fringe shifts, eff ectively, the 
signal has no background. In the near fi eld, an amplitude (100% absorption) transmission grating 
with pitch = a will give an interference pattern with an electric fi eld as a function of transverse posi-
tion (x) and longitudinal position (z) given by

(1)

provided the width of the clear zones is negligible compared to the full pitch. Th is pattern reduces to 
a simple “revival” of the original grating at the characteristic Talbot distance given by

(2)

Similar patterns, but at higher transverse spatial frequencies, emerge at rational fractions of ZT. Th e 
more general case of a fi nite-width transmission zone is suffi  ciently (more) complex to require nu-
merical modeling. Yet another qualitatively similar but quantitatively diff erent pattern may be pro-
duced by a phase grating that introduces a 180-degree phase shift to the wave at every other zone (of 
equal widths). Th is is of particular interest for its greater potential for use with a broadband source. 

In any of these cases, a phase object placed in the optical path will introduce shifts in the interfer-
ence fringes that correspond to gradients in the induced phase shifts. For example, an optical wedge 
would induce uniform fringe displacement, encoding no imagery information. However, a gradient 
in the slope (or rate of change of n) would give diff erential shifts, rendering such features in the 
phase object visible. One might note the close relationship to schlieren photography, which also pro-
duces a phase-contrast image with a dark fi eld for identical reasons. However, unlike the lenses used 
in schlieren, Talbot gratings can be fabricated for the x-ray regime, at least up to some energy. It may 
also be noted that image information is not related to the fringe quality—contrast, noise, etc.—but is 
completely contained in the fringe locations, greatly relaxing recording requirements. Th is grating-
based PCR technique has recently been achieved by others up to ~20 keV (Kottler, 2007; Weitkamp, 
2007; Goldin, 2009). We also investigated the practical x-ray energy upper limit, discovering what 
sets the limit and where that limit is.

E(x,z) = ½ + 2/  ∑{k = 0, ∞} (–1)k cos[2 (2k + 1)x/a] exp[–i (2k + 1)2z/ZT]/(2k +1),

ZT = 2a2/λ.
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Project

Th eory

Although the Talbot grating’s fundamental operation is identical in x-ray and visible applications, 
the system geometry and grating specifi cs (geometry and material) are quite diff erent. In particular, 
the interplay between grating requirements and fabrication possibilities set system limitations, x-ray 
energy being the most important. Both absorption and phase gratings were considered, but a phase 
Talbot grating is central to the x-ray system envisioned, and therefore the results related to it are 
discussed here.

Writing the index of refraction for x-rays in the customary form n = 1 – δ + iε, a phase grating with 
groove depth b will introduce a phase shift of  = bδ/2πλ

0
 for x-rays of wavelength λ

0
 in vacuum. Th e 

transmission will be T = I/I
0
 = 1 – e–bε. For a given energy, then, material choice will determine b. Th e 

optimal material will maximize δ (to minimize b, which eases fabrication and minimizes absorption) 
and minimize ε (also to minimize absorption). In this regime, fabrication is normally limited not by 
absolute groove depth, but by the groove aspect ratio AR = 2b/a. Given the fi xed relation between 
grating the pitch a and Talbot distance Z

T
 (for any energy), the acceptable range of working dis-

tance constrains a, and so indirectly also constrains b through AR. Experimental data for absorption, 
eff ectively ε, are tabulated by NIST over more than the ~10−200 keV range of interest for this work, 
but published values for δ extend only up to 30 keV. Th erefore, an analytic expression was needed. 
Th eoretical studies of this relationship have been published, but these include numerous physical 
eff ects that are insignifi cant in the regime of interest (Kane, 1986; Chantler, 1995). Th erefore, the 
fact that incoherent Compton scattering is completely dominant was used to develop the following 
highly simplifi ed, but still remarkably accurate, expression:

(3)

where r
0
 is the classical electron radius, and ne is the number density of electrons in the material. 

For aluminum at 30 keV, Equation 3 gives δ = 5.98 × 10−7 and Henke gives a measured value of 
6.0 × 10−7 (1993).

Equation 3 then gives a spectrum of material/groove depth combinations that will generate the 
needed 180-degree phase shift for any given energy. However, absorption was also considered. First 
we calculated groove depths; results are shown in Figure 1a for four energies across virtually the 
whole periodic table. Four regions, centered around Al, Ni, Ag, and Au, emerged as off ering par-
ticularly shallow groove depths. However, absorption increased with higher Z in spite of decreased 
thickness (Figure 1b). Taking both eff ects into account, the region including Cu and Ni appeared 
optimal. (Note that absorption decreases fringe contrast, the most important deleterious eff ect.)

δ = r0neλ2/2 ,



FY 2009Material Studies and Techniques

30

Figure 1. (a) Due to high electron density, fi ve regions in the periodic table (around C, Al, Ni, Ag, and Au) 

give shallow groove depth; but Au, which is the shallowest, has too much absorption. (b) Ni or Cu combine 

shallow depth with tolerable absorption, making them optimal materials for the phase grating.

Figure 2. Interplay of groove dimensions and working distance shown graphically. Example grating 

optimized for 60 keV (black lines). 
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A model was developed relating pitch, groove depth, aspect ratio, energy, and working distance (taken 
as ZT/4). Th e interplay of these parameters for Ni is shown for several energies in Figure 2. Detailed 
discussions with potential fabrication shops revealed that the main limit of grating geometry is not 
really groove depth or pitch, but rather the groove depth/width aspect ratio, limited to a maximum 
of around 5. For example, an Al grating with a groove depth of 40 keV would be diffi  cult to fabricate, 
since even pushing the working distance (i.e., ZT/4) to a very long 400 cm, the grating pitch is still 
16 μm, leading to an aspect ratio of 5.5. However, as indicated by the black lines in Figure 2, an Ni 
grating would still have an aspect ratio of only 4.5 for 60 keV, even for a working distance of only 
200 cm. Th erefore, Ni or Cu appear optimal for both theoretical reasons and fabrication needs, and 
60 keV appears to be about the practical upper limit for x-ray energy.

Modeling

Using a wide-band x-ray source requires Talbot interference patterns generated over the spectrum 
sum to a total intensity pattern with suffi  cient contrast. Equation 1 implies this will not be the case 
for an absorption grating with infi nitesimal open slits, as the pattern will be nearly washed out. 
Th erefore, several grating variants were considered, including an absorption grating with equal open 
and closed regions and, most importantly, a phase grating. After attempts to generalize Equation 1 
to include such types proved intractable, a numerical approach was sought. Th en, unfortunately, no 
program explicitly treating the optical behavior of x-ray radiation (in the tens of keV regime) was 
available. Our solution was scaling (including the index of refraction in addition to all geometric 
lengths) to visible light in order to employ optics software. For various practical reasons, Zemax 
(Version Nov. 10, 2008) was chosen. Th is program normally functions in ray-tracing mode, but also 
incorporates a “physical propagation” option. Th is mode tracks phase but was only guaranteed by the 
vendor (Zemax) for smooth-profi le elements such as lenses, not at abrupt edges characteristic of 
gratings. Th erefore, tests were performed with a geometry with a sharp edge that had a known solu-
tion, namely a semi-infi nite, transparent slab that introduced a 180-degree phase shift. Th e expected 
Gibbs-type behavior seen at the slab’s edge gave confi dence in the program in the hard-edge case. 

Gratings of various confi gurations were modeled. Of particular interest were two amplitude gratings 
and one phase grating. One amplitude grating had a 3% open/97% closed cycle to closely mimic the 
case described by Equation 1 (it is the geometry that the equation assumes, not the equation itself, 
that is being mimicked), and the other was 50%/50%. Th e phase grating was also 50% open. Th e 
material (fused silica) and thickness (600 nm) for the closed 50% were chosen to give a 180-degree 
phase diff erence at 550 nm, corresponding to easily available fi lters and a 532 nm HeNe laser used 
in the optical experiments. Th e full-cycle pitch of all three gratings was a = 338 μm to match the 
physical grating. 

Talbot interference patterns are calculated for seven wavelengths ranging from 400 nm to 700 nm 
in 50 nm steps. Intensity profi les for each wavelength, as well as averaged over all wavelengths, are 
plotted against position transverse to the direction of propagation (Figures 3 through 5). 
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For the 3% amplitude grating, the grating-to-detector distances correspond to Z
T
/2 and Z

T
/4 at 

550 nm. At this wavelength, Talbot reproduction (or “revival”) of the grating pattern is very clear 
(Figure 3). At Z

T
/2 the revival is exact, and at Z

T
/4 it has twice the spatial frequency, both results 

predicted by Equation 1. Also as predicted, other wavelengths gave washed-out patterns, resulting in 
a sum over all wavelengths with very low total contrast. Note the intensity axes in Figures 3, 4, and 
5 are normalized to an input intensity of 1 at every point.

Intensity profi les for the 50% amplitude grating at the same two distances are shown in Figure 4. In 
this case fringe pattern formation is far more effi  cient, in the sense of having very signifi cant contri-
butions from across the spectrum. Th is is particularly true at 208 mm, where virtually all light is con-
centrated in the grating revival pattern with the spatial period equal to that of the grating, resulting 
in a high contrast (peak-to-peak) of about 80%. Very minor fringes are also seen at half the period at 
450 and 650 nm. As noted, no analytical calculation was attempted for the 50%-open grating, so this 
type of feature is not predicted, but might be anticipated as somewhat analogous to the fractional 
Talbot eff ect with an infi nitesimal slit. At half the distance, most of the light still goes to forming the 
overall fringe pattern, but the fraction is much less, leading to much lower, although probably still 
very usable, contrast of 0.40. Th e spatial period is again halved, as might be expected. Figure 5 shows 
similar behavior for the phase grating, except that the qualitative eff ects have reversed between the 
two distances. Now 104 mm is the distance at which the pattern for all wavelengths is dominated 
by a spatial period equal to that of the grating, and summing to a pattern with about 80% contrast 
(again with much lower-amplitude components with half the period at some wavelengths), while 
208 mm gives the more diff used sum with a contrast of only ~40% and a spatial period half that of

Figure 3. Talbot interference for 3%-open absorption grating. The central wavelength has high-contrast 

fringes; other wavelengths have no signifi cant fringes. 
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the grating. Overall, then, except for the factor of two in operating distance, the best-case results 
for the 50% amplitude grating and for the phase grating are almost identical, and in particular they 
allow the use of a wide wavelength band, in stark contrast to the narrow-slit case.

Figure 4. Interference fringes for 50%-open absorption grating. Fringe contrast was high across the spectrum, 

but maximal at z = Z
T
/2. 

Figure 5. Talbot interference for phase grating for which ΔΦ = π at λ = 550 nm. Note similarity with 

50% absorption grating case (Figure 4) except higher contrast is now at ZT/4. 
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Experiment

To verify and/or identify fl aws in the optical models, tests were made with a visible light experiment 
(scaled from the x-ray case in the same way as the modeling). A coherent plane wave over an area 
larger than the test object was generated by expanding a laser beam.

Experiments were done with an amplitude grating, 50% open/50% closed, and a phase grating, also 
50%/50%, both of which had a total cycle of 338 μm. Th e Talbot interference pattern was detected 
by its direct illumination of a detector surface (CCD).

Figure 6 shows the experimental layout. Two diff erent HeNe lasers were used (fi rst 633 nm, then 
532 nm). Th e absorption grating performed equivalently at either wavelength (adjusting the grating-
to-CCD distance according to Equation 2), but the groove depths of the phase grating introduced 
a relative phase of 180 degrees only at 550 nm. Th e CCD (Princeton Instruments model TEA/
CCD-2033K) had a pixel pitch of 9 μm, fi ne enough to easily resolve Talbot interference fringes 
with widths of 169 mm (the expected fringe width at z = Z

T
 or Z

T
/2) or even 85.4 mm (expected 

at Z
T
/4).

Finally, an optical phase object was designed to give easily interpretable information. Th e key in scal-
ing from an x-ray system was for the object to induce phase shifts on the order of a wave cycle over 
a lateral distance a few times the grating pitch, or about 1 mm for visible light case. Th is was done 

Figure 6. Schematic and image of optical analog test setup. Phase object and grating are in 

central mount, with object rotated to 45 degrees.
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Figure 7. Talbot interference without (a) and with (b) pyramid test object (at 45 degrees). 

Widths of pyramid’s sides are indicated in mm; total fi eld of view is 18 mm square.

by rheologically polishing a pyramidal depression into one face of a λ/10 fused silica optical fl at. Th e 
“top” of the pyramid was a 5 mm square, and the four sloped sides had widths of 1, 2, 3, and 4 mm 
to give four diff erent slopes. Th e depth (pyramid “height”) was 1.6 μm, giving a phase diff erence in 
the central region of 7.3 radians (at 633 nm), so that an easily seen fringe shift of a little more than 
one full cycle would be expected.

Th e Talbot eff ect itself was tested without the phase object in place. Th is was done with both grat-
ings and both lasers at various distances. Considering the inevitable diff erences between idealized 
theory/calculation and real life, the fact that the interference pattern was seen was very signifi cant. 
With the amplitude grating in place, the fringe spatial frequencies varied with amplitude-to-CCD 
distance as expected. An example taken with the 633 nm laser is shown in Figure 7a. Th e phase ob-
ject was then introduced, and its edges (sloped sides of the pyramid) readily manifested themselves 
by distorting the interference fringes. Th is is seen in Figure 7b (setup is otherwise identical to 7a 
case). Although no modeling was done with a phase object, the fact that the grating introduced a 
phase delay of approximately one cycle, a shift in the interference pattern of approximately one full 
fringe was expected. Th is was indeed observed, giving suffi  cient confi dence that the physical eff ect is 
real and working as expected.

At 543 nm, with no phase object, Talbot fringes were again seen, which was of particular signifi cance 
since all literature searches have failed to uncover any reference—in theory or experiment—to the 
Talbot eff ect for visible light with a phase grating. However, fringes were seen at all integral mul-
tiples of Z

T
/4, rather than just at odd-integer multiples predicted (but the spatial frequency was 
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consistent with modeling). To this degree, then, the modeling did not agree with experiments for the 
phase grating as well as for the absorption grating, although this would certainly not prevent the use 
of a phase grating for x-ray radiography. When placed in the beam path, the phase object (pyramid) 
was again visible via distortion of the fringes, just as in the absorption case.

Conclusion

Th e central conclusion of this project is that, based on theory, modeling, and experiments with visible 
light but not x-rays, PCR based on Talbot interference can probably be extended to ~60 keV. Beyond 
this, practical diffi  culties would be expected to rise rapidly with energy, primarily due to grating 
fabrication and overall geometry (which are related). In particular, a baseline design would use an Ni 
phase grating with 20 μm depth to give a 180-degree phase shift at 60 keV. A fabrication limit of 4.5 
for the aspect ratio would then give a pitch of 9 μm, which would give a working distance (Z

T
/4) of 

2 m, a long but still practical distance. Also, beam attenuation at this energy is a very acceptable 3% 
through the raised grating regions (i.e., not the grooves). Th is would, however, increase quickly with 
energy due to the 1/Eγ dependence of δ.

References

Chantler, C. T., “Th eoretical Form Factor, Attenuation, and Scattering Tabulation for Z=1-92 from 
E=1-10 eV to E=0.4-1.0 MeV,” NIST Web site, http://physics.nist.gov/PhysRefData/FFast/
Text1995/contents1995.html, accessed September 30, 2009.

Engelhardt, M., J. Baumann, M. Schuster, C. Kottler, F. Pfeiff er, O. Bunk, C. David, “High-resolu-
tion diff erential phase contrast imaging using a magnifying projection geometry with a microfo-
cus x-ray source,” Appl. Phys. Lett. 90 (2007) 224101-1−224101-3.

Goldin, F., S. Hampton, “Grating based, phase contrast radiography with bremsstrahlung source,” 
in Penetrating Radiation Systems and Applications X, edited by F. P. Doty et al., Proc. SPIE 7450 
(2009) CID No. 74500K–74500K-13.

Henke, B. L., E. M. Gullikson, J. C. Davis. “X-ray interactions: photoabsorption, scattering, trans-
mission, and refl ection at E=50-30000 eV, Z=1-92, Atomic Data and Nuclear Data Tables 54, 
2 ( July 1993) 181−342 ( July 1993), from “X-Ray Interactions with Matter,” http://henke.lbl.
gov/optical_constants/, accessed October 1, 2008.

Kane, P. P., L. Kissel, R. H. Pratt, S. C. Roy, “Elastic scattering of γ-rays and x-rays by atoms,” 
Physics Reports (Review Section of Physics Letters) 140, 2 (1986) 75−159.

Kottler, C., F. Pfeiff er, O. Bunk, C. Gruenzweig, C. David, “Grating interferometer based scanning 
setup for hard x-ray phase contrast imaging,” Rev. Sci. Instrum. 78, 4 (2007) 043710–043710-4.

Weitkamp, T., A. Diaz, C. David, “X-ray phase imaging with a grating interferometer,” 
Optics Express 13, 16 (2005) 6296−6304.





37

For this project we created a dense plasma focus (DPF) tube to test the hypothesis that the 

observed steady increase of fusion rate with increasing drive current saturates at high current 

levels. Th e tube was designed to be suffi  ciently robust to operate at current levels predicted 

to reach 4–7 MA, with associated voltage levels of 50 to 70 kV. Th e tube, when fabricated, 

was to be tested at high current levels with current supplied by a Los Alamos National 

Laboratory (LANL) fl ux compression generator at a LANL fi ring site; unfortunately, due to 

funding constraints the LANL test did not occur. However, the NSTec 1 MJ Gemini DPF 

source proved to be a good lower-current (on the order of 1 to 4 MA) substitute. To initiate 

this design work, current predictions for the output of the current generator from LANL 

and for the 1 MJ capacitor bank were used as input for the magnetohydrodynamic code, 

MACH2 (2006) to initiate the design eff ort. Th e dynamic DPF circuit model was employed 

in Scat95 (1995) to estimate tube performance. Several variants of a high-current DPF 

anode/cathode assembly were tested, fi rst using the 500 kJ NSTec TallBoy source and then, 

when the startup of the Gemini source began, using Gemini. Th e design evolved through 

the testing process. Th e fi nal version of the tube was successfully fi red at 1 MJ and 70 kV. 

It performed well, producing 5 × 1011 neutrons at a current level of 3 MA.

Background

Dense Plasma Focus (DPF) Description

Half a century after their independent invention by Filippov (1962) in the former Soviet Union 
and Mather (1964; 1965) in the United States at Los Alamos Scientifi c Laboratory (LASL), DPF 
devices remain the most economical and effi  cient technique for initiating nuclear fusion. DPFs 
require a current source, typically a capacitor bank, and a simple source tube in which the fusion is 
initiated via magnetic compression of a rarifi ed gas; thus, DPFs are compact, simple and economical 
to construct, reliable in operation, and require little maintenance when not in use. Th ey are used as 
tools for a very broad range of research and production, including space propulsion (Knecht, 2005), 
extreme ultraviolet (EUV) lithography ( Jonkers, 2006), fusion power generation, and irradiation 
(Sadowski, 2000; Gribkov, 2007). Because of this, there are many operating DPFs in commercial 
facilities, at research facilities, and at universities worldwide (Lee, 2006). Sources are usually powered 
by capacitor banks capable of storing energies that range from joules to mega-joules at the Interna-
tional Centre for Dense Magnetized Plasmas at the Institute of Plasma Physics and Laser Micro-
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fusion, Warsaw, Poland (Gribkov, 2007); since 2009, NSTec has operated the 1 MJ Gemini DPF 
in Nevada. Single-shot, high-explosive current generators have also been used as sources of MA 
current pulses (Caird, 1978; Fowler, 1975; 1979; Goforth, 1998; 1999; Kristiansen, 2003; Petersen, 
1997; Reinovsky, 1993; Tasker, 2001; 2003). Although explosive pulsed-power experiments off er the 
advantage of lower cost for a single test, they have a much lower repetition rate than capacitively 
powered DPF and require a large fi ring site for testing. HEPP DPF, however, can reach extreme cur-
rents without having to be in a facility similar to Atlas (Hagen, 2008; Lopez, 1997), which requires 
a sizable capacitor bank.

Scaling of Fusion Rate with Increasing Current

DPFs work by compressing and heating a gas mixture to suffi  cient densities and pressures to 
cause fusion. Th is is done by fi rst initiating a plasma in the gas mixture and then heating and 
compressing that plasma to temperatures and pressures suffi  cient to cause nuclear fusion via the 
Z-pinch technique. Th e fusion rate has been shown to scale over many decades of driving current 
(Lee, 2008, “Current”; 2008, “Neutron”), from a few kA up to 2 MA. Beyond that, some (Nukulin, 
2006; 2007) have observed no increase in fusion yield with current at high current levels. Much 
eff ort, both experimental and theoretical, has been expended attempting to discover the cause of 
the observed rolloff  in yield scaling; the debate continues to this day. However, as Auluck (1997) 
stated, “Th e plasma focus (PF) remains an enigma despite over three decades of research devoted 
to understanding the copious neutron emission and its scaling with current, the energetic ion and 
electron emission, and the peculiar plasma dynamics and self-organization phenomena.” Th ere are 
many mechanisms proposed as the cause of the observed fusion, ranging from classic thermonuclear 
fusion through fusion reactions being generated by beam target–like interactions. Th e existence of 
both types of fusion is postulated by some, the fraction of fusions caused by either mechanism is also 
a matter of scientifi c investigation. Some researchers report that at lower current levels, the bulk of 
the fusions are caused by the beam-target mechanism.

High-current DPF Project Purpose

While elsewhere DPFs are used for an extremely diverse set of applications (Gribkov, 2008), in-
cluding studying fusion and performing high-resolution lithography, each NSTec DPF source was 
designed for specifi c purpose: they are employed to produce intense short bursts of fusion products 
(neutrons, charged particles, x- and gamma-rays) for experimental requirements and to investigate 
the fundamental physics of fusion generation in Z-pinched plasmas (Liberman, 1999). Although the 
NSTec DPF sources have met many of our physics and engineering needs, some future applications 
that we wish to explore will require a source that has an even higher fusion neutron yield.

Th e use of DPF machines in nuclear physics applications will likely expand as they are developed to 
produce increased neutron yields. Th us, the solution of the yield-saturation-with-current problem 
is of great importance. Th e experimental approach to higher yields contains two complementary 
parts: generating a suffi  cient data set at and above the ~2 MA current region at which the increase 
in the rate of fusion is reported to saturate, and performing the science to discover the physical 
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processes responsible for the observed eff ects. Th ese tasks require, at a minimum, creating a powerful 
source (current generator and DPF tube) that can be used to generate data with which to test postu-
lates. Plasma, neutron, photon, and charged particle diagnostics are additional requirements.

Summary Project Description

Th e fi rst NSTec DPF source was a 1.5 kJ source that operated both with pure deuterium and 
with a mixture of deuterium and tritium. Th is source was followed by a 133 kJ source that generated 
peak currents of about 1.5 MA. Th is DPF, OneSys70, is currently used to produce intense (1 × 1012 
neutrons/pulse), short (50 to 100 ns FWHM) bursts of deuterium-tritium fusion neutrons 
(14.1 MeV). A larger source (TallBoy, 500 kJ) capable of larger peak currents (roughly 2 MA) was 
designed and brought into routine operation. TallBoy could produce more than 1 × 1011 2.45 MeV 
neutrons per pulse at a repetition rate of four shots per hour. A larger capacitor bank, named Gemini, 
was built using the TallBoy bank as a model. At full design voltage Gemini has a stored energy 
of 1 MJ; it is now being brought into operation; when fully operational it will produce currents 
approaching 4 MA.

Th e Atlas facility is in standby, has a stored energy of 24 MJ at 240 kV, and is capable of driving a 
DPF to currents near 20 MA; however, a signifi cant investment is required to bring Atlas into an 
operational status. Th us, an experimental series of shots with high explosive–driven fl ux compression 
current generators is the most time- and cost-effi  cient path for testing DPF scaling at very high 
currents. Discussions with LANL were held to determine the feasibility of a team experiment in 
which the design of a high-current tube would be performed by NSTec with the current supplied by 
LANL. An existing fl at-plate generator was chosen as the best current source to mate with the DPF 
(Tasker, 2003). A load current of 4 to 7 MA was the goal.

Project

Th e project was planned to ensure coordination of all parties and to allow effi  cient use of the test-
ing resources that were necessary for development of the high-current tube. NSTec was responsible 
for producing the DPF tube that would receive a high-current pulse from a LANL fl ux compres-
sion generator (FCG). With these major areas of scope defi ned, the work proceeded as follows: 
defi ne design parameters, produce high-current tube conceptual and fi nal designs, and test the high-
current tube. 

Design Parameter Defi nition

Discussions with LANL’s High Explosive Pulsed Power (HEPP) group resulted in an experimental 
concept that would use their fl at-plate FCG. Initial calculations predicted currents in the range of 
4 to 7 MA, depending on the FCG confi guration and explosive chosen. Th e generator design, seed 
bank, and fi ring site are all mature technologies. LANL provided a predicted current trace with 
which to seed our magnetohydrodynamic (MHD) calculations for an appropriate anode, cathode, 
and header design. MACH2 was used to investigate competing design options.
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High-current Tube Conceptual Design

Building on earlier modeling work done to estimate ultimate 
DPF yields using the 24 MJ Atlas bank (Hagen, 2008) with 
the MHD codes MHRDR (Makhin, 2008) and MACH2 and 
the circuit code Scat95 (1995), the performances of several 
explosively driven electrode design variations were modeled 
and evaluated. Th e physical parameters of the DPF electrode 
test confi gurations were modifi ed to generate the desired 
current envelope. DPF electrode assemblies were fabricated 
according to these proposed designs and were then tested 
using the ½ MJ Tallboy capacitor bank. Experimental results 
from this test led to further design improvements for more 
advanced follow-on designs.

Figure 1, from a MACH2 simulation run, shows plasma cur-
rent density at the time pinch is predicted to occur. Figure 2 
shows the associated predicted tube performance, as calcu-
lated by Scat95, for cases with the Gemini capacitor bank 
with several levels of energy storage. 

Two conclusions could be drawn: (1) the DPF tube could 
be designed to function with current profi les expected from 
the FCG; (2) the tube design would reach the bottom of 
the FCG current range when coupled with Gemini; thus, we 
could anticipate that Gemini would be a useful test platform 
for these tubes. Th e theoretical work demonstrated that it was possible to design a standard Mather 
tube that could perform within the experimental boundaries of the proposed FCG current pulse. Sev-
eral prototype anode and cathode assemblies were designed and fabricated for testing on the existing 
½ MJ TallBoy source, which limited the maximum current to 2.3 MA. Tubes were tested at voltages 
between 25 and 60 kV.

Performance Testing of Anode/Cathode Designs

Figure 3 shows one of the prototype anode designs, as constructed and tested. Th is Mather-type 
anode was designed to explore the ability to use relatively low-pressure deuterium at high current 
levels. Th is combination required extension of the length of the anode to 27.25 in.; its diameter was 
4 in., and the diameter of the cathode cage is 6 in. It was tested with the TallBoy source at voltages 
up to 60 kV. Th is anode-cathode combination performed well up to 2.3 MA, having the ability to 
match run-down time to the quarter period of the bank. It was tested over a pressure range of 2 to 
12 torr. Optimal performance was at ~8.5 torr.

Figure 1. MACH2 MHD 

calculation of current 

density near pinch time
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Figure 2. Scat95 DPF model calculation, showing predicted currents versus time

Figure 3. DPF electrode assembly 
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A shorter anode (shorter by 3 inches) requiring high pressures at high current levels was used to 
explore performance at higher pressures. Th is experimental series produced the data set represented 
in Figure 4. Th ese data demonstrate that DPF tubes function well to pressures as high as 25 torr. Th e 
demonstration of a wide pressure operability range of this design widens the performance envelope 
for future tube designs.

Figure 4. Data from high-pressure experiment showing yield from deuterium-

deuterium fusion and run-down time vs deuterium pressure; the DPF tube will

function well up to 25 torr

Conclusion

An optimized high-current DPF anode and cathode assembly was successfully tested and is 
ready for use coupled to a high-current source. It successfully performed up to current levels of  
3 MA, voltages up to 70 kV, and stored energies >1 MJ. Resulting deuterium fusion rates were 
measured to be up to 1019 fusions per second, with a total of 2.45 MeV neutron yields per pulse rising 
to 5 × 1011. Th ese currents and yields are equivalent to the highest achieved (Gribkov, 2007) 
at other DPF facilities in operation worldwide. Further, as part of this project, two modeling codes 
ALEGRA-MHD and MACH2 have been validated and found to have high utility as DPF de-
sign tools. During this project several variant tube designs were tested, and extremes in operational 



SDRDPulsed Power

43

parameters visited. In addition to the technical collaboration formed with LANL, technological 
collaborations with Sandia National Laboratories (SNL) were established for MHD modeling. 
As SNL used an independently developed MHD code, ALEGRA-HEDP (Kueny, 2009), the col-
laboration was useful to all parties, as comparisons with NSTec DPF data allowed refi nement and 
validation of the theoretical predictions, and comparisons between the two codes allowed under-
standing of code performance. Further, HEPP–DPF discussions have been held with Lawrence 
Livermore National Laboratory and LANL for HEPP applications.
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Th is project constructed a plasma focus tube composed of two anodes sharing the same 

axis but facing in opposite directions. In operation, the opposing anodes could be run 

independently or at diff erent polarities. Th is confi guration off ers the ability to seed the 

pinch region of one Z-pinch with the hot, pre-compressed plasma from the inner anode. 

Th e ability to vary both position and time of inner pinch off ers great experimental fl exibility 

for optimization purposes, as well as providing the ability to study the interaction of strong 

shocks in plasmas.

Background

Th is project represents a signifi cant deviation from our typical design for a plasma focus tube. Th is 
tube is much smaller and features many experimental fabrication elements that may contribute to 
the reliability and safety of the entire system. Should there be additional interest in the design of 
miniaturized plasma focus tubes, the lessons learned in the fabrication of this device will be useful.

Th e primary motivation of constructing this plasma focus tube is the ability to study the interactions 
of strong plasma shocks, and to see if the study of these interactions can lead to a better understand-
ing of the empirical neutron yield relationships for plasma focus tubes. Th e information that will be 
of most use to plasma physics must be obtained with diagnostics that were not funded as a part of 
this project. It is also hoped that this smaller, more versatile plasma focus source could be a platform 
for deployment of more modernized control and safety systems.

Project

Electrode and Insulator Design

Prior to any additional design work, it was necessary to determine the shape of the plasma focus 
chamber itself as well as the initial constraints on the design of the system. To reduce the cost of the 
system as much as possible, many existing components were incorporated into the design. Existing 
capacitors and switches tended to introduce the most design constraints on the plasma focus device; 
therefore, the result was a device with a relatively small stored energy with easy access to the gener-
ated radiation fl ux. Both Scat95 (Goforth, 1998; Scat95, 1995) (an empirical pulsed power modeling 
program) and MACH2 (2006) (a magnetohydrodynamic modeling program) were used to create 
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models at this stage of the design. Scat95 was mostly used as a model check for the more compli-
cated MACH2 simulations. Th ese software packages allowed the scientist to optimize the overall 
shape of the electrodes in the vacuum chamber to allow for maximum energy transfer to the Z-pinch 
as shown in Figure 1. Th e peak in neutron production indicates the parameter being used for yield 
optimization. Th e optimizing process looks for the largest, single-pulse yield of neutrons.

Figure 1. Example parameter optimization in MACH2

Data Visualization

Th e time evolution of the shockwave in the plasma focus was diffi  cult to visualize in three 
dimensions, and currently available software did not perform this task well. Most no-cost soft-
ware had feature sets similar to those of TecPlot 360 but lacked the ability to display data in an 
interactive volumetric rendering environment, which was essential since the data produced by 
the computer can really only be seen in three dimensions; TecPlot 360 displays this type of data 
as a set of isosurfaces. Two open source programs seemed to perform quite well at displaying 
volumetric data: Visualization Toolkit (VTK) (Schroeder, 2003) and POV-Ray (Persistence of 
Vision Raytracer; version 3.6.1c). Both software packages were evaluated, but determining which 
software was most cost-eff ective would depend on how much volumetric data required processing 
and the available funding for the processing. Both software packages had intrinsic strengths and 
weaknesses, which became apparent as we explored each of them.
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A slice through the electron temperature volumetric data set produced with VTK is presented in 
Figure 2 with one of the anodes shown as a graphics primitive for reference. VTK is a C++ wrapper 
on top of the OpenGL graphics library, and has a steep learning curve. VTK can create graphics 
for displaying medical data and is well suited for displaying volumetric data sets of generic scientifi c 
interest. Many forms of output are possible, including movies and stills of many types. Th e primary 
attraction of this program is its ability to display three-dimensional volumetric rendering as a stereo 
anaglyph, which means that it is possible to use “3-D goggles” to visualize the data as you interact 
with it. Th e primary drawback is that the program is a bit complicated to learn, although general-
purpose programs are available from the software vendor at no cost for visualizing data. In order to 
use the general-purpose software, a potential user must write a fi le conversion program to convert 
the modeling program data into a format that the general-purpose viewer can read. Th e program 
that converts TecPlot ASCII to VTK’s native format was written during this project, meaning it 
would be straightforward to visualize other data.

Figure 2. Example of a volumetric slice of dense

plasma focus (DPF) electron temperature data

generated by MACH2 and displayed with VTK
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A still frame from a movie created with POV-Ray is shown in Figure 3. Th e results clearly illustrate 
the strengths of POV-Ray, a ray-tracing program that is designed to create photo-realistic images. 
Volumetric data are imported into POV-Ray through an intermediate fi le type, DF3. Th e initial 
eff orts to display data with POV-Ray have shown that the volumetric data are diffi  cult to display 
correctly, and the controls for data rendering appear arcane to novice users. Th e software that we 
developed for converting TecPlot ASCII fi les to DF3 fi les is stable and tested.

Figure 3. Single movie frame of DPF data as rendered in POV-Ray

Safety Analysis of Mounts and Brackets

Much of the existing hardware had to be assembled using brackets and plates that were designed 
and fabricated at the machine shop facilities at the North Las Vegas offi  ce of NSTec. To address 
safety issues, a signifi cant amount of eff ort was expended in properly engineering the prototype’s 
mounting brackets that were to hold the 300-pound high-voltage capacitors, which in turn provided 
support for the plasma focus tube assembly. To ensure that the structure would be sound, a fi nite 
element method model was generated to ensure that the weight of the capacitor could be safely sup-
ported by the mounting bracket (Figure 4). Th e mechanical models were delivered to the Mechanical 
Engineering Department at the University of Nevada, Las Vegas, for analysis and some design ad-
vice prior to the fi nal fabrication of the parts in the NSTec machine shop.
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Figure 4. Finite element method model showing the von Mises stress in the capacitor 

support bracket

Control System Design and Implementation

Th e control system used for this project was implemented in National Instruments LabVIEW soft-
ware. Th e system was designed fi rst with safety in mind, since this project involved the manipula-
tion of high-voltage systems. Many of the design techniques that were employed in the making of 
the Gemini and Tallboy dense plasma focus (DPF) devices were employed in the fabrication of this 
control system. After design and the initial testing phase, the control system worked exactly as in-
tended. Based on lessons we learned from previous designs, we maximized the use of pneumatically 
controlled actuators and fi ber-optic data links in this year’s design. Previous control system designs 
had shown some susceptibility to errant high-voltage discharges and EMI, interrupting proper op-
eration of the control system remote logic units.
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Prototype Tests

We verifi ed that the system pinched by examining the Rogowski probe signals. Th e Z-pinch is a 
self-magnetic pinch of a current sheet with cylindrical symmetry. Electrically, the Z-pinch can be 
thought of as an inductor. From basic physics we learn that the voltage across an inductor is propor-
tional to the time rate of change of the current, but for more complicated physical systems, we must 
use the more general form, Faraday’s Law:

(1)

When plasma focus devices Z-pinch, there is a spike visible in the current derivative and usually a 
step-wise drop in the current waveform. Th e size of the step-like drop in the current trace shows how 
much energy was expended in the Z-pinch. For our system it appears that the pinch was weak (vis-
ible in Figure 5 as a notch in the red trace), a hypothesis which was borne out in the lack of neutron 
yield or x-ray data. If the Z-pinch were stronger, it is likely that neutrons would have been visible on 
the beryllium activation detector (Ziegler, 2004; 2006). No x-ray signals were seen on our detectors 
either, though this supports the weak Z-pinch hypothesis, since the x-rays would have had to have 
been intense enough to have been visible through the quarter-inch-thick stainless steel walls of the 
chamber, since there were no viewports fabricated with this version of the vacuum vessel.

Figure 5. Example of Rogowski (current) traces
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Conclusion

Th e analysis of the design simulations and comparison with experimental observations indicate that 
some possible reasons for the lack of neutron yield could be the solid cathode wall versus the usual 
permeable (bar) cathode. Other researchers have studied this eff ect as well (Kueny, 2009). Another 
reason may be that the gap between the cathode and anode may have been too large to allow for the 
power supply to generate enough magnetic pressure to drive the plasma sheath with suffi  cient speed. 
One thing is certain, however: the axial separation between the center electrodes was too small. 
During operation of the coaxial DPF assembly, it was noted that the gap between the center elec-
trodes broke down before the insulated breach area of the coaxial DPF. Th e signifi cant eff ort made 
before an operational test could be performed was rewarded by observation of a small Z-pinch; 
though weak, the Z-pinch was a sign of modest design success. Other elements of the design that 
were validated were potential candidates for low-cost, high-vacuum DPF tubes that may be manu-
factured in the future, as well as the operational testing of a machinable ceramic insulator, which may 
fi nd its way into future DPF designs.
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Th is project developed a novel hydrodynamic plasma diagnostic to image the instantaneous 

plasma density and temperature along a chord through plasma. A specialized femtosecond 

chirped-pulse amplifi cation laser was fi rst acquired as the source for the terahertz (THz) 

radiation. Second, we designed and engineered an integrated diagnostic platform to service 

the laser, electronics, and optics packages, and suitably mate with the Dense Plasma Focus 

Accelerator (DPFA). Th ird, we developed a unique tomographic plasma imaging method 

based on THz time-domain spectroscopic imaging. Most importantly, the diagnostic was 

successfully fi elded on the DPFA, and, as of this publication, the diagnostic is poised to 

collect plasma data. We believe the diagnostic off ers singular capability for similar neutron 

sources, accelerators, and fusion devices.

Background

Our use of the term “terahertz” (THz) means a single sub-picosecond, coherent, broadband elec-
tromagnetic pulse with resolvable spectral content in the range of 100 GHz to 3 THz. Although 
THz pulses propagate in free space much like laser pulses, they are more similar to microwave and 
far-infrared “quasi-optics” (LeSurf, 1990). Given this project’s application to single, microsecond-
scale hydrodynamic events, we chose a single-pulse THz method (Shan, 2000; Usami, 2005, Yasuda, 
2006) instead of a quasi-steady-state or radio-frequency (RF) method ( Jiang, 1999, Winnewiser, 
1997). However, a successful diagnostic must be fl exible and able to use the RF method in portable 
setup with a high duty factor as well as the single-pulse method with high energy for the experiment. 
Currently, technology favors use of a high-repetition rate, amplifi ed, femtosecond laser (1 mJ at 
1 kHz) as a THz source; however, in the near future much higher pulse rates (and average power) will 
be realized for use in fast, time-resolved experiments. For applications that record high-temperature 
plasma measurements, the single-pulse method is similar to simultaneous transmission interferom-
etry at several discrete frequencies (Heald, 1965) but with both attenuation and phase-shift simul-
taneously resolved over the whole frequency range; this makes terahertz time-domain spectroscopic 
imaging (THz-TDSI) uniquely suited for high-temperature measurements (with collision rate and 
density analytically inseparable). THz pulses can probe beyond a single cutoff  frequency and yield a 
transmissive plasma spatial profi le measurement in a brief event. 

Although the THz wavelength is quite long compared to the few hundred nanometers for typical 
optics, much of the stability concerns of interferometry apply to active probing with THz-TDSI, as 
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spatial propagation delay must be accurate to better than a few microns over a long, double-armed 
path. THz conversion and detection are best made within the vacuum of the experiment to ensure 
a short path length for optimal focus and to avoid having a THz window in the line of sight of the 
plasma debris. Th e harsh EMP environment necessitates ample shielding as well, and all signals and 
power are decoupled from earth as much as possible using fi ber coupling, a high-power isolation 
transformer, and a battery-powered system. So given the stability, window, shielding, and portability 
constraints, the complete optical system would need to be designed around a heavy-duty diagnostic 
cart concept, to be intimately coupled to the Dense Plasma Focus Accelerator (DPFA) but fl exible 
enough to allow for easy removal/installation without realignment. Th e safety of the personnel was 
a principle factor in the design of the diagnostic, to be operated as a class 1 system, despite contain-
ing a class 4 laser. Measurements of the actual magneto-hydrodynamic behavior of the plasma (as 
opposed to output yield and basic electrical monitoring) will greatly benefi t modeling, optimization, 
and reliability of the DPFA and other radiographic machines (dual-axis radiographic hydrodynamic 
test facility, radiographic integrated test stand, Cygnus) and generally benefi t the physics of DOE–
funded fusion science (Doublet III-D Tokamak, Princeton Plasma Physics Laboratory, International 
Th ermonuclear Experimental Reactor) and high-voltage breakdown phenomena. 

Project

Laser System

To minimize cost, the laser procurement specifi ed an amplifi er to make use of our existing lasers, 
but several vendors declined to bid citing reliability issues with disparate systems. Ultimately we 
obtained from Quantronix a refurbished demo unit used for their internal R&D. With a fi ber-based 
seed laser (Q-Light), high-density doubled Nd:YLF pump (Darwin), and compact chirped-pulse 
amplifi ers—both regenerative and double-pass—the Integra-C laser (Figure 1) fi t within a 3' × 2' 
footprint. In hindsight, this rugged, industrial, compact design was the only solution to meet the 
project goals, but best of all, it provided a 2.5 mJ pulse at 1 kHz rate that was optimal for easy setup 
and alignment of THz-TDSI, yet energetic enough for single-pulse work.

Figure 1. Integra-C cavity layout (shown on right is the 1 mJ version without multi-pass amplifi er)



SDRDPulsed Power

57

Diagnostic Design

From discussions about diagnostic and experiment concepts, three design principles prevailed: a 
single optical platform for stability, minimization of changes to the DPFA, and a simple optical path. 
Rotating the DPFA from its vertical orientation to make the whole experiment horizontal proved 
to be a major design breakthrough. We also substituted the existing smaller chamber with a larger 
“UT-Austin” chamber that was on hand. Optics were mounted inside the new chamber, suffi  ciently 
clear of the cathode cage, with a good line of sight; this eliminated any need for THz windows. A 
surplus Janus diagnostic cart and breadboard completed the requirements. Figure 2 shows the diag-
nostic integrated with the DPFA, with all laser and power conditioning equipment fi t in the cart.

Figure 2. THz diagnostic concept. THz optics inside chamber mounted on optics

packages.

Figure 3 shows the optical layout, detailing the THz optical packages within the DPFA. Th e Inte-
gra-C pulses are split into a pump path (2.5 mJ) and a probe path (50 μJ). Th e pump path is routed 
to the left, and steered into the DPFA THz pump optics package, where it strikes a 2 mm thick 
ZnTe crystal, generating THz via optical rectifi cation. Th e THz beam is collected and focused by 
a paraboloidal mirror through the DPFA axis, about 1 cm below the anode tip (where the pinch 
should occur). Th e transmitted beam is collected by the THz probe optics package with the oppos-
ing paraboloidal mirror and passed through a 2 mm thick ZnTe crystal, imparting a modulation to 
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the crystalline indices of refraction via the linear electro-optical eff ect. Th e probe beam is directed 
through an optical delay retrorefl ector into the probe crystal where its polarization is changed by 
the THz interaction in the crystal. Th e crossing beam geometry imparts a time skew (~200 ps) 
across the beam diameter and is set by the internal crossing angle of the two beams (Yasuda, 2006). 
Th e horizontal axis on the CCD camera then records geometric delay time of the THz interaction 
with the probe beam. Th e CCD camera (Princeton Instruments PIMAX) uses a thermo-electrically 
cooled 1K × 1K sensor and is electro-optically gated (10 ns) to eliminate the intense background 
light from the DPFA discharge. A slight polarization bias on the analyzer, near total extinction, 
provides positive and negative intensity variations with THz electric fi eld. Th e vertical CCD axis is 
presently not used and is integrated into a line image. Alternatively, if the paraboloidal mirrors are 
replaced with off -axis conic mirrors, the second spatial dimension could be used for line imaging.

 

Figure 3. Top view of the optical layout. Optics packages bolt to the DPFA chamber fl anges. THz pump arm: 

95% beam splitter (BS), mirrors (M2 and M3), window (W1) iris (D2), mirror (M4), and crystal (ZnTe1). THz probe 

path: BS, M5, D3, D4, corner cube refl ector (CCR), D5, D6, M6, polarizer (P1), M7, D7, W2, D8, M8, M9, and ZnTe2. 

The THz beam is collimated by lens L1, focused through the plasma by paraboloidal mirror PM1, collected 

by PM2, and overlapped with the probe beam on ZnTe2. The probe beam is imaged onto the gated camera 

though M10, quarter waveplate (QWP), polarizer (P2), and lens (L2).
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Th e windows have broadband near-infrared anti-refl ection coatings and serve as the vacuum enve-
lope. Th e optics are protected from plasma debris and soot by the metal enclosures and tube baffl  es. 
Only the paraboloidal (metallic) mirrors are exposed to direct plasma, and they should withstand 
extensive coating before becoming useless.

Mating and integration with the DPFA were carried out in two stages. To mate the unit, the optical 
packages were indexed with respect to the optical platform while connected to the DPFA. Integra-
tion consisted of several steps. First, the unit’s optics were installed and aligned off -line from the 
DPFA with the packages in the indexed position. Th e packages were designed to be removed from 
the diagnostic to allow insertion up to the DPFA, and then reinstalled with little to no realignment. 
Figure 4 shows the fi rst stage indexing alignment of the diagnostic. Th e breadboard support frame 
is connected to the cart with independent vertical jacks that adjust the platform height and pitch to 
match the DPFA; the entire platform telescopes out from the cart about 24 inches to straddle the 

Figure 4. (left) Indexing cart and optical table to DPFA frame and (right) indexing THz optics to optical table

Figure 5. (left) Off -line beam alignment and (right) open THz optics packages, as situated within the DPFA
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Figure 6. (left) Finished cart with diagnostic controls (RF panels removed) and (right) class 1 interlocked 

enclosure

DPFA chamber. Next, once indexed, optical alignment is carried out in a class 4 laser room, as shown 
in Figure 5, with most of the optics and laser in place. A quick-frame enclosure installed over the 
apparatus reduces the laser hazard to class 1 (Figure 6). Th e ends near the DPFA are designed for 
quick removal to allow egress of the optics packages. Th e top panels are interlocked and removable 
for fi ne-tuning alignment after installation. Th is is considered a class 4 (but well-confi ned) operation 
with a 3-meter diff usive nominal hazard region.

Th e time-delay stage and retrorefl ector are typically used for RF THz-TDSI (Buckles, 2009), and it 
is still retained for ease of fi nding the temporal overlap position. We set the approximate temporal 
position by sliding the stage on a precision rail. By momentarily placing a photodiode at the THz 
probe crystal ZnTe2 and removing L1 (an optically opaque THz lens), we can alternately place 
pump or probe arms onto the detector. Using a common external trigger source, pulse arrival times 
centered within a 4 ps jitter histogram were monitored and used to guide the stage to the precise 
overlap position. Uncertainty is given by placement of the photodiode to within a fraction of a mil-
limeter (1 ps). In this temporary setup the ZnTe crystal and THz collimation lens were replaced by 
a chopper wheel in the THz pump arm, and a balanced photodetector replaced the camera. With 
a pulse repetition frequency of 1 kHz and a chopping frequency of 277 Hz, we easily obtained the 
THz signal with a lock-in amplifi er and the precise overlap peak (within about 1 ps [300 μm] of the 
expected position), using the stage controller. Figure 7 shows the THz diagnostic mounted onto the 
DPFA, where the diagnostic required no realignment. 

A fi elding test was performed. Figure 8 (a) shows the THz waveform obtained in the fi elding test, 
with a scan window of 10 ps at a scan rate of 100 fs/sec, 100 ms time constant, and 20 fs sampling 
interval. Th e peak spectra lie near 1 THz and have useable phase information out to 2.5 THz.  



SDRDPulsed Power

61

Figure 7. (left) THz diagnostic inserted in the DPFA and (right) in operation (EMI panels removed)

Figure 8. (a) THz waveform (arbitrary units) and (b) THz spectral amplitude (blue line) and phase

(red line) 

Th e resonances at 250 GHz and 500 GHz are actually interference due to placement of a thin card 
to block the optical feed-through signal. A thicker Tefl on or polyethylene slab or lens will block the 
light without introducing etalon signals within the scan window. In any case, this does not preclude 
the use of the impulse for spectroscopy. 
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Plasma Tomographic Imaging

Th e spectral absorption and dispersion characteristics of plasma are fairly deterministic (as opposed 
to molecular dispersion/absorption). Since the THz wave interacts predominantly with the free 
electron, only two fundamental parameters are necessary to qualify the dispersion relation: a number 
density and a collision rate that collectively represents the electron distribution function (tempera-
ture). Note that for strongly magnetized plasmas, it is suffi  cient to orient the THz electric fi eld par-
allel to the dominant fi eld contribution in order to obviate magnetic contribution to the dispersion. 
Magnetic fi eld contributions may yet be tractable in this analysis, but we ignore them here. 

By tomographic imaging (along the line of sight) we measure the plasma distribution along its diam-
eter (both density and collision rate). Th e measurement begins with a simple time-domain analysis 
of the phase shift and attenuation of a probing wave by Equation 1. Th e wavelength or wavenumber 
k varies depending on the material dielectric properties. We express the index of refraction in the 
complex sense, ñ, to account for attenuation as well as dispersion:

(1)

We explicitly note that the index is spatially variant, as this is the quantity we wish to measure. Th e 
cold plasma (electron) dispersion relation is fairly well recognized, but for warm or hot plasmas, a 
loss mechanism is included. Th e eff ect of collisions is represented by the single collision rate term, 
v, in Equation 2:

(2)

Most texts on plasma physics will attempt to simplify the expression (and separate the complex 
terms) with the assumption that v<<ω. However, in the impulsive systems we wish to measure, the 
electrons are not in thermal equilibrium with the background gas, and the prompt collision rates are 
extremely high, on the same order as the probing frequency. Expansion of the complex terms does 
not lead to any simplifi cations, as the following expressions will show.

In spectral work, the time-domain expression is more easily expressed in the frequency domain, as 
shown by Figure 8 and Equation 3, where A(ω) represents the intrinsic spectral amplitude of the 
probing wave, and (ω) represents the off set of the spectral components required to produce the 
temporal waveform. 

(3)
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As in Equation 1, the complex exponent accounts for dispersion after propagating through a mate-
rial. Th erefore, we can express the dispersive change in the wave resulting from propagation:

(4)

Equation 4 represents the crux of tomographic imaging through plasma, as the phase shift and at-
tenuation are represented as the path integral, yet the dispersion relation (a function of frequency) is 
implicit. Th e precise shape ñ(z) can be computed, given a measurement of the spectral components. 
However, as shown by Equation 5, the shape cannot be rationally expressed or derived. 

(5)

Instead, the adjoint problem must be solved in a rational fashion, by specifying a form, noting how 
well it agrees with the measurement, and converging on an optimal form. Preliminary work along 
these lines was conducted several decades ago (Heald, 1965) using a small number of discrete mi-
crowave frequency sources, and concluded on a simple, generally trapezoidal form. Figure 9 shows 
normalized frequency versus phase shift for various plasma density profi les and a comparison to the 
measured data. A trapezoidal profi le was approximated from the data. Since THz-TDSI has many 
more spectral components, a more detailed profi le can be derived.

Such was the subject of dissertation work this investigator performed  and coauthored on charac-
terizing fast plasma discharges at the University of California at Davis (Kolner, 2008). Th is work 
presents a two-parameter, brute-force optimization process of density and collision rate values N and 
v, by constructing a coarse two-parameter grid of values, calculating the complex fi lter in Equation 
5, inverse transforming the fi ltered input THz waveform, and evaluating the RMS error between the 
measured and presumed temporal waveforms. Th e grid is refi ned around the one coarse grid point 
with minimal error and values optimized. A surface plot on a fi ne grid shows that the error function 
is well behaved and has only one local minimum. Th is results from the plasma dispersion relation 
being smooth. However, a distribution shape was never calculated in this work. In order to derive a 
distribution from the data, the two-parameter optimization process can be utilized in an iterative 
approach to successfully better fi t, by using an orthonormal basis expansion to the plasma profi les. 
Th e Hermite-Gaussian functions are appropriate for an “unbounded” plasma where essentially the 
Gaussian has decayed suffi  ciently to call it zero before it reaches the wall. One begins by fi nding 
the Gaussian best-fi t (width and amplitude) using the two-parameter optimization technique, and 
then fi nding optimal high-order terms and fi lling out the detailed shape. Since the functions form 
an orthonormal basis, additional terms should converge. We applied this technique to Wharton and 
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Slager’s data and derived the “trapezoidal” profi le concluded in their work. However, they presume 
cold plasma, so the method is plain. Used on the DPFA (hot plasma), we would need to reapply the 
technique to converge on both density and collision rate profi les alternately.

Figure 9. Excerpt from Heald (1965)

As of this publication, we have fi elded the THz diagnostic on the DPFA machine, and solved nu-
merous failures and timing glitches revealed during high voltage Marx trigger tests. Th ese problems 
were surpassed. Unfortunately, a chiller failure incurred some damage to the Darwin pump laser 
diode modules, signifi cantly reducing amplifi er gain. Service is underway, but our experimental slot 
on the DPFA has passed. Plasma measurements will be made and a report will be written in a pos-
sible future campaign.

Conclusion

We have engineered a portable THz diagnostic capable of insertion into the DPFA and actively, 
noninvasively probing the plasma discharge density and collision rate. Th e diagnostic was success-
fully fi eld tested on the DPFA and many operational issues were solved. Future work will complete 
the plasma measurements; we anticipate that these measurements will become an integral part of 
the new charaterization eff orts to enhance DPFA capability. Th e single-shot THz-TDSI technique 
measures integrated phase shift and attenuation over a simultaneous frequency range of 100 GHz 
to 3 THz, applicable to a plasma density range of 1014 to 1017 per cubic centimeter. A novel tomo-
graphic method is presented that solves the adjoint problem of deriving collision rate and density 
shape information along the path of propagation.
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Th e design of a proof-of-concept, prototype, fi eld-portable mass spectrometer (MS) is 

described in this report. Th e MS was designed to couple with a commercially available 

diff erential mobility spectrometer for the purposes of real-time chemical detection. To 

accomplish this task, our MS design incorporates an electrodynamic ion guide, known as an 

ion funnel, to transport an ion beam generated at atmospheric pressure to a high-vacuum 

chamber that houses the mass analyzer.  Consequentially, the fi nal MS design uses two stages 

of diff erential pumping to achieve an overall pressure drop from atmosphere (760 torr) to 

approximately 5 × 10–6 torr. 

Background

Two analytical technologies that are unparalleled in their sensitivity, selectivity, and trace-level 
detection capabilities are diff erential mobility spectrometry (DMS) and mass spectrometry. DMS 
is currently one of the foremost emerging technologies for the separation and detection of chemi-
cal reagents with fi eld-portable systems. However, as a relatively new method, extensive databases 
of DMS spectra, acquired with standardized experimental conditions, are currently unavailable for 
a wide variety of analytes. Mass spectrometry is widely considered to be the “gold standard” of ana-
lytical instrumentation for the detection and identifi cation of gas-phase analytes. Mass spectra have 
been obtained for a host of substances, and extensive databases of these spectra are readily available. 
However, mass spectra can become exceedingly complicated when an analyte of interest is a com-
ponent of a complex matrix, making interpreting the acquired data diffi  cult at best. Additionally, 
mass spectrometer (MS) miniaturization eff orts to reduce cost and make them fi eld deployable can 
have a negative impact on performance (sensitivity, resolution, molecular range, etc.).

Th e premise of this work was to couple a DMS unit to the inlet of a portable MS to generate 
a powerful tool for enhancing the overall performance of the MS and simplifying mass spectra. 
DMS would serve as a chemical fi lter, separating target compounds from complicated mixtures so 
that only analytes of interest are injected into the MS. Th is is accomplished by using the nonlinear 
dependence of an ion’s mobility on the RF electric fi eld strength.

Ions are generated at ambient pressure using a variety of ionization sources, but the radioactive 63Ni 
source is most commonly used with DMS units to ionize incoming compounds. Once ions exit the 
ionization chamber, they are carried by a gas stream to the analytical region of the unit. Here, ions 
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are subjected to an asymmetric alternating RF electric fi eld (Vrf). Th e mobility of an ion in high 
electric fi elds (E >10,000 V/cm2) is not independent of the electric fi eld strength; thus, alternat-
ing between high and low fi elds changes the ion mobility. Th is gives rise to unstable trajectories for 
some ionic species, causing them to collide with the walls of the analyzer region. An additional DC 
compensation voltage (Vc 

) is superimposed on the RF fi eld, serving to stabilize ion trajectories. Th e 
ion mobility dependence on the electric fi eld is given by Equation 1 (Eiceman, 2005):

  , (1)

where K(0) is the mobility of an analyte in the low fi eld limit, E / N is the ratio between the electric 
fi eld and the number of neutral gas molecules per cubic centimeter, and α2k are analyte-dependent 
coeffi  cients. Ions that successfully traverse the fi ltration region would then be focused into the inlet 
of the MS. Th e target analyte could then be easily detected and identifi ed from its characteristic 
mass spectrum. Th e advantage of this technique over others that use a similar scheme, such as gas 
chromatography mass spectrometry (GCMS), is that separations using DMS occur on the order of 
milliseconds, while separations using modern fast gas chromatography columns still require times of 
at least 3 to 5 minutes. Additionally, sweeping the Vc applied to the DMS unit would allow diff er-
ent components to enter the MS at diff erent times, essentially generating individual, time-separated 
mass spectra for identifying multiple target analytes present in the sampled atmosphere (again, sim-
ilar to GCMS, but requiring far less time). Th e sampling process would be continuous and in real 
time. Th us, a DMS/MS system could provide data for the detection and identifi cation of virtually 
any analyte of interest.

Figure 1. Schematic diagram of DMS/MS system design

N

K (E / N) = K (0)(1 + ∑ α2k  (E / N)2k),
k – 1
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Project

Vacuum Design

A schematic representation of the DMS/MS 
instrument is shown in Figure 1. Th e MS was
designed to have two stages of diff erential 
pumping to facilitate a pressure reduction 
from 760 torr to the pressure regime re-
quired for proper operation of the mass an-
alyzer and the detector (<10–5 torr). In order 
to generate the vacuum for the system, two 
Varian turbo pumps with pumping speeds 
equal to 50 L/s, backed by a single Varian, 
rotary-vane rough pump, were mounted 
to two 2¾-inch Confl at fi ve-way crosses. 
Th ese vacuum chambers house the ion fo-
cusing and mass analysis components of the 
instrument. Th e two vacuum chambers are 
joined together by a modifi ed double-sided 
2¾-inch Confl at fl ange. 

Two conductance-limiting orifi ces were used to allow ions to move between sections of the instru-
ment, while simultaneously limiting the fl ow of background gas into the two vacuum chambers. Th e 
fi rst orifi ce (Figure 2) measures 0.1 mm in diameter and is mounted to the inlet fl ange of the MS. 
Th e second orifi ce, which is mounted to the double-sided fl ange that couples the vacuum chambers 
together measures 0.2 mm in diameter. In both cases, a compressed O-ring was used to generate a 
seal between the pinhole assembly and the vacuum hardware. Th ese orifi ce sizes were chosen from 
calculations that predict the ultimate pressure of a vacuum chamber by balancing the conductance 
of an orifi ce (gas fl ow in) with the pumping speed of the system (gas fl ow out) (Rozanov, 2002). 
With a 50 L/s  pumping speed, a 0.1 mm orifi ce placed against atmospheric pressure is predicted 
to yield an ultimate vacuum of 2 × 10–2 torr. Th e measured pressure in the fi rst vacuum chamber is
~4 × 10–2 torr. Similarly, a 0.2 mm orifi ce placed against a pressure of ~10–2 torr is predicted to yield 
an ultimate pressure of 2 × 10–6 torr. Th e measured value of the pressure in the second vacuum cham-
ber is ~7 × 10–6 torr. It should be noted that there is an inherent trade-off  between ion transmission 
through the pinhole and background gas fl ow into the vacuum chamber. To a fi rst-order approxi-
mation, larger pinholes allow more ions to pass through but also lead to higher pressures in the 
vacuum chamber. Th us, the size of these orifi ces can be varied to optimize the performance of the 
instrument. However, the size range is limited by the vacuum requirements of the components that 
make up the system and by the number of ions required to make a measurement.

                Figure 2. MS inlet fl ange
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Ion Optics

Ion trajectories were theoretically simulated using Simion 8 (Figure 3) to predict the optimal con-
fi guration of ion guiding/focusing electrodes to maximize ion transmission through the system. Th e 
resulting custom-built ion optics assembly is shown in Figure 4. Under high-vacuum conditions, 
simple Einzel lens stacks are used to focus the ion beam. In this case, electrostatic DC potentials 
are applied to a cylindrical electrode while two neighboring electrodes, one on each side of the 
biased lens, are held at ground. Th ree sets of Einzel lenses having 4 mm inner diameters and placed 
4 mm apart are used to focus the beam into the mass analyzer once the ions enter the high-vacuum 
chamber.

Figure 3. Theoretical ion trajectory simulation using Simion 8. A 2-dimensional cross section 

of the cylindrical electrodes that make up both the ion funnel and the Einzel lens assembly 

is shown. Ion trajectories are shown in blue.

Figure 4. Ion focusing assembly. The ion funnel spacers and mounted circuit board 

are on the left, and the Einzel lenses and ceramic spacers are on the right. Both 

ion focusing elements are mounted to a modifi ed double-sided Confl at fl ange.
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Ion focusing under intermediate vacuum conditions (1–10–4 torr), such as those found in the fi rst 
vacuum chamber, is not as straightforward. In this pressure regime, the mean free path of the ion 
beam (~1 mm at 4 × 10–2 torr) is less than the distance being traversed (~13 cm). Th is means that 
it is highly probable that a given ion will collide with a background gas molecule before it travels 
the distance from the entrance of the fi rst vacuum chamber to the entrance of the second vacuum 
chamber. In order to effi  ciently transport the ion beam under these conditions, an electrodynamic 
ion funnel is used. Th e ion funnel functions by applying a DC ramp potential to a series of resistively 
coupled metal ring electrodes. An RF fi eld is superimposed over the DC potential, with every other 
lens in the stack receiving the RF fi eld. Th e lenses not connected to the RF portion of the circuit are 
held at the DC potential. Th e DC ramp serves to guide the ion beam toward the 0.2 mm entrance 
to the second vacuum chamber. However, when an ion collides with background gas molecules, its 
trajectory is radially altered, essentially knocking it off  course. When this occurs, the RF−modulated 
electric fi eld serves to kick the ion back toward the center of the funnel, correcting its course toward 
the 0.2 mm orifi ce. 

For our system, 48 lenses make up the ion funnel assembly. Th e lenses in the stack are each 1 mm 
thick and are separated by 1.5 mm. Th e fi rst fi ve lenses, located at the entrance to the funnel, have 
inner diameters of 10 mm. Th is diameter is reduced to 9.5 mm for the next fi ve lenses in the series. 
Following the fi rst ten lenses of the funnel, the inner diameters of each set of four lenses in the stack 
are reduced by 0.5 mm until a diameter of 5 mm is reached. Th e fi nal two lenses in the stack have 
inner diameters of 4 mm and 3 mm, respectively. Th ey are held at the same DC potential and are 
not coupled to the RF fi eld. Th is confi guration was predicted to aid in focusing the beam through 
the 0.2 mm orifi ce. Th e lenses are held in place and electronically isolated from one another using 
custom-built plastic spacers. Both the DC and RF electric fi elds are delivered to the lenses by a cir-
cuit board that is mounted directly to the spacers. A series of spring-loaded pins push against each 
lens in the stack to generate the electrical contact. Typically, a frequency of approximately 1 MHz is 
applied to the ion funnel with an amplitude of 20 V0peak. Th e DC potential is generally set to 50 V 
at the entrance to the funnel and 30 V at its exit.

Mass Analysis 

Mass analysis was accomplished using a modifi ed, commercially available quadrupole mass analyzer 
(Stanford Research Systems RGA200) and a Channeltron electron multiplier detector. Th e focusing 
lenses direct the ion beam into the quadrupole for mass selection (Dawson, 1995). A quadrupole MS 
consists of four cylindrical rods in parallel. An RF−modulated electric fi eld is applied to each elec-
trically connected opposing pair of rods. A DC potential is also superimposed on the RF potential. 
Ions traversing the region between the rods experience the eff ects of the RF and DC electric fi elds. 
For a certain ratio of voltages, only ions of a given mass-to-charge ratio (m/z) will successfully exit 
the quadrupole and reach the detector. All other ions having diff erent m/z values will have unstable 
trajectories and will be lost to collisions with the walls of the vacuum chamber or the quadrupole 
rods themselves. Th us, mass selection is achieved by ramping up the DC voltage, eff ectively changing 
the ratio of the two electric fi elds and allowing progressively heavier ions through the quadrupole. 
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Th is allows for the selection of a single ion of a given m/z to be continuously monitored or for an m/z 
range to be scanned by continuously varying the ratio of the applied electric fi elds. Th e quadrupole 
used for this system has a mass range of 1–200 amu.

Results 

Initially, the ion funnel was tested separately from the rest of the components of the system to de-
termine the effi  ciency of the design. To make these measurements, a Channeltron electron multiplier 
was placed in the second vacuum chamber. Any ions that pass through the 0.2 mm orifi ce would be 
detected by the Channeltron. Additionally, for the purpose of testing the MS portion of the system, 
ions were generated using an electron impact source placed near the entrance to the ion funnel. A 
leak valve was then used to pressurize the vacuum chamber housing the ion source and funnel to 
between 10–4 and 10–2 torr with either argon or krypton. Th is setup allowed us to study the eff ects of 
pressure on ion transmission through the funnel. 

Ion currents of up to 3 μA were measured by the Channeltron detector. Correcting for the gain 
of the detector, this corresponds to approximately 107 ions/second hitting the detector. From this 
value, a transmission effi  ciency of approximately 5%–10% was calculated for the ion funnel. Th is is 
in good agreement with what was predicted by the ion trajectory simulations. Th e ion funnel is 
crucial to ion transmission through the fi rst vacuum chamber. By simply removing the RF from the 
funnel, ion transmission is observed to decrease to nearly zero at the operating pressure of 10–2 torr. 
Additionally, to maintain effi  cient ion transport through the funnel for a pressure range of 10–4 to 
10–2 torr, the amplitude of the RF fi eld must increase as the pressure increases. Once the optimal 
value of the RF frequency was determined, it was not aff ected by varying the pressure in this range.

Following the successful testing of the ion funnel, the rest of the system was assembled to obtain 
mass spectra for the test chemicals. Accordingly, mass spectra for argon and krypton are shown in 
Figures 5 and 6, respectively. Th e mass spectrum of Ar+ (Figure 5) was one of the fi rst produced by 
the instrument. An excellent signal-to-noise level for the peak at m/z = 40 amu was observed. For 
this measurement, the quadrupole was scanned over a narrow m/z range (m/z = 35–45 amu). Th is 
was done because there is only one naturally occurring isotope of Ar. It should be noted here that 
Ar2+ would likely have also been observed in this mass spectrum if the scanned mass range had 
included m/z <20 amu.

In order to experimentally determine the mass resolution of the instrument, a noble gas with 
multiple naturally occurring isotopes was used. Figure 6 shows the mass spectrum of Kr+. Note that 
Kr2+ and H

2
O+ are also observed in this mass spectrum. Th e distribution for naturally occurring iso-

topes of Kr is 78Kr (0.35%), 80Kr (2.25%), 82Kr (11.6%), 83Kr (11.5%), 84Kr (57.0%), and 86Kr (17.3%). 
It is apparent from Figure 6 that all of these isotopes are observed and present in approximately 
the proper distribution. Th e magnifi ed insert clearly shows that even the 78Kr+ ion, representing 
only 0.35% of naturally occurring Kr, is easily detected and resolved by the MS system. Furthermore, 
the mass resolution of the system can be determined from this mass spectrum. 83Kr+ appears as a 
shoulder to the peak for 84Kr+. Th e system cannot fully resolve 83Kr+ from the much more abundant 
84Kr+ given their 1 amu separation. However, from the isotope distribution given above, one can
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Figure 5. Mass spectrum of Ar+. The scanned mass range is shown in red. 

Figure 6. Mass spectrum of Kr+, Kr2+, and H
2
O+. All naturally occurring Kr isotopes 

were observed and with the proper distribution. A mass resolution of approximately 

0.5 amu at FWHM is also observed.



FY 2009Instruments, Detectors, and Sensors

74

Figure 7. Mass spectrometer system

see that 82Kr+ and 83Kr+ (also separated by 1 amu) are present in nearly equal abundances. Th ese 
two peaks are fully resolved from one another in the mass spectrum. Th e peaks appear to begin to 
merge at approximately half their peak height. Th us, the mass resolution of the system in its current 
experimental confi guration is about 0.5 amu at half the peak height. Th is is a reasonable result for a 
portable MS system.

Conclusion

A prototype, portable MS for real-time chemical detection of trace, gas-phase analytes has been 
designed and successfully bench tested. Th e system dimensions are 25" × 6" × 16" and its weight is  
~70 lb (Figure 7). Th e unit uses two stages of diff erential pumping to achieve an overall pressure drop 
from atmosphere to approximately 5 × 10–6 torr. Th e MS system uses an electrodynamic ion funnel 
to focus and guide the ion beam through the fi rst stage of diff erential pumping. Electrostatic Einzel 
lenses focus the beam in the second stage of diff erential pumping into the entrance of a commercial 
quadrupole mass fi lter, where the ions are mass selected and detected by a Channeltron electron 
multiplier. 
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Th e DMS portion of the system has yet to be interfaced to the MS. Th is task will be performed by 
the manufacturer of the DMS system (Sionex Corporation) as part of a collaboration formed from 
this project. Additional design modifi cations, such as redesigning the ion funnel circuit board so 
that higher RF amplitudes can be applied to the device to increase ion transmission, and improving 
the mass resolution of the system by decreasing the kinetic energy of the ion beam prior to intro-
duction to the quadrupole, will also be explored as part of this collaboration. Preliminary results 
are extremely promising and suggest that the fully realized DMS/MS system could likely provide 
laboratory quality data in the fi eld and become a powerful instrument for the real-time detection of 
chemical species. 
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Th e goal of this project was to construct a coded aperture system capable of narrowing the 

fi eld of view (FOV) of a gamma-ray camera in order to reduce radiation coming from within 

the FOV. Th is work was a continuation of an FY 2006 SDRD project (Marks, 2007). To 

accomplish this, a three-layer coded aperture mask was constructed that could combine the 

mask and collimator functions. When the three identical masks are touching, the camera has 

a wide FOV. When the masks are expanded they also function like a collimator, narrowing 

the FOV. A fully computerized system, which included tilt and rotation control as well as 

control over the spacing of the masks, was designed. Th e performance of the system was 

evaluated using small sealed sources located in front of a diff use radiation background. Th e 

results of the tests confi rm a great advantage for the collimating coded aperture for radiation 

at lower energies (662 keV) but lesser advantage at higher energies (1.2 MeV). We conclude 

that for higher energies, a system that adds new mask layers would be a better design for 

accomplishing the goal of narrowing the FOV.

Background

Coded apertures are a well-developed technology, having been built since the 1970s (Fenimore, 
1978). Th eir development met the need for increasing the collection effi  ciency of pinhole cameras 
for gamma-ray imaging. A single pinhole produces a clear and easily interpreted image of a radia-
tion source, but is terribly ineffi  cient. In order to increase detection effi  ciency, the size of the pinhole 
can be increased at the expense of angular resolution. Alternatively, multiple pinholes can be used 
to project overlapping images. If the number of pinholes is increased to a maximum, the result is a 
coded aperture, an absorbing mask that is placed in front of a gamma-ray detector. 

Background radiation forms a constant noise source that degrades the image quality in a coded ap-
erture system. If the image of the background radiation on the detector plane is nonuniform, it can 
produce signifi cant image artifacts (structures in the image that are not simple noise) (Ziock, 2002). 
To reduce the eff ects of background radiation, coded apertures are often constructed with an anti-
mask (similar to the original mask, but with open and closed areas reversed) (Ziock, 1995). In addi-
tion to background radiation that penetrates the camera without going through the coded aperture, 
there can be background radiation spread throughout the fi eld of view (FOV). Th is background is 
not corrected for by using an anti-mask, and it forms a constant noise source that can obscure the 
small, weak sources that we want to detect. 

COLLIMATING CODED APERTURE FOR 
POINT SOURCE DETECTION

Daniel Marks 1,a and Brian Cox a
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Project

Th is project explored the use of a special coded aperture system for the detection of point radiation 
sources embedded in a diff use radiation background. Th e source could be a concentrated point of 
contamination located within an area spread uniformly with weak contamination or an astronomical 
point source located within a diff use x-ray background. We wanted our camera to be capable of nar-
rowing the FOV in order to reduce the number of gammas coming from the diff use radiation back-
ground that hit the detector. We chose to use the gamma-ray imaging spectrometer (GRIS) built by 
Lawrence Livermore National Laboratory as our radiation detector (Ziock, 1992), constructing our 
coded aperture to mount in front of this detector.

Collimating Coded Aperture

Th ere are two ways that the FOV of a coded aperture can be reduced: (1) move the coded aperture 
mask away from the detector or (2) make the mask thicker. Th e fi rst method can be seen in Figure 1a, 
where the mask (represented here by a single pinhole) is moved farther from the detector (Stalker, 
1981). Th e second method can be seen in Figure 1b, where the thickening of the mask narrows the 
fi eld of view. Th e chosen solution in Figure 1c was to make the mask thicker but divide the mask 
into three identical slices and spread them out to narrow the FOV. 

Figure 1. Narrowing the FOV of a coded aperture can be accomplished by (a) increasing 

the distance between the mask and detector, (b) thickening the mask, or (c) using 

multiple mask layers (as we did)
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A photograph of the actual mask is seen in Figure 2. Because the coded aperture had to be used along 
with the GRIS control system, it had to be built in a hexagonal pattern. To build the anti-mask, we 
followed the design of the original GRIS coded aperture; when the mask was rotated 60 degrees, it 
became its own anti-mask. For our design, the identical pattern was repeated three times. While the 
mask elements within each 60-degree slice could be chosen randomly, we chose to set up a computer 
program to automatically search through mask confi gurations until one was found that optimized 
source detection for a certain test problem. Th e mask was constructed of 2.1 mm thick tungsten, with 
all three masks being identical. Using three masks allowed us to adjust the FOV in a manner that 
mimicked changing the mask thickness.

Figure 2. The coded aperture mask used in this project, 

shown with the three mask layers in contact

Mechanical Design

Th e coded aperture mechanical design was centered around a two-axis motorized pointing system 
able to point the GRIS camera with a resolution of 0.1 degrees for user-controlled motorized posi-
tioning and data collection. Th e tilt axis is capable of ±12.5 degrees of travel, and the rotation stage 
can position the system up to ±45 degrees. In addition, two linear stages are used for positioning the 
second and third coded aperture masks in front of the camera, allowing for motorized positioning 
of the masks with better than 1 μm accuracy if desired. Th e stages have a 100 mm total travel range, 
which is suffi  cient to position the masks with a distance of 0 to 50 mm spacing. 
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A 100 mm travel Parker Daedal ET032 linear actuator was chosen to drive the tilt table. Th e linear 
actuator has built-in limit and home switches, and it is driven by a stepper motor with integral en-
coder. For the hinges on the tilt table, C-Flex fl exure bearings were selected for ease of assembly and 
smooth operation. Rotation of the system was achieved with a Parker Daedal 20-series rotation stage 
with integral home switch that was driven by a stepper motor with integral encoder. Positioning of 
the coded aperture masks was achieved with two Parker Daedal MX-80L miniature linear stages 
with 0.1 μm positioning resolution. Th e complete system is shown in Figure 3.

Figure 3. GRIS camera (blue) with the full mechanical assembly including motion 

stages. The masks (right) are shown extended to their maximum distance.

Test Environment

Th e coded aperture and GRIS were tested using sealed sources located at the Los Alamos National 
Laboratory Dual-Axis Radiographic Hydrotest (DARHT) facility’s Optical Testing Room. Th e 
sources used were non-accountable sealed sources of 60Co (1.17 and 1.33 MeV gammas) and 137Cs 
(662 keV gammas). Th e camera was placed on a rolling cart and the source location was kept fi xed. 

We had originally intended to distribute a variety of sealed sources behind our source of interest 
as a way of simulating a diff use radiation background, possibly with added shielding material to 
scatter the gamma-rays, but this proved unnecessary. Th ere was a large source housed in shielding 
that was located in one corner of the room. It produced a radiation dose of <5 mrem/hour at 3 feet 
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Figure 4. Images showing a 60Co source (a) centered in the camera using a wide FOV (0 cm mask spacing) 

and (b) a narrow FOV (2 cm mask spacing). Diff erences in the structure of the central source are not due 

to the changing fi eld, but are instead random. With a narrower FOV, the average signal-to-noise ratio 

of the central peak is 1.25 times the signal-to-noise ratio with the wide FOV when averaged over ten 

20-minute exposures. 

from the source, which equated to a detection rate in the camera of fi ve times the background level. 
We found that this source produced a constant glow of radiation from the walls and objects near it, 
which we found suffi  cient to be our diff use background radiation within the FOV. 

Test Results 

In the fi rst test, a 60Co source was placed in front of the diff use radiation emanating from the high-
activity source. Th e source was located 2.4 m from the camera. Using the 60Co source, the images 
formed with the masks together (0 cm spacing) and separated (2 cm spacing) are shown in Figure 4. 
Th ere is a small but measurable advantage seen in narrowing the FOV. 

Next, we tested the system with a 137Cs source. Here, the results were much more promising. Th e 
increased stopping power of the tungsten at 662 keV compared to 1.2 MeV made the collimation 
much more eff ective at reducing unwanted radiation from outside the FOV. A search algorithm was 
tested to optimize the source detection time. First, the FOV was left wide (masks in contact) and 
then a threshold was decided on for locating a source. We chose a detection threshold of two stan-
dard deviations. When a source was located above this threshold, the camera would move to place 
the source in the center of the image and the masks would be expanded to narrow the FOV. Th e 
results of these tests are shown in Figure 5.
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Figure 5. Images showing a 137Cs source (a) centered in the camera using a wide FOV (0 cm mask spacing). 

After a probable source location had been identifi ed at the 2 sigma level in the upper right corner, (b) the 

camera was rotated to place the source in the center of the fi eld, and the masks were expanded to 2 cm. 

With a narrower FOV, the average signal-to-noise ratio of the central peak is 1.82 times the signal-to-noise 

ratio with the wide FOV, when averaged over ten 20-minute exposures. 

A New Concept

Since higher-energy gamma-rays are more likely to reach a detector from a shielded location, a de-
tection system for hard-to-fi nd sources must be optimized to detect the higher-energy gamma-rays. 
As a result, it is doubtful whether the three-layer mask design would be practical. While there were 
defi nite improvements found in locating a 60Co source, it is questionable whether this advantage 
would justify the added bulk and expense of the system. In the course of completing the project, a 
new system design was conceived, but we were unable to implement it in practice. In the new design, 
each mask would be thicker and the second and third masks would be removable. Th e masks would 
then be stacked in front of each other in physical contact. In this way, the FOV would be narrowed, 
while at the same time penetration through the mask would be reduced. A diagram of this arrange-
ment is shown in Figure 6. 

We performed simulations of this stacked mask design, and the results were signifi cant. A com-
parison of images formed with 7 mm and 14 mm masks when viewing a point source in a diff use 
background showed the greatly improved image in Figure 7. Also, we checked the performance of 
the system when locating a point source without extra radiation in the FOV, and we still saw an 
improvement of 55% in signal-to-noise ratio when viewing a 60Co source. 
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With this stackable design, the advantage gained from multiple masks would be applicable to al-
most any gamma-ray imaging task, not just the problem of locating sources in a diff use radiation 
background. Th is is because the added stopping power of the extra mask layers would provide added 
contrast in the image. Because mask layers could be added, the camera could have masks optimized 
for diff erent gamma-ray energies. 

Figure 6. A new stackable coded aperture design, where (a) masks could be held to the side and then (b) 

brought into the system to decrease FOV and increase contrast through increased absorption 

Figure 7. Simulations of images showing a 60Co source (a) centered in the camera using a wide FOV 

(7 mm thick mask); (b) with a narrower FOV (14 mm mask thickness), the average signal-to-noise ratio 

of the central peak is 2.32 times the signal-to-noise ratio with the wide FOV, when averaged over ten 

20-minute exposures. 
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Conclusion

We constructed a three-layer coded aperture mask for investigating effi  cient detection of point 
sources. Th e design was optimized for viewing radiation sources within a diff use background of 
radiation. System testing was performed at the DARHT optical room, where sealed sources of 60Co 
and 137Cs were placed in front of a diff use glow from a shielded high-activity source.

Results of testing confi rmed simulated results. Th e 137Cs source, with its 662 keV gammas, showed 
an 82% improvement in signal-to-noise when the FOV was narrowed by expanding the masks to a 
2 cm gap. With the 60Co source, the advantage of narrowing the FOV was much less pronounced, 
showing an improvement of only 25% in signal-to-noise ratio.

A better design for imaging higher-energy gammas, such as from 60Co, was simulated but not tested. 
Th is involved having the mask layers removable from the front of the camera and then placed 
in front of the fi rst mask layer when it was desired to narrow the FOV. Results of test simulations 
using parameters similar to the actual tests at DARHT showed a 132% improvement in signal-to-
noise ratios. Having the ability to move mask layers in and out of the front of the camera would 
present an engineering challenge, but if a user could manually place the masks in front of the camera, 
there would be a great gain in fl exibility with little added complexity, bulk, or expense.
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Th is project investigated whether a new room-temperature, high-resolution scintillator, 

cerium tri-bromide (CeBr
3 
), has properties that make it superior for search and source 

detection when compared to lanthanum tri-bromide, a much-used scintillator. To this end, 

several of the largest-sized CeBr
3
 scintillators to date were produced and benchmarked. Th ese 

scintillators were compared in performance to several other competing room-temperature 

detectors. Both stationary and dynamic time-sequence data were acquired for evaluation. 

Diff erent algorithms were applied to analyze the time-sequenced data. Modeling of the 

detectors was completed to support the comparisons. Th e results of this study demonstrate 

that this new scintillator does indeed have superior performance characteristics for detection 

of special nuclear material, when taken in aggregate, when compared to the other room-

temperature scintillator materials.

Background

Th ere is continued interest in the discovery and development of new scintillator materials and a more 
complete understanding of existing or emerging materials to support the non-proliferation technol-
ogy development needs of the nation. Th e materials of greatest interest have been, and continue to 
be, those necessary for enhanced capabilities in the detection of gamma rays and neutrons emitted 
by special nuclear material (SNM) and other radioactive materials indicative of the nuclear fuels 
cycle processes. Th ere is also keen interest in the development of improved detection algorithms; 
we explore in this work the combination of new scintillator materials and the Reversed Sequential 
Probability Ratio Test (RSPRT) algorithm recently developed at the Remote Sensing Laboratory 
for the search mission (Yuan, 2008).

Gamma-ray spectrometers are an important tool in the characterization of radiation sources. Ideally, 
gamma-ray spectrometers should have good energy resolution, high detection effi  ciency, and low 
power requirements; they should also be compact in size, lightweight, and portable. No available 
spectrometer satisfi es all these requirements. In general, scintillation detectors that operate at room 
temperature suff er from poor resolution when compared to semiconductor detectors cooled to liquid 
nitrogen temperatures. High-purity germanium systems have superior resolution but require liquid 
nitrogen or cooling engines. Room-temperature, high-resolution systems often have other limita-
tions, such as small crystal size or low detector effi  ciency. In general, scintillation detectors suff er 
from poor resolution when compared to semiconductor detectors. Scintillators made of lanthanum-
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halide and cerium tri-bromide (CeBr
3 
) detectors are preferred over semiconductor detectors because 

they can operate at temperatures at which many semiconductor detectors cannot, thereby eliminat-
ing the need for cooling to tens of Kelvin.

Gamma-energy spectra from CeBr
3
 have lower intrinsic backgrounds than those from lanthanum 

tri-bromide (LaBr
3
:Ce). Th is is due to the very nature of these crystals. Th e isotopic contaminant 

138La emits conversion electrons and β-particles with energies of up to 1.7 MeV. Th e self-activity 
due to 138La in LaBr

3
:Ce has an intrinsic count rate of ~1.5 events/(cm3/s) (Shah, 2005). In addi-

tion, the presence of 138La in the crystal leads to the two gamma energy lines in the energy spectrum 
at 789 and 1436 keV (Mukhopadhyay, “High-resolution room temperature spectroscopy,” 2005; “A 
high-resolution gamma ray spectrometer,” 2005). Th e self-activity of the LaBr

3
:Ce crystal makes it 

unsuitable for detection scenarios where signal strength is low, or where an extremely large detector 
mass is required, such as in standoff  detection missions. Th e large mass of material (associated with a 
large detection surface area and volume) required for these missions would lead to a very large radia-
tion background for LaBr

3
:Ce, hence reducing the sensitivity. CeBr

3
, on the other hand, performs 

without such a large intrinsic background, resulting in increased sensitivity. 

Project

Both ½" × ½" and 1" × 1" sized CeBr
3
 crys-

tals were grown for the fi rst phase of this 
study (Guss, 2009). Th e potential of both a 
½" × ½" and a large 1" × 1" CeBr

3
 crystal as 

a room-temperature, high-resolution gamma-
ray detector has been quantifi ed for lower-
energy gammas (Guss, 2009). Resolution, 
self-activity, linearity, and even relative intrin-
sic detector effi  ciencies were measured. CeBr

3

was documented to have superior self-activity 
properties and comparable detector resolution to 
other room-temperature, high-resolution detec-
tors of similar size. Th is work determined the self-
activity properties for CeBr

3
 are superior, while 

the effi  ciency and resolution properties are 
comparable to LaBr

3
:Ce. CeBr

3
 exhibits ex-

cellent resolution and linearity of response; 
the resolution is not as good as LaBr

3
:Ce 

but is still signifi cantly better than sodium 
iodide (NaI:Tl) (Guss, 2009). Indeed, it has 
been determined that CeBr

3
 may be better 

than LaBr
3
:Ce for detection of certain SNM 

gamma rays (Guss, 2009). For CeBr
3
, the self-activity present may be reduced, or even eliminated in 

the future, through improved processes for growing the material.

Figure 1. Schematic of the Vector backpack
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Th e NNSA Offi  ce of Emergency Response recently funded a system called the Vector (Figure 1), a 
man-portable gamma and neutron detection system designed for search, spectroscopic identifi ca-
tion, and directional detection of gamma rays. Th e Vector uses a gain-stabilized 2" × 2" × 8" NaI:Tl 
detector for primary detection and identifi cation of gamma isotopes. For this study, however, the 
1" × 1" CeBr

3
 crystals were used to acquire the test data. Th e Vector also employs additional features 

that many systems lack. Th is system provides a user-friendly interface that includes an onboard 
LCD with a four-button keypad for diagnostic and mode selection (Figure 2). Other user inter-
face modes include voice output (wired or wireless), Bluetooth serial output to handheld computer 
(PDA/cell phone), Ethernet, and USB. Th e system also includes a GPS. All data are logged to an 
onboard 1-gigabyte compact fl ash card and may be easily exported via USB data stick. Window’s 
Mobile software provides a graphical user interface for seamless setup, operation, and data display.

Approximately three weeks of data collection was successfully completed using both the Vector 
and the experimental method prescribed in the test protocol, as follows: Th e Vector platform was 
confi gured for each of the CeBr

3
, LaBr

3
:Ce, lanthanum tri-chloride (LaCl

3
:Ce), and NaI:Tl detec-

tors and used to acquire and integrate the spectral data. Th e Vector detects radiation anomalies as 
intensity changes in the gross radiation environment. An alarm is triggered when the measured 
count rate is greater than the alarm setting. Th is requirement was verifi ed using radiological sources. 

Th e source was carefully situated on 
a cart to be pulled past the detec-
tor modules. Th e distance between 
the closest approach of the source 
to the outer frame of the detec-
tor module was 1 cm. Th e speed of 
the source was 1 m/s. Using either a 
31.9 μCi 137Cs source, a 2.65 μCi 
60Co source, and a 9.09 μCi 241Am 
source, the source was passed hori-
zontally through the detection zone 
at the required test speed of 1 m/s 
so that the source passed within 
1 cm of the frame of the detec-
tor module. Th e Vector recorded 
gross count and the 0–3 MeV 
energy spectrum in 60 data ac-
quisition intervals, each 1 second 

long. Measurements (Figure 3) were performed for each of the CeBr
3
, LaBr

3
:Ce, LaCl

3
:Ce, and 

NaI:Tl detectors specifi ed in Table 1. Data are only shown for the three best detectors in Figure 3.

Figure 2. Top view of Vector showing the pushbutton interface

and LCD readout
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Figure 3. (left) Energy spectra for CeBr
3
, LaBr

3
:Ce, and NaI:Tl, and (right) 137Cs energy window gamma count 

rate. Data were acquired with a 1" × 1" detector using a 31.9 μCi 137Cs source passing within 1 cm of the Vector 

at 1 m/s.
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Table 1 presents the fi rst analysis of the Vector data using the new version of PeakEasy 3.14 (Rooney, 
2008). Figure 3 depicts the response of the Vector as a 31.9 μCi 137Cs source was passed by the unit 
at a speed of 1 m/s ±20%. Th e traces at the right display the counts in a 137Cs energy window (defi ned 
here as 600 to 720 keV, to accommodate the NaI:Tl resolution) versus time as the 137Cs passes by 
the unit. Th e traces on the left display the spectra for the sum of all counts accumulated in the period 
displayed in the traces on the right. Th ese data immediately provide the observation that CeBr

3
 is a 

viable detector that can be used in search mode.

Table 1. Standard deviation change as a 31.9 μCi 137Cs source is passed by the unit at a 

speed of 1 m/s ±20% for the cases of CeBr
3
, LaBr

3
:Ce, and NaI:Tl

Detector # Gross Count σ †

137Cs Energy 

Window Count σ ‡

Time Window for 

σ Calculation Data

CeBr3 36 46 2 seconds Figure 3

LaBr3:Ce 28 40 2 seconds Figure 3

LaCl3:Ce 16 10 2 seconds (not shown)

NaI:Tl 27 26 2 seconds Figure 3

 † Ratio of peak height to the gross count σ for the entire 0 to 3 MeV spectra
 ‡ Ratio of peak height to count σ for the 137Cs energy window

Th e time sequence data were formatted and prepared for processing by three algorithms, Gross 
Count Rate, Ratio Mode, and Delta Rate Meter. Th e idea was to operate on the data with the 
RSPRT algorithm, as well as default algorithms, and to compare and report the results (Yuan, 2008). 
Th e objectives of this study were to determine (1) the sensitivity or minimum detectable activity 
(MDA) for each detector; (2) the dependence (or eff ect) self-activity has on count rate and sensitiv-
ity or MDA; and (3) which algorithm works best and why. Th e results of the analyses demonstrated 
an equal or superior performance for the CeBr

3
 detector. As observable in Figure 4, the RSPRT 

approach used by Yuan (2008) brings further sensitivity by reducing the false alarm rate. Analysis of 
background data was performed employing both the traditional and the RSPRT algorithms, where 
the results even more clearly demonstrate a higher false alarm rate for the traditional algorithms and 
a lower false alarm rate with RSPRT.

Th e Monte Carlo N-Particle Extended (MCNPX) predictions for both the LaBr
3
:Ce and CeBr

3
 

detectors are presented in Figure 5. In this analysis, the 32 keV x-ray is now included (added since 
the 2008 predictive modeling with MCNPX). In addition, the alpha-like spectrum is included in 
this fi rst-ever MCNPX modeling of the 1" × 1" CeBr

3
 detector. Th e relative source-to-background 

rates were derived from the University of Nevada, Las Vegas (UNLV), pyramid background data 
taken last year at UNLV. Th e fi gures represent our results for the comparison of the 137Cs spec-
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Figure 4. (a) Standard search alarm algorithms; (b) RSPRT algorithms; and (c) Count Rate, together showing 

lower false alarm rate with RSPRT formalism. While the traditional search algorithms may present a higher 

magnitude alarm value for a true positive, the RSPRT algorithms have a lower false positive rate (left). This 

property also shows up in the absence of a source (right). The traditional search algorithms used are: 

gc ,“gross count” alarm obtained when only photopeak window counts used; drm, “delta rate meter” alarm 

obtained when only photopeak window counts used; algc, “gross count” alarm obtained when all counts

used; and aldrm, “delta rate meter” alarm obtained when all counts used. The RSPRT algorithms used are: 

gcmle, gross count manmade low energy (<1.4 MeV); gcnhe, gross count natural high energy (>1.4 MeV); 

gcrmn, gross count ratio manmade divided by natural high energy; gcrmt, gross count ratio manmade 

divided by total; and gctot, gross count total (see Appendix).
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Figure 5. MCNPX (energy spectrum per gamma) prediction of the LaBr
3
:Ce and

CeBr
3
 detector self-activity without (blue line) and with (reddish-brown line) 

a 1 μCi 137Cs source placed exactly 1 m in front of the 1" × 1" detector
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tra using all the modeling input declared last year, and these additional modifi cations described 
above. Th ey roughly correlate with the data. Modeling was run through several more geometry 
confi gurations to calculate the MDA at 100 meters for a 137Cs source for the CeBr

3
, LaBr

3
:Ce, 

LaCl
3
:Ce, and NaI:Tl 1" × 1" detector at a 99% confi dence level (3 σ above background); these 

model-based calculations were then compared to predictions based on experimental data and results 
(Table 2). In general, the CeBr

3
 often outperforms the other detectors. Despite poorer resolution, the

NaI:Tl 1” × 1” detector performs remarkably well, due primarily to lack of self-activity.

Table 2. Modeling and experimental-based predictions 

correlated on ranking of detector MDAs

MCNPX Modeling Results

1" × 1" Detector
137Cs Source

MDA (100 m)

(1 minute)

CeBr
3

(mCi)

LaBr
3

(mCi)

LaCl
3
 

(mCi)

NaI 

(mCi)

MCNPX Model Gross Count MDA (100 m) 55.3 72.8 137.6 54.4

Photopeak MDA (100 m) 5.0 5.3 12.4 5.6

Experimental Gross Count MDA (100 m) 86.9 108.6 223.6 100.0

Photopeak MDA (100 m) 34.2 58.1 67.1 80.8

Error % 65% 59% 42% 78%

Conclusion

As a detector, CeBr
3
 gave us excellent results in detecting small amounts of radiation. Its supe-

rior resolution, compared to that of NaI:Tl, coupled with a lower self-activity, when compared to 
LaBr

3
:Ce, was notable in the results. Th is work indicates that CeBr

3
 would also perform well when 

using active interrogation techniques to search for SNM, radioactive materials, or even explosives.
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Appendix

Traditional Search Algorithms

1.  gc = “gross count” alarm obtained when only photopeak window counts used
2.  drm = “delta rate meter” alarm obtained when only photopeak window counts used
3.  algc = “gross count” alarm obtained when all counts used
4.  aldrm = “delta rate meter” alarm obtained when all counts used

RSPRT Search Algorithms

1.  gcmle = gross count manmade low energy (<1.4 MeV)
2.  gcnhe = gross count natural high energy (>1.4 MeV)
3.  gcrmn = gross count ratio manmade divided by natural high energy
4.  gcrmt = gross count ratio manmade divided by total
5.  gctot = gross count total
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Th e goal of this project was to design and demonstrate a broadband spectral ellipsometer in 

which the polarimetric data are Fourier-encoded in the wavelength domain; our motivation 

for this was to avoid the experimental challenges involved in systems based on multiple 

polarized spectrometers directed at a common location on a rapidly moving target. Th e 

Fourier-encoded spectral ellipsometer requires only a single source and a single receiver 

fi ber and spectrometer, thereby avoiding aperture overlap issues as well as cross-calibration 

and timing of multiple spectrometers. Th is Fourier-encoded ellipsometer is notable in 

that it is self-calibrated, requiring only a broadband linear polarizer oriented at a single 

angle for calibration; unfortunately it has limited spectral resolution and does not measure 

depolarization. In the course of the project, we modeled the system, wrote data analysis 

software, and built a benchtop system to demonstrate the principle and to address the 

experimental issues involved in fi elding such a system. Th e results of a static measurement 

of copper using an incandescent lamp are presented here, but dynamic measurements using 

a supercontinuum laser suitable for fi eld applications were not completed due to failure of 

the laser. 

Background

Ellipsometry has the potential to measure the refractive index of a metal surface under shock in or-
der to determine the phase and/or emissivity of the material. Ellipsometry is an attractive technique 
because it is self-referencing and, therefore, is largely independent of signal levels, which can vary 
widely during a dynamic shock measurement. However, it also presents experimental diffi  culties in 
a dynamic measurement because of the necessarily high angle of incidence and the strong depen-
dence of the ellipse on the angle of incidence and the surface roughness.

In a typical ellipsometer, light, linearly polarized at 45 degrees to the plane of incidence, is launched 
toward the target at about 70 degrees from normal incidence. Refl ection from the surface changes 
the phase and relative amplitudes of the s and p components, resulting in a change in the polarization 
ellipse that can be detected in a number of diff erent ways. Conventional high-speed ellipsometers 
generally use simultaneous measurements in four polarizations to determine the polarization state of 
light refl ected from a surface. For a moving target, it can be very diffi  cult to maintain uniform cou-
pling to the four detectors. For a spectrally resolved measurement, the detector polarization states 
must be characterized at each wavelength and all four spectrometers must be accurately calibrated 
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and aligned. Relative changes in the coupling to the spectrometers during the experiment will cause 
corresponding polarization artifacts.

To avoid the multiple aperture problem, we considered ways to encode additional polarization in-
formation into a single spectrum. Kim (2002) describes a fi ber-based spectral polarimeter that oper-
ates on a very similar concept, but it is built entirely in single-mode optical fi ber and would not be 
suitable for a broad spectrum, nor would it have the spectral resolution we desired. In Kim’s device, 
the Stokes components are encoded at two spectral frequencies determined by two retarders and 
their sum and diff erence frequencies. Spectral structure would have to not overlap those frequencies. 
Instead, we used a single bulk optic retarder to permit large apertures and a very wide spectral range, 
and chose an encoding scheme better suited to the nature of ellipsometric data from metal surfaces. 
For single-frequency encoding, we had to assume that the light does not depolarize, which is reason-
able for a smooth surface under a window.

Another challenge for a spectral ellipsometer lies in calibration. Some spectral ellipsometers rely on 
the use of accurate circular polarizers, but these do not operate over broad spectra. Th e division-of-
amplitude polarimeters (DOAP) reported by Azzam (1982) rely on four arbitrary polarizers that 
are easy to realize, but require a sophisticated polarization state generator to characterize them us-
ing known states at all wavelengths. Th e Fourier-encoded polarimeter measures the change in the 
polarization ellipse caused by the target surface relative to a previously measured reference. Neither 
the reference nor the data states need to be known in an absolute sense. Th e only requirement is for 
a good, achromatic linear polarizer. As a side note, the Fourier-encoded polarization-state genera-
tor could be used to calibrate a DOAP without the need to know the absolute states produced 
by the generator.

Project

Th e main goal of the project was to design, build, and test a spectral ellipsometer that would be 
suitable for measurements on a shocked target. A secondary goal was to determine if it is possible 
to use spectral ellipsometry to correct for shock-induced birefringence in a window. Some desirable 
attributes for shock measurements are use of single source and collection apertures, simple calibra-
tion, tolerance for target motion, and simple fi elding. A number of possible designs were evaluated, 
and the one that seemed most practical was selected. Th e system was modeled with Zemax and Igor 
software, and data analysis code was written and tested on the simulated data.

Basic Principle

Th e concept of the spectral ellipsometer is fairly straightforward and is schematically shown in Fig-
ure 1. Broad spectrum light is delivered via optical fi ber and refl ective collimator to the input polar-
izer oriented at 45 degrees from the plane of incidence. Th e quartz retarder converts the input state 
to a series of states of varying ellipticity. When the analyzer is oriented at 16.7 degrees, it produces 
an output intensity sinusoidally dependent on the wavenumber, with modulation depth, defi ned 
as min/max, of approximately 0.15. When the refl ective metal target is added to the optical path 
between the polarizers, it acts simultaneously as a spectrally dependent retarder and partial polarizer. 
Th e retardation (due to the phase shift on refl ection) adds to the phase shift caused by the quartz re-
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tarder and can be directly observed in the phase shift of the sine pattern. Th e partial polarization due 
to the metal surface changes the azimuth angle of the light, which manifests as a change in modula-
tion depth. Setting the analyzer at 16.7 degrees gives a nearly linear relation between modulation 
depth and the ellipsometric parameter Psi (ψ).

Figure 1. Fourier-encoded spectral ellipsometer

Mathematical Model

Th e wavelength-dependent signal can be calculated as:

  (1)

where I is the intensity, rs(λ) and rp(λ) are the s and p complex refl ectances for the metal surface, θ is 
the azimuth angle of the analyzer, δ(λ) is the retardance of the quartz retarder, and Δ(λ) is the phase 
shift on refl ection from the surface.

Th e ellipsometric parameter Δ(λ) is obtained directly as the phase shift in the data relative to the 
reference curve. Th e ellipsometric parameter ψ(λ) is obtained from the relation

   (2)

Th e complex refractive index and the emissivity can be obtained from ψ(λ) and Δ(λ). Simulations of 
the expected waveforms based on refractive index data for copper from the Electronic Handbook of 
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Figure 2. (a) Theoretical signals for copper with analyzer at 22.5 degrees. Note the change in modulation 

depth and phase produced by refl ection from the copper surface. (b) Psi and Delta calculated from 

theoretical signals and directly from HOC data for copper.

Optical Constants of Solids (Palik, 1999) (HOC) are shown in Figure 2a. Figure 2b shows Psi and 
Delta obtained by analyzing the simulated data. Note that the artifact located at about 1250 nm is 
due to a discontinuity in the HOC data. Th e data above 1200 nm should almost certainly be moved 
up to align with the lower wavelength data, which is better documented. 

It should be noted that this encoding scheme cannot account for depolarization. Ellipsometry of a 
depolarizing surface requires a full Mueller matrix ellipsometer. It is assumed that the shocked sur-
face will remain smooth during the measurement due to a window placed over the metal target. Th e 
problems caused by the shock wave in the window are discussed later in this report.
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Hardware

Figure 3 shows a simplifi ed Zemax model of the system. Figure 4 shows a photo of the hardware, 
including the incandescent light source, the spectrometer, input and output optics, and the copper 
target.

Figure 3. Simplifi ed Zemax model of the broadband spectral ellipsometer omitting the perforated 

45-degree mirrors

Figure 4. Spectral ellipsometer showing optical source, input optics, copper target, output 

optics, and spectrometer, with inset of input optics
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Modeling showed that refractive optics would not be usable for the collimators because they would 
produce polarization artifacts when the target tilted or moved. Th is was confi rmed when the optical 
system was assembled and the spectrum shifted with small misalignment of the optics. To solve this 
problem, several refl ective collimators were designed, keeping in mind that cost should be kept down 
since the collimators would be destroyed with each experiment. Ultimately, a simple concave spheri-
cal mirror in combination with a fl at mirror at 45 degrees with a small hole for the fi ber worked 
well. ESCO Products was able to supply fl at mirrors with holes, avoiding chips by drilling the holes 
fi rst, then polishing the mirrors. Th e polarizers are calcite Glan-Laser prisms, tilted for the IR but 
coated for the visible region, which give very good performance over a very broad spectral range. 
Th e retarder is of crystalline quartz, approximately 2.5 mm thick. Th e thickness was chosen to maxi-
mize the fringe frequency but not exceed the spectral resolution of the spectrometer.

Calibration consists of a reference spectrum showing modulation with the analyzer moved to a 
position before the target, so phase and azimuth angles are determined solely by the retarder. Th e 
analyzer is then moved to include the target in the polarization optics and the measurement is col-
lected. Th e information lies in the change between the two. Th e reference should be stable as long as 
the retarder is not moved relative to the beam. Th e absolute light levels are not part of the calibration, 
just the phase and depth of the modulation.

Experimental Results

Using an incandescent light source, data were recorded fi rst with an Ocean Optics HR4000 spec-
trometer, which has ~0.8 nm resolution from 200 nm to 1100 nm (Figure 5a), and an ASD FieldSpec 
3 Hi-Res spectroradiometer, which covers the range from 350 nm to 2500 nm in three segments, 
with resolution of 3 nm at 700 nm, 8.5 nm at 1400 nm, and 6.5 nm at 2500 nm (Figure 5b). Analysis 
consists of normalizing the data to the system spectral response (source spectrum, component trans-
mission, and detector response) and converting to wavenumber space, followed by sinusoidal curve 
fi tting over a narrow, sliding window to obtain phase and contrast as a function of wavelength. Th e 
normalization is particularly important for the ASD instrument because of the discontinuities where 
the three spectrometers are stitched together. Th e results are shown in Figure 6a (Psi) and Figure 
6b (Delta), along with the corresponding Psi and Delta calculated from the HOC for bare copper 
and for copper with 13 nm of cuprous oxide. Th e thickness of the oxide layer was chosen to fi t the 
data, driven primarily by the Delta, where thickness has the greatest eff ect. Individual measurements 
using a Soleil-Babinet compensator at 532 nm and 633 nm are also shown. Again, there is a discon-
tinuity at about 1250 nm for the HOC data.

A Practical System

Th e light source and recording system are signifi cant issues for any spectrally resolved ellipsometer. 
It would be particularly nice to take advantage of the fact that the Fourier-encoded ellipsometer 
works over the entire spectrum that the fi bers, mirrors, polarizers, and retarders transmit light, and 
no polarization state calibrations are required. For fi eld use, an incandescent lamp is inadequate 
if good time resolution is needed. Originally we intended to use a supercontinuum laser as the source 
because it gives a 4 W continuous wave Gaussian beam covering the range from 450 nm to 1800 nm. 
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Figure 5. Raw data for copper target obtained with (a) Ocean Optics HR4000 and 

(b) ASD FieldSpec 3 Hi-Res spectroradiometer. Note that refl ection by the copper surface 

produces the phase and amplitude diff erences between the reference and data signals. 

The FieldSpec 3 uses three spectrometers to cover a very broad spectral range, with 

discontinuities between the segments.
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Figure 6. Copper target (a) Psi and (b) Delta compared with theoretical calculations

based on HOC data, and with Soleil-Babinet compensator measurements at 532 nm 

and 633 nm. In general, the agreement is fairly good if a 13 nm thick layer of cuprous

oxide is included in the theoretical model. The discontinuity in the theoretical data 

at about 1250 nm is present in the original HOC data.



SDRDInstruments, Detectors, and Sensors

103

Pulse width is on the order of 10 ps at a 60 MHz repetition rate. Unfortunately, the laser failed and 
had to be returned to the vendor twice, making it impossible to get data. Th e issues that need to be 
resolved for a fi eldable system include repeatability of the laser spectrum and interference phenom-
ena in the optical path. Th ere were severe speckle problems when using the supercontinuum laser 
with the Ocean Optics spectrometer. Th ese problems were only solved by extreme mode mixing and 
making sure to fi ll the spectrometer numerical aperture, which caused considerable loss of signal.

Th e recording system presents another challenge for any spectral ellipsometer. Th e options are to use 
a spectrometer with streak camera for continuous data, or a spectrometer with a framing camera. 
Th e streak camera has limited spectral range and resolution. Framing cameras are available over a 
wide range of wavelengths. A CCD−array spectrometer could be used for the visible wavelengths. 
Comparable arrays are not available in the IR, but the spectrum could possibly be folded to use all 
the pixels in a rectangular array. Another interesting possibility might be use of a stationary Fourier 
transform spectrometer to avoid the problems of order sorting from a grating. Signal-to-noise ratio 
levels, spectral resolution, and time resolution are all issues that need to be addressed. Any non-gated 
recording system would require us to gate out a single pulse from the laser, which may be a challenge 
over this spectral range. 

Ellipsometry versus Refl ectometry

Although ellipsometry is considered a very precise technique for measuring the optical properties of 
surfaces, there are experimental diffi  culties in implementing it on a shocked target. As mentioned pre-
viously, target motion may generate artifacts if the ellipsometer apertures are not perfectly coincident. 
Target tilt may generate errors due to the change in the angle of incidence and the angle between the 
polarizers and the plane of incidence. A fundamental issue arises from the fact that ellipsometry mea-
sures surface properties to the skin depth for the wavelength being measured; this method assumes a 
smooth, continuous surface. Scratches, for example, can aff ect the local surface conductivity and give 
polarization signatures that are unrelated to the material’s refractive index. Under shock, a free surface 
can become rough and depolarize the light due to scattering. If a window is used to impedance-match 
the target, there will be polarization eff ects in the window that add to those occurring on the surface.

One goal of this project was to attempt to determine if spectral ellipsometry would allow us to sepa-
rate the window eff ects from the surface eff ects. Although this does not seem possible in an absolute 
sense, we may be able to observe relative spectral changes caused by phase change. Based on simple 
models, to a fi rst-order approximation, the phase shift for shock-induced window birefringence and 
for surface refl ection from a relatively featureless metal should have similar wavelength dependence 
and so cannot be separated by spectrally resolved ellipsometry. However, if the target material has a 
spectral structure that is at higher frequencies in the wavelength domain, and if that changes with 
state, we might be able to separate it from the window birefringence on the basis of frequency.

Ultimately, however, the important question is whether ellipsometry is the best way to identify 
changes in the state of shocked materials under windows. If the change of state aff ects the opti-
cal properties of the metal, it should show up in a variety of measurements. Ellipsometry is very 
sensitive to shock-induced birefringence in a window, but it can separate n and k, which may have
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some advantage if either n or k individually has a large change that does not appear in a combined 
parameter such as refl ectivity. In comparison, spectral refl ectometry at normal incidence is a much 
simpler technique that is relatively insensitive to window birefringence, tilt, and alignment, and is 
much easier to implement on a shock experiment than ellipsometry.

Th is in turn brings up the point that our goal is to identify the presence of specifi c states of metals 
based on their optical properties, but few, if any, of these optical signatures have been measured for 
the materials of interest. Having such data, perhaps from diamond-anvil cell measurements, would 
allow us to make a rational choice of measurement techniques.

Conclusion

Th e principle of a Fourier-encoded ellipsometer that requires only a single spectrum for recording 
has been demonstrated. Measurements of copper made using an incandescent lamp agree fairly 
well with theory. It appears that spectral resolution may allow us to mitigate window birefringence 
in shock measurements, but will not allow us to fully separate the window from the surface eff ects. 

Th e design and operating principle of the ellipsometer described here were tailored to address the 
diffi  cult requirements of dynamic shock experiments. One possible alternative application would be 
a polarimeter attachment for a fi ber-coupled spectrometer such as the ASD FieldSpec. Th is device 
would split the light into two paths, each with a retarder and polarizer, with one plane encoding 
polarization about the vertical axis, the other about the 45-degree axis. Light would then be re-
combined and coupled into the spectrometer input fi ber. Polarimetric calibration would require a 
single spectral measurement with a polarizer placed over the input to the polarimeter. Th is device 
can measure polarization state and degree of polarization with resolution limited by the encoding 
frequency.
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A stationary Fourier transform spectrometer (FTS) off ers several unique advantages over 

traditional dispersive or grating spectrometers. Th ese advantages are benefi cial to single-

shot, microsecond-timescale experiments. We compared the performance of traditional 

spectrometers with custom-designed FTS systems mated to streak cameras and gated IR 

cameras. Th e performance improvements of the gated IR FTS were pronounced.

Background

Traditional dynamic (fast, ns time-resolved) spectroscopy is performed using spectrally dispersed 
streak cameras, gated optical multichannel analyzers (OMAs), or multiband photomultiplier sets (as 
used in refl ectometry and pyrometry). Multiband techniques suff er from a lack of spectral resolution, 
making it diffi  cult to discern artifacts such as shock-fl uorescence, triboluminescence, and high-ex-
plosive burn-product light from refl ected signal light or thermal radiation emitted by a shock-heated 
metal.

A typical dynamic spectrometer (OMA, spectral-streak) disperses a broad-spectrum source over an 
array of detectors using diff raction gratings, prisms, or other dispersive elements. In order to improve 
resolution, one must restrict the input aperture of the spectrometer, thereby creating a trade-off  
between signal and resolution. A stationary Fourier transform spectrometer (FTS) is an interfer-
ometer that does not suff er from this signal/resolution trade-off . It is capable of effi  ciently collect-
ing light from a large-area, divergent light source while maintaining good spectral resolution. In 
dynamic shock physics, plasma physics, or high-energy density physics experiments, light sources of 
interest are often large and diff use. Th e FTS is ideally suited for such experiments.

Th e simplest example of an FTS is a Michelson interferometer with one moving mirror. As one 
moves the mirror, a coherent light source of wavelength  will produce a temporal, sinusoidally vary-
ing interference pattern that modulates once every time the mirror is moved by /2. A stationary 
FTS produces a similar interference pattern by misaligning an optical element such that the spatial 
interference pattern occurs at the output—with no moving components. Recording this spatially 
periodic pattern and taking a fast Fourier transform (FFT) of the pattern will give a single spatial 
frequency that corresponds to the wavelength of the light source. Using a broadband light source will 
create an interference pattern with spatial frequencies that represent each frequency of light present. 
An FFT of the interference pattern will give the full spectrum of the light source. 
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In a traditional spectrometer with a linear array detector, light of one specifi c wavelength will illu-
minate one pixel. In an FTS, one specifi c wavelength of light creates an interference pattern across 
all N detectors, giving a factor of N1/2 improvement to the signal-to-noise ratio; this phenomenon 
is known as the multiplex, or Fellgett’s, advantage. Th e other primary advantage of the FTS design 
is that its spectral resolution depends on the maximum path-length diff erence within the cavity, not 
on the input slit width. Known as the Jacquinot advantage, this benefi t allows light to be collected 
from large-area, divergent sources.

FTS designs vary from easy to set up but somewhat cumbersome bulk-optic cavities to extremely 
compact (several cm3) fi xed-component systems based on birefringent crystals that mate close to 
the detector. One chooses from a broad range of designs to best suit a given application. Two pri-
mary applications were considered in this work: streaked spectrometers and gated IR spectrometers. 
Several designs were modeled, built, and compared with traditional spectrometers for these two 
applications.

Project

FTS Designs

Th e earliest stationary FTS (Stroke, 1965) dates back to 1965, the same year that Cooley and Tukey 
published the fi rst paper on the FFT (Cooley, 1965). At the time, Fourier transform spectrosco-
py had been well developed by Jacquinot, Fellgett, and others; however, the photodiode array was 
still fi ve years away. Stroke et al. recorded the interference pattern as a hologram and used optical 
techniques to reconstruct the spectrum. Th e advent of the linear CCD array allowed the develop-
ment of a new breed of stationary FTS (Okamoto, 1984). Modern stationary FTS designs fall into 
two primary groups: bulk-optic designs made with beam splitters and mirrors, and polarization/
Wollaston prism-based designs, where light is split into separate polarization states and sent through 
two diff erent path lengths prior to recombination. Th e Wollaston prism designs were developed 
more recently (Padgett, 1994). Several diff erent versions of Wollaston prism FTS systems have been 
designed, built, and evaluated. Such designs perform as well as traditional bulk-optic designs and of-
fer the potential for extremely small optical systems (tens of cm3), but they have limited adjustability 
once component selection is complete. Th is limitation led us to focus our investigation on bulk-optic 
interferometers.

One of the simplest and most versatile stationary FTS designs is based on the Sagnac interferometer 
(Figure 1), with the mirror farthest from the beam splitter tilted slightly off -center to produce an 
interference pattern (Barnes, 1985). We chose to use this design and built two versions of the cav-
ity, one operating at visible wavelengths, and the other in the infrared. Th e visible spectrometer was 
mated and tested with a Hamamatsu streak camera system, and the IR spectrometer was used with 
a Santa Barbara Focalplane gated IR camera.

Light enters the interferometer and is split into two components that interfere at the mirror labeled 
“Rotated mirror” in Figure 1. Th e two path lengths are equal at the center of the mirror, and the 
maximum path length diff erence (or retardation) increases to each side of the axis of rotation. Th e 
periodic pattern that results is imaged onto a detector (inset, Figure 1), and the periodicity of the 
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interference pattern is directly proportional to the wavelength of the input light. Taking an FFT of 
a collapsed line-out of this pattern gives a single frequency that may be calibrated if one has a priori 
knowledge of the light’s wavelength, as one does with lasers or narrow-band fi lters.

Figure 1. Sagnac-interferometer–based stationary FTS. The inset shows a representative image of the 

interference pattern that forms at the rotated mirror.

Resolution Limits

A traditional grating or prism spectrometer has an inherent trade-off  between resolution and light 
throughput—in order to increase spectral resolution, one must restrict the aperture and lose light 
at the input. Th e resolution of the FTS is not dependent on the input aperture, and, in fact, the 
interferometer may be designed to tolerate very large, divergent sources. Th e resolution of an FTS 
at a given wavelength does, however, depend on the total number of fringes recorded. For example, 
consider two monochromatic light sources that separately generate interference patterns with two 
diff erent spatial frequencies, ν

1
 and ν

2
 cm–1. Together, the two sine waves add to create a spatial pat-

tern with a beat-frequency envelope of frequency Δν = ν
2
 – ν

1
. In order to record a full period of this 

spatial frequency, the FTS must be set up to have a maximum retardation (diff erence in path lengths 
between the two legs) of (Δν)–1 cm. For an N pixel array with pixel width w, in order to maximize 
the retardation across the array and still be able to resolve the highest frequency, one must set this 
frequency (ν

2
) to the Nyquist limit, ν

2
 = (1/2w). Th e maximum spatial period is then λ = Nw, and 
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the resolution is δν = 1/Nw cm–1. Th e resolving power R at ν
2
 is given by the ratio ν

2
/δν = R = N/2. 

Th is implies that in order to maximize resolving power, one should choose an array with the largest 
number of pixels possible. 

For a visible streaked spectrometer, with N = 512, and a spectrum that ranges from 400 to 800 nm, 
we have 256 frequency bins, each separated by 1/256w cm–1. Because the spectrum of interest only 
spans half of the total range of frequencies observable by an FFT (but not observable by the detec-
tor), we eff ectively have 128 frequency bins over the full spectrum. Th is coarse sampling is consid-
erably lower than can be achieved with a good monochromator. Stationary FTS systems are not 
typically employed to increase the resolution of a spectrometer.

In addition to the limitations presented by a fi nite number of pixels, it is often diffi  cult to create good 
contrast interference patterns with spatial frequencies close to the Nyquist limit. Imperfect mirrors 
and beam splitters limit the fringe contrast, as does the cavity alignment and the imaging lens that 
relays the interference pattern to the detector array. Furthermore, for streak cameras, the resolution 
is limited by the microchannel plate front-end and electron beam imaging within the streak tube 
itself. All of these factors lead to a fi nite system resolution that is apparent as one increases the maxi-
mum retardation in the cavity. Figure 2 shows how the fringe contrast varies for an IR FTS illumi-
nated by a blackbody radiation (thermal) source. Th e signal-to-noise (S/N) ratio at low frequencies 
is better than 100:1, while at the highest frequencies, this ratio approaches 10:1. Notice that the 
spatial frequency quoted is in units of pixels–1; 0.5 corresponds to the Nyquist limit. It is obvious 
that this practical demonstration of an FTS is reasonably far from the theoretical optimum spectral 
resolution. However, for our purposes, the resolution and S/N ratios obtained at spatial frequencies 
of 0.1 are adequate, as will be seen in the IR FTS section.

Figure 2. Fringe contrast (a) and extracted spectra (b) of a blackbody source as the maximum spatial frequency 

of an FTS is increased
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Streaked FTS

Our Sagnac interferometer front-end was mated to a Hamamatsu streak camera system with a 
C1587 temporal disperser, M1953 slow-speed streak unit, and a C4742-95 digital camera back-
end. Th is is a legacy system, with most of its components dating back to the early 1980s, and it has 
a number of artifacts (burns, noise) that we hoped switching to an FTS would help remove. Th e 
trade-off  between S/N ratio and spectral resolution was pronounced for this system: the best resolu-
tion we were able to obtain from a broad xenon fl ashlamp spectrum, while maintaining a reasonable 
10:1 S/N ratio, was 25 nm. Using a Jarrel Ash monochromator to disperse the fl ashlamp spectrum 
across the photocathode gave a 5 nm resolution. Th e limiting element of the system was the streak 
camera itself—a high-resolution digital CMOS camera gave far superior modulation depth of the 
interference fringes.

A visible streaked spectrometer recording light from a fl ashlamp is a unique situation in which 
there is an abundance of light that is easy to fi ber-couple. Th e monochromator we used had a low 
F-number and was quite effi  cient. Th e streak camera itself severely limited the fringe contrast, lead-
ing to poor spectral resolution. For this specifi c system, we found no benefi t in using an FTS over a 
conventional diff ractive spectrometer. Newer streak systems with higher-resolution CCD cameras 
might be found to be more compatible with an FTS.

IR FTS

Th e IR FTS was a Sagnac-style FTS, similar to that shown in Figure 1. Th is cavity had gold mirrors, 
a CaF

2
 beam splitter, an off -axis parabola collimator, and a 3–5 μm, 50 mm focal length imaging 

lens. Th e camera/detector was a liquid nitrogen–cooled Santa Barbara Focalplane 191E camera with 
an InSb detector sensitive from 1 to 6 μm. It had 20-micron pixels and could integrate exposures as 
short as 250 ns.

Th e IR FTS was assembled and optimized, and the IR spectrum of a 200ºC blackbody was recorded 
twice, once with a thin polystyrene fi lter in place. Th e image exposure was set to 10 μs. Th e two spec-
tra were calibrated using a 4.5 μm × 150 nm IR bandpass fi lter ( Janos Technology FXBP-0450) and 
then divided to produce the absorption spectrum shown in Figure 3a.

Figure 3b shows a similar absorption spectrum recorded by a commercial scanning FTS. For further 
comparison, Figures 3c and 3d show data recorded by the same IR camera using a conventional 
MgO prism spectrometer. Th is spectrometer had poor throughput, and the image shown in Figure 
3c required an integration time of 250 μs; 100 images were averaged to produce the image and line-
out shown in Figure 3d. Th e two absorption peaks at 3000 cm–1 are apparent, but the three smaller 
peaks at about 2000 cm–1 are not. 
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Figure 3. (a) IR FTS measured absorption spectrum of polystyrene, (b) commercial scanning FTS spectrum, 

(c) spectrum acquired by prism spectrometer, (d) lineout from (c). The FTS spectrum exhibits a signifi cantly 

better signal-to-noise ratio, as well as superior resolution to the prism spectrometer.

Fourier Transform Pyrometry

Th e IR FTS has excellent sensitivity to sample temperatures above room temperature, and may be 
used as a gated, broad-spectrum pyrometer. Th e ability of the IR FTS to collect the full IR spectrum 
over the broad 3–5 μm range has an obvious advantage over the ability of traditional 4-channel 
pyrometers to measure non-Planckian spectra. In a dynamic experiment, the IR FTS may poten-
tially discriminate against hot spots or LiF fracture light. 

Figure 4a shows lineouts from interference spectrograms of light emitted from a hot tin sample 
under a sapphire window taken at ten temperatures ranging from 89º to 257ºC, spanning the melt-
ing point temperature of 232ºC. Th e camera was set to acquire images with a 1 μs gate. Th e raw, 
uncorrected spectra are shown in Figure 4b. Figure 4c shows the calculated Planck blackbody energy 
density  over  the  spectral  range observed  by  the spectrometer.  Th e recorded  spectrum  was divided 
into the theoretical spectrum at 238ºC in order to generate a correction fi le, and this correction was 
applied to all the recorded spectra in Figure 4d. Last, each corrected spectrum was fi t by a Planck 
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distribution, and the fi ts are shown in Figure 4d as smooth lines. Th e fi t temperatures were within 
±2ºC of the thermocouple measurements for all points except the lowest temperature (89ºC, which 
fi t to 103ºC). At low temperatures such as this, the additional signal contribution from the high-
emissivity ambient room-temperature environment is signifi cant relative to that from the heated, 
low-emissivity sample and must be considered. It was neglected in the fi ts presented in Figure 4d, 
thus resulting in systematically higher fi t temperatures for the lowest temperatures.

Figure 4. (a) Interference patterns, (b) corresponding spectra, (c) theoretical spectra, (d) corrected and fi t 

spectra of thermal light emitted by a heated tin sample (1 μs integration time) 

Conclusion

Stationary FTSs were designed, built, and tested with two high-speed camera systems. Although the 
benefi ts of using such a spectrometer were limited for our legacy Hamamatsu-based streak system, 
they were pronounced for the gated IR camera. Th e gated IR system performed well as a pyrometer, 
and an FY 2010 SDRD project will continue development of the system for use in equation of state 
experiments of shocked metals.
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Th ere is a requirement to detect signals of interest in a variety of bandwidths over an extreme-

ly wide frequency range covering S-, C-, X-, and K-bands. In order to accomplish this, 

an array of antenna elements and a complementary receiver subsection were designed and 

fabricated. Due to a span of nearly one decade from the lowest to the highest center frequency 

and additional challenges posed by microwave signal propagation, an inherently wide-band, 

cavity-backed, equiangular spiral antenna design was selected. To allow for miniaturization of 

the cavity, the spiral was center-fed through a coplanar microstrip balun-matching network. 

Th e antennas radiate right-hand circularly polarized (RHCP) far-fi eld patterns to counteract 

cross-polarization eff ects of the incident electromagnetic fi eld. Furthermore, the RHCP gain 

was simulated and measured at approximately 8 dBic with a total 3 dB beam width in the 

proximity of 60 degrees for each antenna. Following the antenna array, the signal was band-

pass fi ltered and amplifi ed before it was input to a successive detector log video amplifi er 

(SDLVA). For the X- and K-bands, a single down conversion heterodyne translated the 

carrier frequency into the range of the SDLVA. For the S- and C-bands, the signals were 

within the operational capability of the logarithmic amplifi er.

Background

For several years, an instrument developed by NSTec’s Remote Sensing Laboratory has been a key 
tool for the DOE community. Th e original device operated at 9.3–10.8 GHz (X-band). However, 
evolving technology now requires the instrument to operate at 2.45 GHz (S-band), 5.8 GHz (C-
band), and 24.15 GHz (K-band). Th e S and C bandwidths of concern are 100 MHz wide, whereas 
the K-band occupies 200 MHz of bandwidth. Th e X-band frequency range is as noted above.

Project

Th e ultimate purpose of this project was to design, develop, and build an antenna array capable of 
receiving signals of interest and a multiband receiver capable of processing those signals. In order to 
be eff ective for the intended purpose, the receiver would have to provide precise amplitude measure-
ment with a minimum detectable signal on the order of –80 dBm.

For linearly polarized radiation, the electric fi eld vector exists only in a single plane orthogonal 
to the direction of propagation. If the electric and/or magnetic fi eld(s) were to revolve about this 
line of travel in a transverse plane at a constant clockwise rate, the resulting polarization would be 

ADVANCED MICROWAVE ANTENNA ARRAY AND

MULTIBAND RECEIVER

Ryan Martin1,a and Kevin Th omas a

1 martinrp@nv.doe.gov, 702-295-8758
a Remote SensingLaboratory– Nellis Operations



FY 2009Instruments, Detectors, and Sensors

114

right-hand circular. Due to this rotation, there is no need to align the receiver and transmitter in 
order to account for cross-polarization eff ects between the incident fi eld and antenna polarization. 
Additionally, antennas that are circularly polarized demonstrate better immunity in multipath 
fading environments. 

Th ere are several design methods that provide circular polarization, including microstrip patch 
radiators, dual-mode horn radiators, or transmission- and refl ection-type polarizers. However, these 
techniques employ circular polarization synthesis through the simultaneous presence of horizon-
tally and vertically polarized waves in phase quadrature. Th is artifi cial synthesis typically results in 
structures that may be physically awkward, fairly complex in design, expensive, or that possess less 
than desired polarization purity. 

For this study, equiangular spiral antennas were chosen for their inherent circularly polarized nature. 
Additional benefi ts include nearly unvarying impedance and radiation patterns over wide band-
widths. Th e defi ning polar equation for the arms of the spiral is given by Dyson (1959) as

 r = r0e
a, (1)

and

 

  (2)

where r0 is the initial radius, a is the rate of growth,  is the growth angle, and mlowest is the lowest 
mode of interest. Only the fi rst mode is allowed to propagate due to all higher-order modes having a 
null at boresight (Sivan-Sussman, 1963). Th e spiral diameter at a minimum must be greater than the 
diameter associated with the 1λ circumference ring. Th is minimum can be calculated through 

   (3)

where λlowest corresponds to the highest frequency of interest. To prevent overmoding of the antenna 
through prohibition of the presence of modes greater than one, the spiral is truncated at a diameter 
less than the next mλ circumference ring (3λ for a two-arm spiral). A representation of the topology 
for the C-band can be seen in Figure 1.

Planar spirals are bidirectional radiators. In the expanded confi guration of Figure 2, the antenna 
radiates right-hand circularly polarized in the upper hemisphere and left-hand circularly polarized 
in the lower hemisphere. By placing a conductor (seen in black) behind the elements at one-quarter 
wavelength distance, the fi elds present in the lower hemisphere refl ect off  the back conductor and 
undergo a polarization reversal to the same sense about boresight. Th is is constructively additive 
to the fi eld in the upper hemisphere and eff ectively increases the gain. Furthermore, the spiral is 
limited to unidirectional behavior.

π
λ lowestD ≥  ,

 




6 0
lowesthighest mr  ,
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In order to maintain the spiral depth at a minimum, a coplanar tapered microstrip balun is used to 
transform the impedance of the driven element, seen in red, to 50 Ω. To accommodate for the balun, 
the second spiral arm, seen in blue, is relocated to the far side of the substrate and serves as a ground 
plane for the microstrip line. If the metallic and nonmetallic components of the structure were ex-
changed, one would arrive at an identical structure rotated through an angle equal to 90 degrees. Th is 
is equal to one-half of the angular periodicity. Disregarding the balun element, the previous depic-
tion portrays a self-complementary antenna that follows Booker’s extension on Babinet’s principle 
(Booker, 1946). Th e impedances of two complementary antennas can be calculated as

  (4)

where η is the plane wave impedance. For Rogers 5880 substrate, this can be approximated for the 
perfect dielectric case as

  (5)

Substituting η into Equation 4 gives the impedance of the spiral as

 

             (6)

. 573.266
2.2

120120η
 r

ZMETAL = ZSLOT = =4
η2

4
266.5732

= 133.287 Ω.

Figure 1. C-band Gerber output showing the top 

spiral and balun in red with the bottom spiral 

arm in blue (dimensions in mils)

Figure 2. Expanded view of 

antenna model from Agilent 

Technologies Electromagnetic 

Design System (EMDS)

4ZMETALZSLOT = 
2
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Th e actual impedance (approximately 111 Ω) is lowered from the ideal value due to the fi nite thick-
ness of the metal and dielectric loading. To minimize these eff ects and decrease slowing of the trav-
eling wave on the spiral arms, low dielectric constant 10-mil-thick Rogers 5880 Tefl on/duroid with 
one-half ounce of copper was selected. 

Th e width of the line was calculated as 29.6 and 5.2 mils for the impedances 50 Ω and 111 Ω, 
respectively. Further optimization of the input match to 50 Ω was performed by placing a small cop-
per disc behind the antenna and in front of the refl ector. By modifying the diameter and location of 
this parasitic element through iterative simulation, refl ections at the balun feed point were reduced.

Before fabrication, the antenna was simulated in Agilent Technologies Electromagnetic Design 
System (EMDS). Th is software package employs the fi nite element method for calculation of 
Maxwell’s equations. To arrive at a solution to the wave equation,

   (7)

the structure is separated into several tetrahedra, where E(x, y, z) is the complex electric fi eld vec-
tor, μr is the complex relative permeability, k0 is the free space phase constant, and εr is the complex 
relative permittivity. Th e granularity of this fi nite element mesh determines solution accuracy and is 
limited by computing power. Th e E- or H-fi eld inside an individual tetrahedron is interpolated from 
the vector fi eld quantities at the tetrahedral vertices. Th e four antennas were simulated in EMDS 
individually due to memory constraints.

Th e input port refl ection coeffi  cient, S
11

, can be seen in Figure 3 for each individual antenna. For 
the frequency bands of interest, the actual impedance is close to the cable impedance of 50 Ω as 
demonstrated through the return loss, which is greater than 10 dB. Th ese modeled values correlate 
well with the measured values from the fabricated antennas as seen in Figure 4 for the S-band case. 
Additional data were omitted for brevity. 

As with the refl ection coeffi  cient measurements, there was excellent correlation between the simu-
lated and fabricated antennas in regards to directivity and gain. Th e absolute gain for a zero-degree 
constant phi cut simulated in the same plot as the measured directivity is seen in Figure 5. Th e 
measured gain pattern is approximately 8 dBic about boresight.

Th e simulated gain is lower than the measured directive gain as described by

  (8)

where εeff is the total antenna effi  ciency and D(θ,) is the directivity of the antenna. For a real 
radiator, this effi  ciency is always less than a value of one. Horizontal and vertical cross sections of 
the measured far-fi eld directivity patterns for the other three bands are illustrated in Figure 6. 
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Figure 3. Simulated refl ection coeffi  cient for the four antennas representing 

a close impedance match to 50 Ω

Figure 4. Measured refl ection coeffi  cient for the S-band antenna reveals the 

simulated data in the previous fi gure to be accurate
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Figure 5. Comparison between simulated and measured antenna gain. The measured gain in blue 

correlates well with what was simulated through software in red.
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Figure 6. Measured far-fi eld radiation pattern for the C-, X-, and K-band antennas. The gain magnitude does 

not vary as the antenna orientation is modifi ed relative to the transmitter due to the circular polarization 

of the antennas. 
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Th e block diagram and bench-top prototype for the K-band receiver can be seen in Figure 7. 
Th e signal incident on the antenna is band-pass fi ltered by a fi ve-section Chebyshev response with 
the passband located ±7.5% of the center frequency. Th e fi ltered signal is input to a monolithic 
microwave IC down converter, which incorporates a balanced cold fi eld-eff ect transistor mixer, a 
2X multiplier, and a front-end RF low-noise amplifi er. A voltage-controlled oscillator biased at 5 V 
outputs 11.3 GHz, which is input to the down converter and multiplied up to 22.6 GHz. Th is signal 
mixes with the RF input, generating the sum and diff erence frequencies, 1.55 GHz and 46.75 GHz, 
respectively.
 

Figure 7. Block diagram and bench-top prototype of the K-band receiver

After amplifi cation of the image frequency, the signal is output to the successive detector log video 
amplifi er (SDLVA). Th e RF is converted to a voltage, which is then analyzed. Th e other receivers 
exhibited similar results.

Conclusion

After reviewing the literature, four antennas were modeled and fabricated to the simulated para-
meters. Many iterative simulations were produced. However, once the impedance match and circu-
larly polarized antenna gain of the models were acceptable, the assembled antennas performed as 
models predicted. All four antennas exceeded the requirements through their high gain and narrow 
directivity. Furthermore, four microwave receivers were assembled and performed acceptably.
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Neutron imaging systems are key inertial confi nement fusion diagnostics that have been 

fi elded on nuclear tests, Omega, Nova, and Z. Th ey will also be fi elded on the National 

Ignition Facility and in France at the Laser Mégajoule facility. While most aspects of these 

systems are well-characterized, the system resolution as a whole is not experimentally verifi ed. 

We have developed a neutron source using a novel target for a neutron-generating accelerator 

tube that simulations indicate will create a pattern of neutrons. Currently the system operates 

using a deuterium-deuterium reaction to create 2.5 MeV neutrons, but can be modifi ed to 

use a deuterium-tritium reaction to produce 14.2 MeV neutrons. Th e design of the tube, 

simulations showing expected patterns, and future experiments are discussed.

Background

Neutron imaging systems are one type of key diagnostic used in inertial confi nement fusion (ICF) 
experiments and have been fi elded on experiments at Omega and Z (Glebov, 2006). Th ey will also 
be a key diagnostic at the National Ignition Facility (NIF) located at Lawrence Livermore National 
Laboratory and eventually at the Laser Mégajoule (LMJ) in France (Moses, 2003; 2006).

Most systems are based on a neutron pinhole array placed at the target chamber and are imaged by 
a scintillating fi ber block (Wilke, 2008) as shown in Figure 1. Th e light output of this scintillator 
is coupled via a reducer to a fi ber bundle that transports the image to a time-gated CCD camera. 
Alternatively, some systems use optical lens assemblies to focus the light onto a camera.

For ICF applications the neutron imaging systems will primarily look at 14.2 MeV neutrons. How-
ever, 2.5 MeV and 20+ MeV neutrons will also be present and potentially will provide key infor-
mation. System calibration refers to a variety of tests ranging from spectral response to gate timing. 
All system components can be calibrated independently; however, absolute resolution can only be 
simulated without an available neutron pattern to image (Disdier, 2006; Barrera, 2007).
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Figure 1. A schematic diagram of the NIF Neutron Imaging System (Wilke, 2008)

Calibration Methods

Imagers are typically calibrated for response and resolution at certain energies. As illustrated in Fig-
ure 2, calibration methods fall into two basic categories: (1) a resolution mask of some sort that is 
itself patterned and is backlit by the radiation to be detected, and (2) a source that produces a pattern 
on the image plane of the detector itself.

Due to the minimal cross sections for reaction of high-energy neutrons with most machinable 
materials, any resolution mask for neutrons would be prohibitively thick. In x-ray pinhole imaging 
systems, high-z wire mesh is often used as a resolution mask, or in less rigorous experiments simply 
as an object to be imaged (Tommasini, 2006). Such a mesh is diffi  cult to make with suffi  cient neu-
tron absorption and eff ectively becomes another pinhole rather than a resolution target. Th e alterna-
tive is a source that produces a pattern of neutrons on the imaging plane of the detector itself. 
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Figure 2. (a) A resolution mask used to calibrate the modulation transfer function and spatial resolution of CCD 

cameras; (b) square source diff raction pattern on the image plane of a camera

Project

A Neutron-pattern-generating Neutron Source

Small, relatively portable neutron generators based on Penning-type ion sources accelerating hydro-
gen isotope beams into targets to induce nuclear reactions are a well-understood and commercial-
ized technology (Pesente, 2007; Th ermo Scientifi c, 2009; Del Mar Ventures, 2009). Th ese systems 
typically use deuterium-deuterium (D-D) or deuterium-tritium (D-T) reactions to produce mono-
energetic neutrons (2.5 and 14.2 MeV, respectively). As expected from a nuclear reaction, the emis-
sion of the neutrons is isotropic. 

Th e Penning ion source provides continuous neutron fl ux during operation (continuous mode or 
continuous wave), and it is a low gas pressure, cold cathode ion source that utilizes crossed electric 
and magnetic fi elds. Th e ion source anode is at a positive potential, either DC or pulsed, with respect 
to the source cathode. Th e ion source voltage is normally between 2 and 7 kV. A magnetic fi eld, 
oriented parallel to the source axis, is produced by a permanent magnet. Heating or cooling the gas 
reservoir element regulates the gas pressure in the source and, thus, the ion beam current. Along the 
axis of the anode plasma is formed that traps electrons and, in turn, ionizes gas in the source. Th e 
ions are extracted through the exit cathode. Under normal operation, the ion species produced by the 
Penning source is over 90% molecular ions. 

Ions emerging from the exit cathode are accelerated through the potential diff erence between 
the exit cathode and the accelerator electrode. Th e accelerator voltage is normally between 80 and 
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180 kV. Th e target is a thin fi lm of a metal such as titanium, scandium, or zirconium deposited on 
a copper or molybdenum substrate. When heated in an environment rich in H

2
, D

2
, or T

2
, the target 

metal reacts to form a metal hydride, resulting in a target that is hydrogen-dense.

Th e neutron tube we created is a Hurley Neutron Generator (Figure 3). Its design diff ers from that 
of a typical tube in that it is “recyclable.” Th at is to say, when the getters are depleted or the target 
diminished, the tube can be opened, reloaded, baked, and fi nally reassembled and put back into 
operation.

                                  Figure 3. A model of our neutron-generating tube

Creating neutrons in a pattern on the image plane of a detector requires that emission become either  
anisotropic or otherwise collimated. We developed and simulated an ion beam target that has micro-
collimation engineered into the design. Th us, the target acts as both the reaction target and the 
pattern creator. As shown in Figure 4, we used semiconductor device fabrication methods to build 
the targets as arrays of collimated neutron-generating elements. While we would ideally require each 
neutron-generating element to be distinguishable, in this fi rst phase of the design we simply tried to 
create an edge pattern. Th e accelerated ion beam impinges on the getter, and the resulting neutrons 
that are emitted in the relevant cone are collimated. Lithium-6−enriched boron powder is the mate-
rial best suited to the microcollimation because of its high, fast neutron cross section. 

Simulations

To optimize target design and explore possible materials, the Nevada Radiological Computational 
Center at the University of Nevada, Las Vegas, carried out a series of simulations. Th e ion beam was 
modeled as being Gaussian and, based on the expected incident ion fl ux on each target element, 
it created a distribution of neutron generation as seen in Figure 5a. Th e isotropically generated 
neutrons were tracked. At some distance from the target, a pixilated image plane was modeled to 
simulate a neutron imaging system’s detection plane, as seen in Figure 5b. 
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Figure 4. (a) Top-down view of the array; (b) cross section of the neutron generator array

Figure 5. (a) The pattern of neutron generation due to a beam of Gaussian profi le impinging upon a target 

array. (b) A simulation of a 1 mm × 1 mm array of 200 μm large neutron-generating element as seen by a 

1 cm2 detector at 30 cm from the neutron-generating array. The tracks described on the right are an 

unconverted unit. The yellow will be 103 neutrons per second fl ux and the blue will be 102.
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Th e tube performance was simulated with D-D and had a total expected fl ux of 105 neutrons per 
second into 4. However, due to safety considerations and power supply limitations, the accelerator 
was operated at only 100 kV. Th e tube can be operated at a higher voltage and changed to a D-T 
confi guration, making 4 fl uxes of 109 neutrons per second possible.

Testing may be done by placing CR-39 plastic at the expected distance of the image plane of the 
neutron imaging system. Standard plastic track detector analysis techniques will be applied to deter-
mine what neutron pattern appears at that plane (Fews, 1992). 

Conclusion

A neutron-pattern-generating accelerator tube was designed, and simulations indicate optimized 
accelerator targets would produce a neutron pattern with an edge that provides an order of magni-
tude diff erence in neutron fl ux. Th is would indicate integration times of hundreds of seconds with 
a 10% effi  cient detector to build suffi  cient statistics for a resolution calibration of the detector. Test-
ing using plastic track detectors would defi ne the optimum target and absolutely defi ne the fl ux and 
pattern generated by the tube. Once the tube has been suffi  ciently characterized, the setup for a full 
neutron imaging system calibration system will be considered.

After the tube has been suffi  ciently characterized with D-D, the steps to convert it to a D-T tube 
capable of calibrating the NIF Neutron Imaging System as well as other systems (LMJ, Fast Ignition 
Realization Experiment, International Th ermonuclear Experimental Reactor) could begin. Th e tube 
would need to be recycled through the gas loading and baking processes and have tritium added. 
Th en it would need to be recharacterized for absolute performance. 
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Work toward realizing a Raman aerosol fl ow cytometer for bacterial detection and 

identifi cation is reported. Visible and near-infrared laser Raman spectroscopy are hampered 

by background fl uorescence, but can yield species-level identifi cation when coupled to 

preprocessing chemometric analysis. We found that phenotypic identifi cation at the 

subspecies level was not practical under this project’s experimental conditions. However, 

a Raman aerosol cytometry system for use with dry airborne particles was designed using 

hardware identifi ed during the project. We demonstrated with laboratory experiments that 

commercial chemometric analysis software could be successful in making species-level iden-

tifi cation of biological materials when coupled with such a system.

Background

Bioterrorism is an ever-present threat. Anthrax can be easily grown, with spores harvested for aero-
sol dissemination using instructions from the World Wide Web and easily obtainable household 
hardware. Detection to warn the public of airborne biothreat agents is a top priority for civilian 
and military government agencies. For example, the U.S. Department of Homeland Security has an 
active multi-city system called BioWatch wherein samples collected on fi lters are sent to local micro-
biology laboratories for analysis, typically with a one- to three-day turnaround time. Active research 
is being performed in the area of autonomous collection and analysis systems with the goal of de-
creasing the time delay between collection and detection of a potential threat. Research can be divid-
ed into two general areas of biological species identifi cation: genotypic and phenotypic. Genotypic 
relies on DNA or RNA for species-level identifi cation, typically using the polymerase chain reac-
tion for signal amplifi cation and fl uorescent or magnetic tags for species-specifi c sequence analysis. 
Phenotypic identifi cation relies on the physical or chemical composition of microorganisms, e.g., 
epitopes for antibody binding, calcium dipicolinate for spores, and ratios of fatty acids, proteins, and 
nucleic acids. Technologies that are used to implement these types of detection schemes will only be 
eff ective on collected samples that have been entrained in a liquid that prepares them for subsequent 
solution-phase chemistry required for polymerase chain reaction, immunoassay, or chemical analysis. 
A technology that directly samples the air stream and provides bioidentifi cation is highly desirable, 
both in terms of real-time sample analysis, and the reduction or elimination of liquid solutions and 
chemical consumables. 

Flow cytometry is a technique for the enumeration and identifi cation of microscopic particles 
suspended in a liquid fl uid stream. It allows the analysis of the physical and/or chemical character-
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istics of single cells in a liquid fl owing through an optical and/or electronic detection apparatus. A 
typical application of fl ow cytometry is tagging of microbial targets with fl uorophores via solution-
immunoassay chemistry, followed by detection via fl uorescence, with diff erent emission colors coded 
for diff erent species of microbes. Th us, fl ow cytometric analysis of aerosols can provide a degree 
of chemical and biological species identifi cation by fl uorescent immunoassay, but at the expense 
of needing costly reagents and liquid consumables, and with the requirement that the aerosol be 
entrained in a liquid medium. A more desirable embodiment of this technique would be fl ow 
cytometry where the fl uid is air, and the analysis is direct spectral interrogation of the particles in the 
air stream, thereby eliminating the need for liquids and simplifying the aerosol collection require-
ments. Direct spectroscopic interrogation off ers a means of species identifi cation without requiring 
a labeling step. Species specifi city is obtained through spectral identifi cation rather than developing 
a suite of “specifi c” immunofl uorescent tags.

Project

In this project we explored the application of Raman spectroscopy to the problem of biological 
species analysis based on diff erences in phenotypic chemical compositions of closely related micro-
organisms. Th e members of the bacterial genus bacillus were chosen as the test case. Bacillus has as 
its members the spore-forming soil bacteria, including the toxic member Bacillus anthracis (anthrax), 
and a number of innocuous members found ubiquitously in the environment. Th e species Bacillus 
atrophaeus (commonly called Bacillus globigii or BG) and Bacillus subtilis were chosen as standard 
test simulants for anthrax.

Raman spectroscopy was chosen as the means of biological species identifi cation for several rea-
sons. First, a wealth of literature exists detailing the identifi cation of the chemical components of 
microbial cells (Maquelin, 2002 and references therein). Microbes are chemically rich materials, 
containing nucleic acids, proteins (amino acids), carbohydrates, lipids, and a concomitant rich library 
of chemical functional groups. Phenotypic variations between species and subspecies result in varia-
tions in the types and amounts of chemical constituents found in an organism, which should in turn 
result in spectroscopic markers that can be exploited for species discrimination (Kalasinsky, 2007; 
Hutsebaut, 2006). Raman signatures for chemical markers for discriminating spores from other bio-
logical materials have also been demonstrated (Farquharson, 2004). Table 1 shows the assignments 
of some of the Raman bands found in biological specimens. 

Second, Raman spectroscopy requires minimal sample preparation. Samples can be directly inter-
rogated by a laser, and the Raman scatter gathered by simple collection optics. Finally, handheld 
Raman spectrometers are now commercially available that are of the right size and weight to be 
used by a fi eld cytometer system, yet still possess suffi  cient resolving power to produce good-quality 
Raman spectra for species identifi cation. However, the advantages in terms of size, weight, and cost 
come at the expense of signal throughput, and consequently limit-of-detection and signal-to-noise 
ratio, relative to the more expensive and much larger laboratory-based Raman systems.
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Table 1. Chemical origin of Raman bands found in microbial

species (Maquelin, 2002)

Raman Frequency (cm−1) Assignment

3059 (C = C−H) aromatic stretch

2975 CH3 stretch

2935 CH3 and CH2 stretch

2870−2890 CH2 stretch

1735 C=O ester stretch

1650−1680 C=O amide stretch

1614 Tyrosine

1606 Phenylalanine

1575 Guanine, adenine (ring)

1440−1460 CH2 deformation

1295 CH2 deformation

1230−1295 Amide C−N

1129 C−N and C−C stretch

1102 PO2 symmetric stretch

1098 C−C, C−O from glycosidic link

1085 C−O stretch

1061 C−N and C−C stretch

1004 Phenylalanine

897 C−O−C stretch

858 C−C, C−O, glycosidic link

852 Tyrosine

829 Tyrosine

785 Cytosine, uracil

720 Adenine

665 Guanine

640 Tyrosine

620 Phenylalanine

540 C−O−C glycosidic ring

520−540 S−S stretch
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Bacterial spores for Raman analysis were obtained from the Agricultural Research Service Culture 
Collection (also known as the NRRL Collection) at the National Center for Agricultural Utilization 
Research. Samples of the species Bacillus thuringiensis, Bacillus mojavensis, and Bacillus subtilis, as 
well as several subspecies of Bacillus subtilis, were received as dried spores derived by drying a heavy 
suspension of spores in sterile bovine serum, and were used as received. A sample of dried bovine 
serum albumin was obtained to serve as a background standard for these samples. Spore samples 
of lyophilized Bacillus subtilis (received from Sigma-Aldrich Co.) and Bacillus atrophaeus (received 
as Bacillus globigii from the U.S. Army Dugway Proving Grounds) were available from previous 
experiments. 

At the outset of this project, a LINOS rail-based Raman system was constructed from available 
parts to begin data collection using a 300 mW MeshTel diode-pumped Nd:YAG laser and an Ocean 
Optics QE6500 spectrograph. Good quality Raman spectra were obtained from available Raman 
standards (ferrocene and 1,4-Bis(2-methylstyryl)benzene [BMSB]). However, Raman spectra from 
bacterial spore samples and growth media components (tryptone and bovine serum albumin) yielded 
broad, featureless spectra due to background fl uorescence. While the spectra were indistinguishable 
to the eye, it was hoped that chemometric analysis could discriminate the Raman features from 
fl uorescence and, in turn, characterize the Raman features. Chemometric determination of bacte-
rial species identifi cation using Raman spectral features had formed the basis for a Raman imaging 
system pioneered by Treado’s group (Kalasinsky, 2007) and had proven to be equally applicable to 
Raman microscopy (Huang, 2004; Hutsebaut, 2006). Two chemometric packages were procured for 
multivariate data analysis: Solo, a multivariate research tool by Eigenvector Research (a stand-alone 
version of PLS ToolBox for MatLab), and the Unscrambler by Camo Software, a chemometric 
analysis package for industrial processing environments. Both packages could discern Bacillus sub-
tilis from Bacillus atrophaeus by principal component analysis (PCA), likely due to the presence of 
-carotene in the Bacillus atrophaeus. However, the discrimination of the other species from Bacillus 
subtilis could not be accomplished with this data set.

In an attempt to alleviate the eff ect of fl uorescence, a near-infrared (785 nm), handheld Raman 
spectrometer was purchased from DeltaNu, Inc. Th e DeltaNu unit, ReporteR version 2, is a bat-
tery-operated, palm-sized Raman spectrometer with a spectral window from 300 to 2000 cm–1; a 
120 mW, 785 nm near-infrared, single-mode diode laser; a reported resolution of 12 cm–1 (mea-
sured 6 cm–1); and attachments for internal (vial) and external (lens focusing) sampling. Spectra of 
Bacillus subtilis and Bacillus atrophaeus are shown in Figure 1. While fl uorescence remains a major 
component, Raman features are evident, and diff erences between the two more disparate species 
can be discerned both by eye and by chemometric PCA. A large majority of the percent variance is 
described by the fi rst principal component, which describes the sample fl uorescence. A score plot 
of the second and third components in Figure 2 shows the clear discrimination of the two species 
by these components, which describe the contribution of the Raman spectral features to the overall
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Figure 1. Near-infrared Raman spectra of Bacillus subtilis (red) and Bacillus atrophaeus (blue), 

showing subtle vibrational spectral features on a broad fl uorescence background

Figure 2. Principal components plot of Raman spectra of Bacillus subtillus (blue), Bacillus 
mojavensis (red), and Bacillus atrophaeus (green)
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Figure 3. Fluorescence-free Raman spectrum of BMSB

spectrum. A third species shows substantial overlap with Bacillus subtilis, demonstrating the limita-
tions of discrimination between closely related species. A spectrum of BMSB is shown in Figure 3 
as an example of a fl uorescence-free Raman spectrum obtained with the ReporteR.

A direct-air aerosol sampling system was designed for interfacing with the DeltaNu Raman system, 
which would serve as the laser excitation source and dispersive Raman spectrograph. While the 
system was not actually built, components had been procured and tested to demonstrate their utility 
in an aerosol Raman system. One of the main hurdles was devising a means of creating a controlled 
linear fl ow of particles for interrogation by the laser Raman system. Direct fl ow of air-entrained 
particles into a Starna Cells fl uorescence cell resulted in the almost immediate scatter and dispersion 
of particles from a narrow-diameter tube (diameter ≥0.5 mm). Since ultrasonic piezoelectric tubes 
have previously been used as the focusing element in a liquid fl ow cytometric system (Goddard, 
2007), we produced a focused beam of particles by utilizing a piezoceramic tube vibrating axially in 
a resonance mode. A unit for directing a linear 100 ml/min fl ow of 5 μm diameter beads in air was 
designed and demonstrated based on the acoustic focusing work of Kaduchak (2002). 

Conclusion

Th e feasibility of constructing a Raman aerosol-fl ow cytometer for interrogation of airborne biopar-
ticles has been demonstrated. Th e components have been shown to function individually. While even 
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near-infrared Raman spectra of bacterial spore samples were obscured by background fl uorescence, 
chemometric analysis using commercially available software packages was successful in species-level 
identifi cation of biological samples.
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Th e technical goal of this project was to develop a low dose-rate method to detect smuggled 

fi ssile material behind shield or mask material. Th is approach used a tagged neutron beam 

to search inside an interrogated object for the signature of fi ssion. Th is technique used triple 

coincidence counting as a function of tagged neutron fl ight time to detect prompt gamma 

rays and prompt neutrons. Depleted uranium (DU) could be distinguished from the other 

materials by the positive detection of prompt neutrons after fi ssion. Experimental runs were 

performed using DU unshielded, shielded with lead and steel, and masked with fertilizer and 

cat litter. Detection of DU was possible for the shielding confi gurations, but complicated 

when masking materials were used.

Background

Th e Special Nuclear Material (SNM) Detection and Radiation Sensing Portfolio of NNSA 
develops detection technologies for use by a diverse and far-reaching nuclear non-proliferation 
partner and user base. Th e portfolio has the responsibility to develop radiation-sensing technolo-
gies that include active-interrogation techniques. 

Th e U.S. Department of Homeland Security, Domestic Nuclear Detection Offi  ce (DNDO), through 
the Suspect Nuclear Alarm Resolution program, awards funding for the development of technolo-
gies to detect and identify fi ssile materials that may be smuggled inside shipping containers. Th e 
program’s focus is the application of gamma and neutron interrogation techniques. Th is project scope 
is important because it is directed at the needs and interests displayed by both NNSA and DNDO. 
Potentially, the results of this research may be used to detect fi ssile material inside small shipping 
packages and vehicles, for example. With further development, this technique may be used to inter-
rogate shipping containers.

Th is work sought an alternative solution to fi ssile material detection that does not use high-power ra-
diation-generating devices (RGDs), such as linear accelerators (LINACs), which have serious health 
physics concerns associated with their operation. Other techniques increase signal-to-noise ratio 
by using such high-yield RGDs to produce suffi  cient fi ssion to detect the signal above background. 
Our approach, in contrast, increases signal-to-noise ratio by taking steps to decrease the background 
so that the fi ssion signature can be more clearly observed when a low-yield (107 neutrons/second) 
generator is used. Beginning with an SDRD project in FY 2008 (Keegan, “Neutron active,” 2009), 
we employed the associated particle technique (APT) to induce fi ssion in fi ssionable material placed 
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in the path of a tagged neutron beam. APT neutron generators employ a deuterium-tritium re-
action to produce 14 MeV neutrons and associated alpha particles. Th e alpha particle travels at 
180 degrees opposed to the 14 MeV neutron, so that detection of the alpha particle gives the time 
and direction of neutron travel, thereby “tagging” it. Th e experimental work was executed at the 
NSTec Special Technologies Laboratory. A scaled drawing of the laboratory system used is shown 
in Figure 1. 

Figure 1. A scaled, top-view drawing showing the layout of the laboratory 

APT system. The tagged neutron beam forms a cone that irradiates a

steel (iron) plate in this sketch. 

Th e system’s two sodium iodide (NaI) detectors detect gamma rays and neutrons radiating from the 
interrogated target (the NaI detectors have some sensitivity to neutrons). Th e tagged neutron beam 
radiates away from the generator target, taking the form of a cone. Th e NaI detectors are placed 
outside of this cone. A target placed in the tagged neutron cone will radiate gamma-rays from 
neutron capture and elastic scattering, elastic and inelastic scattered neutrons, and (n, xn) neutrons. 
Fissionable material will also produce prompt and delayed gamma rays and neutrons, and it has a 
unique signature. Th e technique counts triple coincidences as a function of neutron fl ight time. Th is 
approach produces a prompt gamma-ray spike and also a neutron “hump” if fi ssionable material is 
present in the interrogated object. 

Th is project was a continuation of work begun as an FY 2008 SDRD project, and a more com-
plete description is provided in that report (Keegan, “Neutron active,” 2009). Th e FY 2009 work 
involved detecting depleted uranium (DU) behind shielding and masking materials. DU was 
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chosen as a replacement for fi ssile material due to its similar cross section for fi ssion and den-
sity. If DU can be detected, then the same is true of fi ssile material, because the cross section 
for 14 MeV neutron-induced fi ssion in fi ssile material is about twice that of DU (~2.5 barn vs 
1 barn), and fi ssile material also displays a neutron multiplication eff ect. Consequently, the signature 
of fi ssile material will be more pronounced and unique than that observed for DU.

Project

Th e experiment runs for the unshielded DU and steel interrogation targets performed last year 
(Keegan, “Neutron active,” 2009) were repeated this year, and data were also acquired using lead, 
copper, and aluminum target materials. All of the targets were 1.3 cm thick. Th e count time for each 
run was 10 hours. Th e objective was to compare the responses of the materials to each other and to 
determine how fi ssionable material response is distinct to that of non-fi ssionable material. Counts 
were calculated as a function of delay time for Detectors #1 and #2 (delay time is the time between 
neutron production and gamma-ray detection). Th e count profi les for the two detectors were added 
together to form a combined profi le as shown in Figure 2. Since the DU–irradiated plate area (equiv-
alent to 9.1 kg) was smaller than those of the other materials, its count rates were adjusted to make 
a comparison (based on equal volumes) with the other materials.

Figure 2. The response from interrogation targets made from lead, steel, copper, aluminum, 

and DU placed 60 cm from the generator. The gamma spike and neutron hump features are 

produced by a combination of prompt gamma-rays, inelastic gamma-rays, fi ssion neutrons

in DU, prompt neutrons, and (n, xn) neutrons.
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All of the materials demonstrated a gamma “spike” when the tagged neutrons produced either 
inelastic or prompt fi ssion gamma-rays. Because all the materials had very similar profi les, it was 
diffi  cult to distinguish materials based on the gamma spike alone. Th e DU response was found to 
be diff erent due to the detection of prompt neutrons after the gamma spike. Th is appears as a valley 
following the gamma spike followed by a rise in count rate to form a neutron hump. Fissile material 
is expected to display a more signifi cant increase in the amplitude of the neutron hump (factor of ~2) 
followed by a decrease in the slope of the tail caused by neutron multiplication.

A study was performed to determine whether DU could be detected when it is placed behind a 
1.3 cm thick layer of lead or steel (thickness chosen for convenience). In each case, the shield and 
DU plates were placed 45 cm and 75 cm, respectively, in front of the generator. Due to the geometri-
cal layout of the system, the NaI detectors initially had direct line-of-sight to the DU. Consequently, 
the 1.3 cm thick shield layer was placed in front of each detector so that each detector was shielded 
from the DU. Th e count time in each case was 40 hours. Th e results are shown in Figures 3 and 4, 
where the horizontal and vertical axes are the time delays for Detectors #1 and #2. In each case, the 
DU could be clearly detected behind the shield. It is interesting to note that the steel shield pro-
vided a stronger response than the lead. Th ese runs also demonstrated that spatial separation of the 
internal components of an interrogated object can be achieved. Th is shows that it is possible to look 
inside an interrogated object and search for the signature of fi ssion.

Figure 3. Time-delay plot showing the detection of DU behind 

1.3 cm of lead. The neutron generator−lead distance was 45 cm, and

75 cm for the DU. The “Lead Signature” arrows point to the relatively

faint signal from the lead plate. The “DU Signature” arrows point to

the signal from the DU plate placed behind the lead plate. The DU

can be detected through the 1.3 cm (0.5 in.) of lead.
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A study was also performed to determine whether DU could be detected when placed behind mask-
ing materials. Both fertilizer and cat litter are considered to be masks of interest to DNDO. Th e 
materials chosen for this work were either fertilizer that contained 16% K

2
O or Tidy Cats cat litter. 

Th e result for the fertilizer run is shown in Figure 5. Th e DU plate was placed at 75 cm from the 
generator target, and 15 cm of mask was placed directly in front of the DU to cover it. Th ese results 
show that the presence of mask produces a “smear” eff ect and that the DU is eff ectively masked. 

Th e tagged neutron beam becomes scattered and thermalized as it passes through the fertilizer to 
produce the masking. It must be pointed out that if fi ssile material were used instead of DU, then the 
fi ssion rate would rise signifi cantly due to the presence of thermal neutrons and neutron multiplica-
tion. Th is means that the background rate is expected to rise signifi cantly in these time-delay plots, 
which would be another indicator of the presence of fi ssile material.

Figure 4. Time-delay plot showing the detection of DU behind

1.3 cm of steel. The neutron generator−steel distance was 45 cm,

and 75 cm for the DU. The “Steel Signature” arrow points to the 

signal from the steel plate. The “DU Signature” arrows point to 

the signal from the DU plate placed behind the steel plate. The 

DU can be detected through the 1.3 cm (0.5 in.) of steel.
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Figure 5. Time-delay plot for the 15 cm fertilizer−DU run. The 

presence of fertilizer in front of the DU produces a smear eff ect, 

where the respective material signals overlap, making it diffi  cult

to fi nd the material.

Conclusion

Our results reveal that when detecting fi ssile material, the focus needs to be on prompt neutron 
detection rather than prompt gamma rays. In order to be viable, orders of magnitude increase in 
count rate are needed. Th is can be done by adding more detectors, using larger detectors, using poly-
vinyltoluene as the detector material, replacing the phosphor window on the generator with a more 
effi  cient scintillator, and perhaps considering a generator that could produce ~108 neutrons/second.

Experimental runs need to be performed with fi ssile materials, and prompt neutron fi ssion aniso-
tropy needs to be considered as another signature of fi ssion. Bicovariance can be used when count 
rates are increased to signifi cantly increase signal-to-noise ratio to extract correlations in the back-
ground. Th is work demonstrated that it is possible to achieve spatial separation of interfaces within 
the interrogated object and look within the interrogated object for the signature of fi ssion. Fission 
detection can be accomplished by either observing the prompt neutron arms, or by observing a sud-
den rise in background counts in the time-delay plots. Th e principles used in this work can be used 
in other interrogation applications that use, for example, LINACs, and a dense plasma focus. Several 
publications resulted from this SDRD project (Hurley, 2009; Keegan, “Identifi cation,” 2009; Tins-
ley, 2009). Th is work was also featured at the 2009 Laboratory-Directed Research & Development 
conference (Keegan, “Portable tagged”) in August 2009. 
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Although sensitive to hard (10–100 keV) x-rays and 2.45 MeV neutrons, a thick

(~25.4 mm) scintillation detector can diminish the spatial and temporal resolution of a 

streaked radiation slit camera. To improve resolution with a thick scintillator in a streak 

camera, we investigated how to optimally modify the geometry of the detector to account 

for nonlocalized scintillation and beam divergence. High spatial resolution (~225 μm) was 

obtained on the image plane by segmenting the scintillator block into a stack of thin layers, 

each coated with a thin light-blocking layer. Beam divergence was accounted for with a 

shallow taper across the height of each scintillator segment. Two detector heads were built 

with diff erent fabrication techniques. In a low spatial resolution (~1 mm) detector, the 

segments were formed with mechanical polishing. Layers in a higher resolution (~225 μm) 

detector were fabricated with a heat-press process. Th ese scintillator stacks were evaluated 

in a time-of-fl ight detector and a slit camera. Th e slit camera produced streaked images 

of 2.45 MeV neutrons and hard (≤100 keV) x-rays from a fast (~1 μs) dense plasma 

focus pulse. 

Background

Th e optimized scintillator geometry (OSG) project adapted a pinhole camera (Berninger, 
2007) originally designed to take time- and space-resolved streaked images with the North Las 
Vegas Dense Plasma Focus (DPF), which emits a short, 400 ns, pulse of radiation with a broad 
spectrum that can include soft blackbody x-rays, bremsstrahlung x-rays with a ~100 keV endpoint, 
2.45 MeV neutrons, or 14 MeV neutrons. Due to its high repetition rate (~12 shots per day) and 
reasonably good reproducibility, the DPF is highly eff ective for use as a source in diagnostics char-
acterization.

Project

Th e pinhole camera on the DPF was adapted as a slit camera for the OSG project. A schematic of 
the camera (Figure 1) shows that the system is exposed directly to the DPF plasma, as it was installed 
in the DPF machine, and has four parts: a light and radiation shield adapted to the DPF machine 
with an x–y transit mount and a slit, a detector head, a transport array, and a streak camera.  

OPTIMIZED SCINTILLATOR GEOMETRY
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Figure 1. A schematic of the slit camera fi elded at the DPF 

Radiation entered the camera through a slit aperture with dimensions 200 μm high × 6.3 mm long. 
Th e slit was cut precisely in a 0.050 m thick sheet of tungsten with a laser. A neutron slit with an 
aperture 200 μm high × 9.4 mm wide cut into a tungsten cylinder 12 inches long was used when 
detecting neutrons.

Radiation detectors originally used with the camera were made with 2–200 μm fi lms of BC422 and 
BC422Q (plastic scintillators) that covered a circular area roughly 13 mm in diameter. Th ese fi lms, 
though adequate for viewing soft (~100 eV–1 keV) x-rays, had little or no sensitivity for measuring 
hard (≤100 keV) x-rays and 2.45 MeV neutrons. To make the camera more sensitive, it was neces-
sary to increase the scintillator thickness; however, this could only be done at the expense of the 
temporal and spatial fi delity of the streaked image. 

Th e image plane was defi ned at the back of the detector head where 96 optical fi bers (Polymicro 
FVP 100/110/125 fi ber) were arranged into a densely packed (i.e., without gaps between the fi bers) 
linear array and pushed against the back of the scintillator without an optical gel coupling. Scintilla-
tion light was then transported 21 m through the array to a streak camera where the streaked image 
was recorded with a 2048-pixel CCD. As seen in Figure 1, conjugate distances were defi ned to be 
r1 = 380 mm and r2 = 190 mm, where r1 was the distance between the slit and the source and r2 was 
the distance from the slit to the image plane (i.e., a magnifi cation of 0.5) and the camera acceptance 
angle was 4.37 degrees. Excepting the exchange of various detector heads, camera parameters re-
mained constant during the experiments. 

OSG Detector Design

Th e OSG detector design concept was dedicated to collecting spatially resolved images of hard 
x-rays and neutrons with the DPF source but with minimal expense to temporal resolution. Th e slit 
camera’s temporal resolution was defi ned with the BC422 scintillator material decay period, ~1.4 ns, 
which was used to determine the distance deuterium-deuterium (D-D) neutrons (2.45 MeV) travel 
in BC422. D-D neutrons traverse 25 mm of BC422 in about ~1.2 ns. To maximize the interaction 
volume in conjunction with the existing camera geometry, the scintillator thickness was defi ned to 
be 24.1 mm, while the height of the detector block was 15 mm. 
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Figure 2, which shows a cut-away schematic of the slit camera, illustrates how increasing the scintil-
lator thickness from 200 μm to 24.1 mm can exacerbate spatial blurring of the streaked image. Th e 
thickness of the scintillator slab (Figure 2, left) contributes to blurring in two ways: fi rst, the fi bers 
that collect light from the scintillator have an acceptance angle of 26 degrees. Scintillation light that 
enters a 26-degree conical volume defi ned by each fi ber within the scintillator would be collected 
by that fi ber. Th is angle corresponds to a 5 mm radius of acceptance on the downstream side of the 
scintillator block. Th us, overlapping acceptance cones would result in signifi cant crosstalk, or non-
local scintillation eff ects, on the image plane where a single scintillation event might be captured in 
numerous fi bers. 

Figure 2. The schematic shows a profi le of the DPF slit camera fi elded with a stack of planar 

scintillators. Red rays, which show the beam divergence, illustrate the diminished spatial 

resolution and how resolution can be preserved with tapered scintillators. 

A second cause of blurring is beam divergence where x-rays that enter the scintillator at a large 
angle (>1 degree) can produce scintillation events across numerous acceptance cones. In this situ-
ation resolution worsens with larger angles from the central ray of the camera. Beam divergence is 
limited when the camera is located beyond the so-called far-fi eld approximation. In the far fi eld, 
radiation that enters the camera has nearly parallel rays (i.e., this radiation does not diverge signifi -
cantly from the central axis of the camera), and therefore the spatial resolution of the image is not 
signifi cantly diminished. Th us, it is useful to calculate whether a camera is in the far fi eld. Th e far-
fi eld radius can be calculated with the heuristic equation rfar = 2D 2/λ, where D is the spatial extent of 
the radiator and λ is the wavelength of the emission. In the DPF plasma, the true magnitude of D 
is diffi  cult to determine at a specifi c time during the pulse but it can be roughly approximated with 
D ~ λD, where λD is the Debye length (the distance beyond which ions are screened by the electrons 
in the plasma). For the DPF, λD ~100 μm; thus, rfar = 20 m. Since the slit camera was located at 
r = 0.57 m from the source, it was well within the approximate far-fi eld radius and hence would be 
prone to image distortions and blurring, especially if portions of the source were more than a degree 
off  the central axis of the camera.



FY 2009Instruments, Detectors, and Sensors

148

To mitigate the eff ects of spatial blurring in the thick scintillator, the scintillator block was divided 
into thin layers separated by light-blocking coatings (Figure 2, right). Since the beam divergence 
has a conformal dependence, the blur could not be reduced simply by changing the thickness of 
the layers of scintillator. In order to account for angle-dependent blurring, the scintillator layers, or 
segments, were fabricated with a taper such that, when stacked, the outside angle closely matched 
the detector acceptance angle, 4.37 degrees, defi ned between two rays from the slit coplanar with 
the planes on the top and bottom of the scintillator stack. Ideally, each scintillator part would have a 
unique taper such that the sum of the tapers would be identical to the acceptance angle; however, we 
found that an average “one-angle-fi ts-all” taper would, upon integration, produce only a 0.2% diff er-
ence (0.009 degrees) from the acceptance angle. Th is magnitude of deviation was deemed acceptably 
small in comparison with 3% to 10% errors introduced to the stack by the fabrication methods. 

To determine the effi  cacy of the new detector confi guration, the light-production effi  ciency of a scin-
tillator wedge was estimated with 14 MeV neutrons. Photon production for each scintillator segment 
was calculated with the equation n = fApεneutεBC422τ, where f  is the fl uence (neutrons/area) calculated 
with the distance between the source and slit, the slit area A = 1.6 mm2 (200 μm × 9.4 mm), τ is the time 
fraction determined by the number of pixels covered by the streak camera sweep (τ = 0.0005), p is the 
fraction of the signal through the slit that falls on a scintillator wedge, εneut is the dose per neutron in 
the plastic scintillator (which accounts for the volume and mass of the scintillator segment), and εBC422 
is the light output per unit of dose in the BC422. Assuming 1 × 1011 14 MeV neutrons were gener-

Figure 3. The melting tray is seen on the left. The 

polishing puck is seen on the right with a 1 mm 

thick piece of scintillator.

Figure 4. The front view (top) and rear view 

(bottom) of the two types of detector heads 

after construction
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ated at the source, we calculated that n = 1000 photons were created per pixel with a piece of plastic 
25 mm long × 8 mm wide × 1 mm high. Data showed that with 0.89 mm high scintillator wedges and 
2.45 MeV neutrons, the OSG detector achieved an average of n ~5 counts/pixel. 

Detector Fabrication

A major technical challenge was to determine a process for how to fabricate thin pieces of the brittle 
BC422 plastic with very small taper angles. Two diff erent fabrication techniques were tested: a me-
chanical process and a heat-press process. 

Th e OSG project designed and tested two detector heads. Detector #1 contained a stack of 15 wedges 8 
mm wide and whose thicknesses were defi ned 0.89 ±0.013 mm on the image plane where the taper was 
θ = 0.314 degrees (a change in height of 125 μm from the back of the wedge to the front). Because 
the segments were relatively thick, the taper was introduced with mechanical polishing using a spe-
cially designed polishing puck. Figure 3 shows the special tools used to form the scintillator wedges. 
In particular, it shows the polishing puck on the right. Th is puck had a groove defi ned with the 
0.314-degree taper. 

First, 15 pieces with the dimensions 8 mm wide × 25.4 mm long were cut out of a 1 mm high sheet 
of BC422 fi lm purchased from St. Gobain. Next, each piece was inserted into the polishing puck 
and iteratively shifted along the groove until the desired thickness was achieved. Finally, the polished 
parts were coated with a light-blocking layer of 1200 Å of Al and a few hundred Å layer of siloxane, 
which added stability to the Al. 

Detector #2 contained 56 scintillator wedges 4 mm wide by 225 ±25 μm high on the image plane (the 
diff erence between the heights at each end was about 50 μm) where each wedge had a taper angle 
θ = 0.08 degrees. Each segment had the thickness and material quality of stiff  cellophane. Being only 
a little thicker than an average human hair, these scintillator parts could not be tapered with a polish-
ing puck because the wedges did not have suffi  cient mechanical strength. Instead, these scintillator 
segments were heated and shaped with pressure. A sheet of 200 μm thick BC422 plastic was cut into 
seventeen 1-inch-square swatches, which were coated with about 1200 Å of Al in order to seal them 
from oxidation when heated. Each swatch was inserted into a special “baking” tray of precision-
machined Al having a groove 43.2 m wide and with lips 254 μm high on one side and 0.051 μm on 
the other. Using 25 μm shim stock, the height of the short side of the groove was made precisely 178 
μm tall in order to produce the proper taper on the swatch of plastic. After securing the swatch in 
the tray and covering it with a large Al block, the tray with the plastic and block was heated to about 
330°F and then subjected to 500–1000 psi pressure using clamps. After cooling for no more than 1 
hour, the heat-formed swatches were cut into 4 mm wide strips and recoated with a light-blocking 
layer of 1200 Å of Al and a thin layer of siloxane to produce a tough light-tight seal.

Th e fi nished detector heads are shown in Figure 4. After the wedges were fabricated, they were 
stacked and epoxied in the cylindrical holders whose outer diameter was fi tted to the slit camera. 
Th ese detector heads were polished front and back and the front faces were coated with a fi nal layer 
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of 1200 Å of Al as a light-blocking layer. Siloxane was not reapplied to the front face in order to 
reduce the amount of material that could fi lter the x-rays.

Detector Performance

Since the OSG project did not have the resources to design and fi eld calibration targets, such as a 
rolled edge and resolution plates with the DPF, the performance of the OSG detector heads was best 
demonstrated in comparison with the data from a thin, 220 μm BC422 detector. Th us, a baseline 
set of data was collected fi rst with an unsegmented thin fi lm (200 μm thick BC422) detector head 
for comparison with Detectors #1 and #2. A 100 μm pinhole was installed with the camera. Figure 
5 shows a typical streaked image of a DPF plasma pinch collected with the thin fi lm detector. Data 
consist of a set of bright lines, or stripes, generally referred to as streaks, that are a time record of the 
changes in intensity of the scintillation light emitted from the detector. Th e intensities are directly 
proportional to the x-ray (and neutron) dose in the detector. Th e fi eld of view is a region ~0.25 mm 
wide × 26 mm high located on the z-axis just under the DPF anode. Time increases from left to 
right with the total period being ~1 μs. Th e vertical axis of the streaked image is distance along the 
z-axis, and the anode is located at the top of the image.

Figure 5 shows the dynamic evolution of the DPF pinch on the z-axis. Earliest evidence of the pinch 
appears in the upper left corner where a precursor pulse of light appears due to bremsstrahlung 
x-rays (~100 keV endpoint) produced when strong axial fi elds force the free electrons in the plasma 
up the axis of the DPF (vertically upward in the streaked image fi gures) where they collide with 
the Cu anode at high velocity. Th is initial pulse is followed closely by a bright vertical line that has 
a slight curvature, which is caused by a combination bremsstrahlung and blackbody radiation as 
the plasma collapsed onto the central axis from all directions. In this situation, the bremsstrahlung 
was created by electron–electron and electron–ion collisions in the plasma. Blackbody radiation oc-
curred when the pinching process quickly heated the plasma to an electron temperature of 3−4 keV. 
Curvature in the initial band of light is an indication that the pinch “zippers” down the DPF axis. 
Collapsing earliest just under the anode, the DPF pinch extends 1−50 mm down the z-axis over a 
20 ns time span. At this initial stage, the pinch was approximately 250 μm in diameter. Typically, the 
initial pulse was followed within 200 ns to 300 ns by one or more weaker pinches. Th ese follow-on 
pinches appeared farther down the DPF axis because the bulk of the positively charged plasma was 
forced away from the anode by the same type of electric fi elds that produced the initial bremsstrahl-
ung burst. Th is motion appeared in the streaked image as a parabolic arc that extended over a period 
of about 2 μs to the bottom of the image. Dark blue horizontal lines in Figure 5 are shadows created 
by broken fi bers caused by continued usage. Th e data show that the transport array performance 
degraded over the course of the experiment. 

Figure 6 shows the data from Detector #1 (~1 mm resolution). Th e gross features of this data are 
similar to those seen in Figure 5; however, the image is more blurry along the vertical axis. Note that 
the temporal width (~20 ns) of the leading edge of the pulse (bright line that extends from the top to 
the bottom of the streaked image) is roughly the same “width” (i.e., diff erence in time from leading 
edge to trailing edge) as the data (Figure 5) from the 200 μm thick detector; this indicates that the 
thicker detector parts do not degrade the temporal resolution of the camera. 
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Th e data from Detector #1 have four times higher counts per pixel than the detector with the 
200 μm thick layer of scintillator. Groups of streaks, or bands, about six to seven fi bers high appear 
because only seven 125 μm fi bers fi t behind one 0.89 mm high scintillator part. With the increased 
intensity per fi ber, and numerous fi bers per scintillator segment, we improved the signal-to-noise 
ratio by about a factor of 28 over the thin fi lm but at the expense of spatial resolution.

Th ese bands of streaks show none of the detailed structure observed with the thin fi lms. Th is lack 
of structure demonstrates that nonlocal scintillation eff ects would reduce spatial resolution to little 
or nothing with a monolithic scintillator slab. If the scintillator’s segments were not tapered, the 
streaked data would be more resolved in the center of the image, but image blur would increase and 
the bands would become wider toward the edges of the image where the outermost band of streaks 
would cover between 10 and 15 fi bers, or three scintillator layers (note the right image in Figure 2).

Regions of the image that are “empty” in the thin fi lm data (Figure 5) appear brighter with Detector 
#1 (Figure 6). Th ese “dark” spaces are brighter for two reasons: fi rst, although the thin fi lm covers a 
greater area than the scintillators in Detector #1, the latter is more sensitive to off -axis turbulence 
because of its greater thickness and the larger width of the slit aperture; second, Detector #1 is more 
sensitive to the hard x-ray components of the source spectrum due to its greater areal density. For 
example, there appears to be an x-ray source above the secondary pulse (~300 ns after the initial 

Figure 5. Streaked image of plasma evolution 

in the DPF (thin fi lm data)

Figure 6. Streaked image of the DPF source with 

Detector #1
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bright peak) in the data from Detector #1 that does not appear in the thin fi lm data (Figure 5). Th is 
could indicate a “hot” source of high-energy bremsstrahlung x-rays that could not be detected with 
the thin fi lm. 

Figure 7 shows a data set collected with 
Detector #2, which has signifi cantly improved 
spatial resolution in comparison to the data 
generated with Detector #1. Th e data from 
Detector #2 has the same temporal resolu-
tion and nearly half the spatial resolution 
(~225 μm) as the 200 μm thin fi lm detector 
(~125 μm). Th e intensity of the image is com-
parable, or slightly higher, than that of the 
200 μm detector. 

As with Detector #1, Detector #2 appears to 
fi ll in gaps in the data that appear in the 200 
μm detector head. A clearly defi ned source 
of x-rays appears above the secondary pulse 
(~400 ns after the initial burst) in all the data 
collected with Detector #2. 

Although some of the unevenness in the rela-
tive streak intensities in Figure 7 were caused 
by cracked or broken fi bers, the primary cause 
is that the scintillator height (average 225 μm) 
is not well matched to the transport fi ber’s size 
(125 μm in diameter). Th e fi ber-scintillator 
size mismatch caused boundary overlaps where some fi bers received less light than others. Th e non-
uniform light production can also be attributed to the fabrication process where the heating of the 
plastic, oxidation, or rough surface coatings resulting from the hot-press process might have com-
bined to reduce the effi  ciency of individual scintillator segments. Th is unevenness in the light levels 
can be addressed in the future with improved fabrication methods, better spatial mapping of the 
transport array, a fl at-fi eld image, and post-processing.

Neutron Data

In order to test the sensitivity of the OSG detectors with neutrons, each head was mated to a pho-
tomultiplier tube to form a time-of-fl ight (TOF) detector. Th e detector was surrounded with 2 in. 
thick bricks of lead that fi ltered x-rays out of the radiation pulse. Figure 8 shows voltage vs time trac-
es that compare the TOF response of Detector #1 (Figure 8, bottom) to data (Figure 8, top) collected 
simultaneously with a TOF detector dedicated to DPF operations. Th e voltage amplitude is scaled 

Figure 7. Streaked image of the DPF x-ray source 

with higher-resolution Detector #2
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to the intensity of the neutron dose. Both traces show multiple peaks and some fi ner structures, such 
as small steps. After the traces were synchronized, features were compared (see the vertical red lines 
in Figure 8). Th e excellent agreement between the position and width of the primary peak, as well 
as secondary pulse and step structures, showed both that the OSG detector successfully detected 
neutrons and that its time resolution was on the nanosecond scale.

Figure 8. Neutron TOF data from Detector #2 compared with a DPF TOF diagnostic. 

To make a visual comparison between channels easier, the time axis of the

OSG-TOF detector has been off set 50 ns and 200 ns of relative circuit delay has

not been subtracted.
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After verifying that the Detectors #1 and #2 were sensitive to 2.45 MeV neutrons, the slit cam-
era was mounted with the neutron slit behind a 0.018 in. lead fi lter designed to shield 98% of the 
100 keV x-rays. Next, the thin 200 μm fi lm detector was installed in the slit camera to verify that 
x-rays and neutrons could not be detected (i.e., the streaked images only recorded background). 
Th en, the 200 μm detector was replaced with Detector #1, which recorded streaked images with an 
extremely low-intensity neutron signal. Figure 9 shows a typical neutron image. Th ese data seem 
to indicate that the neutrons are formed during the peak periods of DPF pulse and that they were 
emitted from the entire length of the pinch, which extends across the fi eld of view, rather than co-
alescing into droplets. However, there is a “peak” at the bottom of the image that might indicate the 
most intense region of neutron production is below the fi eld of view.

Figure 9. Low-intensity streaked images 

of the neutron source with the DPF 

using Detector #1
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Conclusion

Th e OSG SDRD project successfully investigated a set of fabrication processes for constructing 
thick detector heads sensitive enough for detecting neutrons while preserving high spatial and tem-
poral resolution. Th e eff ort investigated how to polish plastic and deform plastic under pressure 
and heat. Th e OSG project also successfully obtained time- and space-resolved streaked x-ray and 
neutron images of the DPF source.
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DENSITY FUNCTIONAL THEORY COMPUTATIONS FOR 
URANIUM CHEMISTRY
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Optical detection of uranium in the environment is primarily limited to the spectroscopy of 

molecules of hexavalent uranium. Other valence states of uranium are important molecular 

environmental contaminants, particularly tetravalent uranium, but current techniques of 

laser-induced luminescence are insensitive to them. In order to get a fi rmer understanding of 

the luminescence problem of uranium in the environment, we have undertaken a theoretical 

study of structure and spectra of uranium-based compounds. In particular, we have applied 

density functional theory calculations to the valence properties, molecular bonding, and 

optical activity of uranium compounds.

Background

Molecular Compounds of Uranium

Uranium has six outer valence electrons in a 5f  36d17s2 electronic confi guration, and the oxida-
tion states typically seen in nature range from +3 to +6, with large classes of chemical compounds 
appearing with +4 and +6 uranium valencies. Th e +6 valence state, usually called hexavalent, occurs 
under oxidizing conditions, and the hexavalent compounds are typically water soluble. Because of its 
bonding with oxygen to form the uranyl radical UO

2
++, hexavalent uranium is the most commonly 

found, and, consequently, the most studied form of uranium. Th ere is considerable literature available 
on the spectroscopy of these compounds, and the publications by McGlynn (1961) and Denning 
(1976; 1979, “Uranyl Ion II”; 1979, “Uranyl Ion III”) are rich sources of information. Tetravalent 
compounds, on the other hand, occur mostly in reducing environments and tend to precipitate from 
solution. Perhaps it is the tendency of tetravalent uranium to form insoluble solids that is responsible 
for the relative lack of spectroscopic information. Nevertheless, the articles by Hargreaves (1967) 
and Gagliardi (2001) are good starting points on the structure and spectra of tetravalent uranium.

Th e UO
2

++ molecular building block of hexavalent uranium is very tightly bound and chemically 
stable. It is a linear molecule with a central uranium atom with triple bonds to the oxygen atoms 
on opposite sides. Th e U−O bonding consists of one σ linkage and two π linkages, the ground state 
confi guration is 1∑g

+, and it conforms to Hund’s Case A angular momentum coupling. Any ligand 
bonding to the UO

2
++ radical tends to be localized in the equatorial plane normal to the UO

2
 in-

ternuclear axis. Th e U−O bond distance is nominally 1.6 Å, but ligand coordination can cause up 
to about 20% variation of that distance. Th e dominant optical activity is due to the UO

2
++, and the 
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presence of ligand coordination acts primarily as a perturbation that fi ne-tunes the optical absorp-
tion and emission bands. Th e optical absorption bands are in the blue and near ultraviolet, and the 
emission bands are in the green. Most uranyl compounds are green or yellow in appearance.

Tetravalent uranium is the second most stable of the uranium valencies, and the most important 
tetravalent uranium compound is uranium dioxide, UO

2
, which is used for nuclear fuel. Th is com-

pound appears black. Th e absorption bands are in the visible and infrared, and the emission bands 
are primarily in the infrared. Th ere is some uncertainty about the nature of the ground state, being 
either 5f  7s or (5f )2 (Gagliardi, 2001), and the ground state designation is thought to be 3Φu.

Density Functional Th eory

Density functional theory (DFT) is an ab initio quantum mechanical calculational technique that 
has seen widespread use in the past 20 to 30 years. In a sense, it is an extension of the Hartree-Fock 
method, in that it is a variational technique applied iteratively to solve Schrodinger’s equation. Th e 
salient diff erence between Hartree-Fock and DFT is in the “wave” function, Ψ. In the Hartree-
Fock method, Ψ is a 3n-dimensional Hilbert space function; whereas, in DFT it is replaced with 
three-dimensional electron density function in real space. Hohenberg and Kohn (1964) recognized 
that Schrodinger’s equation can, in principle, be solved exactly in terms of the electron density. 
Th e dimensionless electron density is the integral <Ψ*Ψ>, and the theorem of Hohenberg and Kohn 
demonstrates that not only is the density a functional of the Hamiltonian’s potential term, but also 
that the Hamiltonian potential can be represented as a functional of the density. For a conservative 
potential, the virial theorem states that the kinetic energy can be directly derived from the poten-
tial; thus, the potential is the essential functional. Hohenberg and Kohn present an explicit solu-
tion for a free-electron gas. Th e advantage of using the density instead of the wave function as the 
primary functional is that the dimensionality of the problem is vastly reduced for systems of many 
electrons. Kohn and Sham (1965) articulated the formalism that eventually became DFT. Th e litera-
ture and the approximations of DFT are as rich and vast as for Hartree-Fock and Dirac-Fock 
formalisms.

Project

Our primary interest in DFT is the prospect of calculating excited-state confi gurations and transi-
tion strengths, and this requires the solution of the time-dependent Schrodinger equation. Tech-
niques have been developed in DFT to solve this class of problems, and the formalism is called time-
dependent density functional theory (TDDFT). Th us, in our survey of available DFT software, we 
considered only packages that could perform TDDFT calculations. We eventually settled on three 
software packages for testing, and installed them on the 24-node computing cluster at the Special 
Technologies Laboratory. Th e three programs that we acquired, in the order of their testing, were 
ABINIT (2009), General Atomic and Molecular Electronic Structure System (GAMESS, 2009), 
and NWChem (2009). In order to be sure that we knew how to properly use the software, we started 
by generating a few demonstration calculations of well-known molecular results: oxygen (O

2
), nitro-

gen (N
2 
), water (H

2
O), methane (CH

4    
), and formaldehyde (CH

2
O). We calculated these test cases 

with all three software packages.
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ABINIT is free software under the GNU general public license, and program development is coor-
dinated by the Université Catholique de Louvain. Th e software is well-documented, the installation 
and confi guration is straightforward, and the tutorials are excellent. Of the three DFT programs we 
tested, it was the easiest to operate. ABINIT does DFT and TDDFT, but it uses only plane-wave 
basis sets, which limits its capabilities. Plane waves are good for computations of surfaces and unit 
cell crystalline structure, but they are not the best choice for isolated or gas phase molecules, because 
the number of basis functions for the calculations becomes prohibitively large.

GAMESS is software developed at Ames Laboratory/Iowa State University under the direction 
of Professor Mark Gordon. It is distributed under a no-cost site license, and is not considered to 
be freeware. To obtain it, one must register at the GAMESS Web site, obtain an access password 
through e-mail, and then download the software. Th e documentation is minimal, and there is no 
real tutorial. However, there are a number of example input fi les, so the situation is not hopeless. 
Th e source code is in FORTRAN, and some modules are written in C. Th e confi guration and com-
pilation of GAMESS was diffi  cult and time-consuming, but it performed well once it was compiled 
and confi gured. We were able to obtain results that were not possible with ABINIT. GAMESS 
works well for excited singlet states, but it is not capable of calculating excited triplet states.

NWChem is available from the Environmental Molecular Sciences Laboratory of the Pacifi c North-
west National Laboratory. Th e code is distributed under a limited site license that is free for govern-
ment agencies and contractors. It is written in FORTRAN, and its confi guration and compilation 
are relatively straightforward, although not quite as easy as ABINIT. Th e program is very power-
ful, and, so far, it has been capable of doing everything we have attempted. Some problems arose 
with the natural bond orbital module, which crashed when trying to calculate systems with valence 
f-electrons.

Results

To calculate a vertical electronic excitation, we start by generating excited-state confi gurations for a 
molecule in its ground state. Initially, the total electron density does not include any contributions 
from the excited states. Th is produces an excitation energy for the transition, but since it is not the 
variational minimum of the state, it overestimates the energy. Next, the TDDFT calculation in-
cludes electron density from excited states and distorted valence states, and this lowers the energy, 
but does so without changing the fundamental symmetry of the molecule. In essence, the electroni-
cally excited ground state overlaps with multiple states of vibrational and rotational excitation, and 
this begins to be manifest in the computation results. Bond lengths and bond angles are changed, but 
the fundamental symmetry is preserved. If, however, the excitation changes something fundamen-
tal in the molecular symmetry, then unphysical (negative) results are calculated for the vibrational 
bands. Th is leads to another geometry relaxation in a search for the minimum energy confi guration, 
and the symmetry is allowed to be broken.

Our calculations illustrate that formaldehyde, CH
2
O, undergoes symmetry breaking when excited 

to the fi rst excited state. Th e ground state is a planar molecule with C2v symmetry, and the electronic 
excitation deforms it into a bent molecule with Cs symmetry. Th e CH

2
O molecule in its fi rst excited 

state is no longer planar because electronic excitation moves some electron density from the region 



FY 2009Computational Sciences

160

between C and O atoms and puts it into a π* anti-bonding orbital, which is largely localized above 
the C atom. Th e extra anti-bonding electron density above the C atom pushes the two H atoms out 
of the plane. Th e reduction of electron density between the C and O atoms causes the C−O bond to 
lengthen. Th is process is illustrated in Figure 1, which shows the excitation deformation, the eff ect 
of the symmetry breaking, and the relaxation of the fi rst excited state.

Figure 1. Symmetry breaking by electronic excitation in formaldehyde. The excitation 

energy is greater than the energy of the fi nal fi rst excited state. The bond length 

increases, and the molecule bends, breaking the C2v 
symmetry. The DFT calculation 

of the saddle-point energy yields negative vibrational energies. This signals a break in 

symmetry.

Next, we calculated the ground-state energies and geometries of a few molecules containing ura-
nium. Figure 2 shows the results for the ground-state symmetries and the bond distances for UO

2
++, 

UO
2
F

2
, and UF

6
, and the calculated numbers compared well with experimental results. For the ura-

nyl radical we calculated 1.71 Å for the U−O bond distance for the bare radical, and 1.78 Å for 
the same bond when the radical was perturbed by F ligands. Our calculations agreed well with the 
experimental result, 1.75 Å, obtained by Denning (1976). Our result for UF

6
 was regular octahedral 

symmetry with a bond length 2.03 Å. Bauer’s experimental results (1950) suggested that the sym-
metry is irregular octahedral with bond lengths 1.87 Å and 2.17 Å. A more refi ned analysis (Glauber, 
1953) indicated that the symmetry is probably regular, and the bond length is nominally 2.02 Å.
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Figure 2. Calculated ground-state energies and geometries of uranium hexafl uoride (UF
6
), the uranyl radical 

(UO
2

++), and uranyl fl uoride (UO
2
F

2
)

For tetravalent UO
2
, however, we calculated a bond distance of 1.86 Å, but the experimental result 

(Gagliardi, 2001) has been 1.77 Å, which shows weaker agreement with our calculation. It is not yet 
clear to us why the discrepancy is larger for the bond length when uranium is in the tetravalent state.

Th e results of TDDFT calculations for excited states of UO
2

++ are shown in Figure 3. Th e excitation 
proceeds via an electric dipole transition to an excited state that is approximately 3.5 eV above the 
ground state. Th en the molecule undergoes a dynamic relaxation process that distorts the geometry, 
mixing vibrational and rotational states, and mixing parity of the electronic levels. Th e excited mol-
ecule then settles into a metastable excited state that is primarily triplet in character. Th e arrows in 
the spectrum in the lower part of the fi gure indicate the band origins of the DFT calculations. Th e 
experimental optical bands are reproduced from McGlynn and Smith (1961).

Because the ground state is a singlet and the excited state a triplet, the de-excitation transition to 
the ground state is a spin-forbidden transition. It must occur via photon emission, which is either 
electric quadrupole or magnetic dipole in character. Th ese types of transitions have small oscillator 
strengths, and this is why the luminescent state of uranium is long lived. Currently, NWChem does 
not calculate the overlap integrals for oscillator strengths for spin-forbidden transitions, but the 
capability exists within the software, and we are communicating with NWChem developers about 
adding the feature to the software.
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Figure 3. Results of a TDDFT calculation for electronic excitation of the uranyl radical. Multiple states 

populated by photoabsorption relax into a lower state that emits in the green. The lower part of the 

fi gure reproduces data from McGlynn and Smith (1961). The arrows indicate the band origins calculated 

by TDDFT. The relaxation energies in the upper part of the fi gure correspond to a single absorption 

band, while the arrows in the fi gure below refer to three diff erent absorption bands.
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Conclusion

We have performed DFT calculations on several hexavalent and tetravalent uranium molecules, and 
fi nd good qualitative agreement with laboratory results. Th e agreement for state designations, such 
as symmetry, is exact. Th e quantitative agreement with experiments is to about 20%, and the agree-
ment is better for hexavalent uranium than it is for tetravalent. We fi nd also that the excited states 
leading to luminescence of hexavalent uranium are triplets, and optical transitions to the ground 
state are spin-forbidden. Photon emission must occur via electric quadrupole and/or via magnetic 
dipole transitions.
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Th e goal of this project was to determine whether modern particle transport capabilities 

and processing power, in conjunction with a formalized inverse problem, can advance the 

state of the art with regard to radiation detection. A photon transport code and nonlinear 

optimization algorithm were designed, and test problems were run. Th e scheme performed 

well for the test problems considered, and the work appears to have many programmatic 

applications within the fi eld of standoff  radiation detection.

Background

Because of recent homeland security initiatives, advancing the state of the art as it applies to radia-
tion detection has become a priority of emergency response. Th is priority has heightened the desire 
to push the limits of detection, and to identify and quantify the characteristics of that which is 
detected. In many applications, such as detection of shielded radioisotopes and remote sensing, the 
radiation profi le measured by a detection system is dominated by radiation that has interacted with 
the surrounding media prior to interacting with the detector. Such scenarios signifi cantly complicate 
the problem and render typical techniques employed for quantifi cation, such as extracting photopeak 
count rates, ineff ective. Existing techniques employ relatively crude particle transport models, such 
as modeling radiation using the uncollided fl ux, or using buildup tables. Historically, such tech-
niques have been necessary due to a lack of easily understood transport codes and the corresponding 
computer power necessary to run existing complex codes. Th e primary objective of this work is a 
proof-of-principle illustrating that advances in algorithms and computer resources allow for more 
complete particle transport treatments as they relate to radiation detection missions. 

Project

Inverse Transport Algorithm

Modern transport codes based on either Monte Carlo codes or discrete ordinates solve the forward 
problem, whereby a user specifi es information about radiation sources and the medium surrounding 
them, and the code returns information about the distribution of particles throughout the domain. 
A related problem is the inverse problem, whereby a user specifi es detection measurements at vari-
ous locations and asks questions about the presence of radiation sources and surrounding media. 

INTERPRETING RADIATION MEASUREMENTS 
USING INVERSE TRANSPORT
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Unlike the forward problem, the inverse problem is underspecifi ed, and thus it has no direct solu-
tion. Instead, one must seek solutions that optimize the agreement between measurements and the 
response predicted by the transport model, including deductions regarding the presence of sources 
and intervening media. Such problems are common in the sciences, and there are known solutions 
for approaching them. Typically, these problems are cast in terms of a nonlinear optimization prob-
lem, whereby a function representing the fi t between predicted and measured values is minimized 
using some variation of a least-squares algorithm. Work in other fi elds based on this type of inverse 
problem has been published in the literature. In one application, researchers have applied a simple 
transport treatment to the fi eld of optical tomography imaging. In optical tomography, a fl uores-
cing compound is injected into a patient, and the light given off  that escapes the body is used to 
image tissue (Charette, 2008). In this scenario, because the source is known, researchers are con-
cerned about very low–energy photons and are curious only about the media. Th is and related works 
have shown great promise at advancing such imaging techniques. Within the fi eld of radiation 
detection, little work has been done. Th omas Haard investigated the inverse problem in some detail 
(Haard, 2006). Haard assumed a particle transport model equivalent to the 1/r2 law in combination 
with a presumed detector effi  ciency, and the formulation worked well at resolving sources on the 
interior of a domain. Our work in this year’s SDRD may be seen as a generalization of the work 
detailed by Haard, adding the rigorous transport formalism required to function with problems not 

dominated by the uncollided fl ux.

Detector Characterization

Th e fundamental variable associated with the Boltzmann transport equation is the number density 
or fl ux of particles in the seven-dimensional phase space spanned by time, energy, direction, and 
position. Even the best radiation detection equipment measures this density imprecisely. For in-
stance, not all systems are spectral, and very few systems measure the directional tendencies of the 
radiation profi le. Of primary concern for this research is the energy variable. Since no detector is 
infi nitely large with perfect resolution, the spectral response of a detector is only loosely related to 
the particle fl ux. For instance, even within a vacuum a thallium-doped sodium iodide NaI(Tl) detec-
tor shows a spectrum of energies when submitted to a delta function (i.e., monoenergetic source). In 
order to relate measurements to the fundamental quantities that are calculated by transport codes, it 
is necessary to develop a rigorous detector response treatment.

Th is work considered a new photon detection system deployed by Radiation Solutions, Inc. (RSI) 
containing a 2" × 4" × 16" NaI(Tl) log-type detector, modern digital signal processing technolo-
gies, and a 1024-channel spectrometer with a 3 MeV energy range. Th is detector uses a proprietary 
scheme by which the spectral energy response is linearized to achieve less than 1% error over the en-
tire range. Th is system was chosen as a candidate for future detection systems as it represents state-
of-the-art technology and eliminates the need for applying energy calibrations. Although somewhat 
academic, a detector-response function R(E) may be defi ned as a continuous function that when 
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convolved with the particle fl ux  (E) yields the spectrum measured by the detector, S(E):

         S (E) = ∫E dE R (E)(E).  (1)

If energy discretization appropriate to the RSI system is chosen, a discrete matrix form of Equation 
1 can be written as:

       S = R              (2)

Here and S are column vectors representing the fl ux and spectra in each energy bin of the discreti-
zation. R is the response matrix. If we consider Equation 2 for a moment, we see that the columns 
of the response matrix must yield the spectral response seen when the detector is submitted to 
monoenergetic photons of energy associated with that column. In the RSI system, the conversion 
gain is 3 keV/channel, and the energy associated with the center of channel i is 3(i – 1)keV. Th us, 
for example, we see that Column 222 of the response matrix must be the detector response measured 
when submitted to a monoenergetic photon source of 663 keV. In this way, the response matrix may 
be built from a series of 1024 spectra. Th is result may be thought of as a multiline spectrum, which 
may be composed of a linear combination of the monoenergetic spectra associated with each of 
the constituent lines. It is worth pointing out that in principle one may simply invert the response 
matrix and convert a measured spectrum directly to the associated particle fl ux. Th ese possibilities 
were investigated somewhat. Th e fi ndings may be summarized by stating that the matrix is very 
poorly conditioned and some amount of preprocessing as well as quad-precision computing are 

needed to perform this inversion. Some success was found in determining a pseudo-inverse.

A response matrix was generated using a total of 1024 Monte Carlo N-Particle (MCNP) simula-
tions to model the RSI detector composed of NaI(Tl) and aluminum housing. For this work, a 
point source uniformly irradiating the large face of the detector was assumed. Th e predicted response 
given by any Monte Carlo code represents energy deposition in the crystal only, thus ignoring the 
fi nite resolution of the detection systems. If one can experimentally determine the energy resolution 
for a detector, it is possible to appropriately broaden this response to give an accurate result. Some 
codes allow one to Gaussian-broaden the response, and thereby more accurately represent a real 
detector. However, it has been shown that such an approach can introduce artifacts in the result 
(Metwally, 2004). For this reason, as well as a desire to use raw, experimentally determined energy 
resolution data, all broadening of spectra were performed in post-processing. Figure 1 shows the 
results of the MCNP calculation and subsequent broadening for Column 834 (2500 keV) of the 
response matrix. We note the presence of all expected physics in this spectrum including single and 
double escape peaks, characteristic x-ray escape peaks from the constituents, and annihilation radia-
tion. Figure 2 shows a sampling of nine columns of the response matrix. 
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Figure 1. Response function generation and subsequent broadening for 2500 keV

photons incident isotropically on a NaI(Tl) detector as predicted by MCNP

Figure 2. Sample response matrix columns normalized (unit-incidence normalization)
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Using this response matrix, it is possible to convert particle fl ux to measured spectra. For illustra-
tive purposes, we considered a simple case whereby the response from multiline radioisotopes was 
generated using a fl ux vector containing the proper yields in their respective positions and zero in 
all other channels. Figure 3 shows the spectrum generated by using a fl ux vector characteristic of 
the top 30 most prominent 239Pu photon decay schemes. We note that this spectrum and others 
match experimental data very well, accounting for the discrepancies associated with room return. 
Th is is no shortfall of the response matrix itself but rather an acknowledgment that the fl ux vector 
needs to be computed by accounting for the transport phenomenon prior to multiplication by the 
response function. Th e response function as derived assumes that the fl ux employed is that present 
on the outer face of the detector. In cases where surrounding media are important, one need apply 
a transport algorithm in order to compute the expected fl ux at the detector face prior to applying 
the response matrix. 

Figure 3. Simulation of 239Pu spectra using response matrix and 30 primary 

photon lines 

Inverse Transport Implementation

A one-dimensional discrete ordinates transport package was written to perform photon trans-
port calculations. Th e standard multi-group treatment was used to discretize the energy variable in 
conjunction with a linear discontinuous spatial discretization. In order to quantify the magnitude 
of the correction to be used when updating the source/material guess, an adjoint capability was 
implemented in the discrete ordinates package. Th e adjoint solution to the transport equation yields 
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information about the importance of the various parameters as they relate to the forward calculation 
particle fl uxes. Th is provided a fundamental basis by which to update the presumed confi guration 
information. A basic nonlinear optimization scheme was established to solve the problem. Th e fl ow-
chart describing the inverse transport implementation is shown in Figure 4.

Figure 4. Inverse transport algorithm

Several test problems were run using a combination of the discrete ordinates code and MCNP. 
Based on a presumed measured spectrum, the inverse transport algorithm was used to determine the 
activity level and shielding distance associated with the test spectrum. An MCNP model was run 
for a signifi cant amount of time in order to generate a test spectrum and minimize statistical uncer-
tainty. Th is test spectrum was then taken as the standard. Th e measured spectrum input to the inverse 
transport algorithm was tweaked by adding various amounts of statistical noise by scaling total count 
rate and sampling from a standard normal distribution. As the discrete ordinates grid converged to 
the solution, good agreement was seen between its resulting activity and the known values. Slight 
diff erences can be attributed to cross section diff erences in the two codes and discretization error. 

Figure 5 depicts the results of an aerial test problem in which a point source of 137Cs is placed on an 
infi nite plane of dirt, and a measurement is taken at various altitudes directly above the source. Given 
the altitude at which the measurement was taken, the code supplied a very good estimate for the 
unknown source activity. Th e results of the aerial test problem also provided confi dence that these 
techniques could be employed to provide the altitude-dependent stripping coeffi  cients required for 
a general matrix-based extraction algorithm.
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Figure 6 depicts the results of a point source–shielding problem where a detector is placed 1 m from 
a point source of 137Cs surrounded by a spherical shell of iron (Fe) of varying thickness. As seen in

Figure 5. Aerial test problem example spectra showing spectral shape changes due 

to increasing air attenuation

Figure 6. Fe sphere test problem example spectra showing spectral shape dependence 

on shielding thickness
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the fi gure, the shape of the spectra changes with increasing shield thickness. Because the mag-
nitude of the spectral response scales with increasing source strength, it is the shape of the spectra 
that must be used to glean information. Th e results of the Fe sphere test problem also show that 
the inverse transport scheme is able to predict the unknown source strength and associated shielding 
thickness. 

In all test problems, it was found that by reducing the count rates, the noise associated with the test 
spectra overwhelmed the algorithm at some point. Some work was done to show that by collaps-
ing the response matrix to fewer channels, one may achieve better results for statistically noisy test 
spectra. As the number of energy bins was further reduced, the algorithm began to fail, as it was 
no longer possible to distinguish diff erences in the spectral shape associated with diff ering amounts 
of shielding. All of this was expected and depended greatly on the particular problem being solved, 
as well as the questions being asked. 

Conclusion

Th e inverse transport methodology, as well as the infrastructure devised to support it, shows promise 
for advancing radiation detection methods. All the test problems investigated showed respectable 
results. Th e matrix formulation of detector response combined with a discrete ordinates code provide 
the fl exibility to give high-fi delity performance with strong signal strengths, while at the same time 
collapsing to provide good performance in low-count environments.

Much research needs to be done with regard to automating and ensuring robustness of the inverse 
transport algorithm. Future work should include more thorough investigations into proper nonlinear 
least-squares search algorithms. It is likely that for certain classes of problems, optimally weighted, 
least-squares methods exist that perform much better than the schemes used here. A simplifi ed 
version of these techniques should work quite well for advancing and generalizing the techniques 
currently employed to analyze aerial data. Th e formal response function treatment performed in this 
work will provide much needed spectral-simulation capabilities that signifi cantly advance emer-
gency response missions.
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Th e goal of this project was to investigate a wavelet-based, spectroscopic identifi cation 

algorithm with potential real-time capabilities for use on noisy spectra and with very short 

acquisition times. Th e identifi cation algorithm predominantly in use is very reliable, but 

requires long dwell measurements and signifi cant computational resources. Th e scope of 

this project was to use techniques from wavelet analysis to boost the signal-to-noise ratio, 

then leverage a machine-learning technique, called support vector machine, to assist in 

classifi cation. Th is proved to work eff ectively, and there is a clear path forward for further 

improvement.

Background

When a single gamma ray interacts inside a detector, either the gamma ray deposits all of its en-
ergy inside the detector and does not escape (the peak), or it deposits only a portion of its energy 
and subsequently escapes the detector (the Compton continuum). Th e probability with which each 
of these cases occurs is well known and depends on the energy of the gamma ray and the size and 
material makeup of the detector. Th e peak appears as a Gaussian shape, and the Compton con-
tinuum appears as a rectangle shape below the peak. A general rule of thumb is that the number 
of counts in the peak and the Compton continuum are roughly the same. Gamma spectra are gov-
erned by Poisson statistics, so the shape of the peak develops relatively rapidly, while the Compton 
continuum develops slowly over time.

Th e traditional methods of isotope identifi cation rely on template matching, which generally re-
quires long dwell measurements and are computationally intensive. In nuclear search technology, the 
ability to do preliminary isotope identifi cations rapidly with measurements of short duration has the 
potential to be very benefi cial in key situations. 

Project

All spectra used in this project are based on Monte Carlo physics transport modeling code using 
Geant4 to model the response of a standard 3" × 3" sodium iodide (NaI) detector in 1024 channels 
for the energy range 0–3.5 MeV. Our initial approach to developing the spectroscopic identifi cation 
algorithm was very simple. Th e peaks manifest in the data quickly, so a standard technique from 
mathematics and signal processing was used to emphasize peak structure or increase the signal-to-
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noise ratio. After emphasizing the peaks’ structure in the data, then the simplest and fastest perform-
ing machine-learning technique was used to diff erentiate the spectra from diff erent isotopes.

Wavelet Transform Background

Th e mathematical technique we employed is called the wavelet transform, which is a generalization 
of the Fourier transform (Mallat, 1999). A kernel function, K(x), was chosen to transform the spec-
tra. Consider the spectrum as a function, f, where x represents the channel (or perhaps energy) and 
f (x) represents the number of counts in that channel (or at that energy). Th en, the continuous 
wavelet transform is the two-parameter function,

  (1)

where b is an off set and a is a scale factor. Th is essentially provides a measure of the similarity of f 
with K at location b and scale a. Th e wavelet kernel used throughout this project is commonly re-
ferred to as the Mexican hat wavelet, expressed as:

  (2)

Th e nomenclature for this wavelet kernel comes from the distinctive shape of its graph. Th is kernel 
looks similar to a Gaussian, so it seems a natural choice for emphasizing the location of Gaussian 
peaks. Wavelet analysis, a cross-disciplinary fi eld in mathematics, has been developed by a huge 
number of researchers from a wide variety of fi elds.

When a smooth wavelet kernel is used, the corresponding wavelet transform will be smooth, even 
when the original spectrum is very noisy. Figure 1 shows the continuous wavelet transform of a 
low-count 152Eu spectra using the Mexican hat wavelet kernel, demonstrating the eff ect of the scale 
parameter and the smoothness of the transformed data.

Signifi cant redundancy occurs in the wavelet transform, because similar values of scaling factor 
result in similar values of wavelet coeffi  cient. Th e purposes of this project do not require use of the 
entire continuous wavelet transform; only one scaling factor on par with the resolution of the detec-
tor at each energy/channel is necessary.

Only the overall shape of this wavelet transform is required for isotope identifi cation, so this modi-
fi ed wavelet transform of the spectra is converted to a unit vector in 1024-dimensional space. Th e ba-
sic idea is that spectra obtained from one isotope will have normalized wavelet transforms that look 
very similar. In Figure 2, fi ve spectra of 152Eu with increasing counts are each divided by the num-
ber of counts in their spectra and plotted together. Th eir normalized wavelet transforms are also 
plotted together to contrast the levels of similarity between the spectra and their wavelet transforms. 
Th e wavelet approach is clearly able to extract the inherent similarity between the spectra.

F (a,b) = ∫f (x)K(      )dx,x–b
a

K(x) = 1
√

—2
(1 – x2)e x2

2− .
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Figure 1. Continuous wavelet transform of 152Eu spectrum



FY 2009Computational Sciences

176

Figure 2. Comparison of normalized spectra with their normalized 

wavelet transforms 

Support Vector Machine (SVM)

Th e SVM technique is the simplest, fastest machine-learning technique commonly used today. For a 
general reference, see Burges (2009). Th e concept is based on a very simple geometric principle. An 
(n-1)―dimensional plane splits n-dimensional space into two pieces; unfortunately, they are both 
infi nite pieces. Similarly, an (n-1)―dimensional plane with a distance from the origin of <1 splits the 
sphere in n-dimensional space into two pieces, each of which has a fi nite, easily determined size.
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If a collection of known data points represented 
in n-dimensional space exists (i.e., spectra with 
n = 1024) and these data are naturally divid-
ed into two classes (i.e., the spectrum is from 
a given isotope or not), then a plane might 
exist that separates the two classes from one 
another—all the yes data will be on one side 
of the plane, and all the no data on the other 
side of the plane (Figure 3). Th e idea behind 
SVMs is fi nding the plane that does the best 
possible job of dividing the two sets of points. 
Th is results in solving a least-squares opti-
mization problem to fi nd the plane, uniquely 
determined by a normal vector and distance 
from the origin.

If the known data points used to determine the 
plane are generally representative of the data, 
then this plane can be used as a classifi cation 
scheme. SVMs are very eff ective for a well-posed binary classifi cation scheme, and are widely used 
today for a whole host of problems, including image recognition, genetic analysis, and analysis of 
similarity in literature to detect plagiarism. Th e widespread use of SVMs has the benefi t of a large 
amount of eff ective, free, open-source software dedicated to simply and eff ectively fi nding the opti-
mal dividing plane (Lin, 2009).

Th e data points lie on the unit sphere in 1024-dimensional space and are divided into two pieces by 
the SVM approach described above. Th e SVM dividing plane is defi ned by a normal vector and a 
distance from the origin, d (Figure 4). In this case, the yes/no decision consists of checking whether 
the dot product of the normal vector with the transformed spectrum is greater than d. So, the set of 
yes answers is characterized as an arc of the 1024-dimensional sphere. Th e fraction of the n-dimen-
sional sphere swept out by such an arc is given by

  (3)

Of particular signifi cance is that for a fi xed d, the value of V(n,d ) decreases drastically as n increases. 
Th is generally indicates that the SVM technique would be more eff ective if the problem were high-
dimensional, and less eff ective if the problem were low-dimensional. If the spectra of two distinct 
isotopes essentially share the same small energy range, they are extremely diffi  cult to tell apart. 

            Figure 3. Yes/no data display; SVM will locate the

            plane that best divides these data

V(n,d) = (1 – x2)
n – 3

2 .dx∫
1

d√
– г n – 1

2( ) ( )
2
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Figure 4. The SVM dividing plane is defi ned by a normal vector and a distance from the origin, d

Grouping of Isotopes

We selected a robust set of isotopes to see how well the combination of wavelet methods and SVM 
classifi cation would group isotopes. Many of the isotopes chosen were esoteric. Ultimately, 99 iso-
topes divided into 55 groups (based on similarity of spectra) were used. Th e grouping scheme is given 
in Table 1. 



SDRDComputational Sciences

179

Table 1. Isotope list and grouping scheme 

Group # Isotope Group # Isotope Group # Isotope Group # Isotope Group # Isotope

1

11C

22Na

51Mn

52Fe

55Co

61Cu

62Zn

64Ga

72As

72Se

82Rb

85Sr

122I

130Cs

5

51Cr

105Rh

192Ir

18 77Br
32

132I

137Cs

40 149Tb

19 82Br 41 166mHo

20 81mKr

33

127Xe

235U

239Pu

42 169Yb

6 52Mn 21 85mKr 43 177Lu

7 54Mn
22

89Sr

88Y

44 179Ta

8 59Fe

34

133mXe

133Ba

211At

45 191mIr

9 58Co 23 90Sr 46 198Au

10

57Co

238Pu
24

95Zr

95Nb

47 203Pb

35 139Ce

48

212Pb

228Th

232Th

11 60Co 25 96Tc
36

145Sm

201Tl12 67Cu

26

99mTc

141Ce

186Re

13 65Zn

37

153Sm

153Gd

182Ta

241Am

49

214Pb

226Ra

14

67Ga

165Dy

178Ta

238U

27

97Ru

225Ac

50 212Bi

2 40K 51 213Bi

3 46Sc 28 103Ru 38 152Eu 52 214Bi

4

47Sc

117mSn

123I

188W

15

74As

124I

29 111In

39

155Eu

229Th

241Pu

53 223Ra

30

115mIn

194Os

54 237Np

16 75Se
55 240Pu

17 75Br 31 131I
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Training data consisting of spectra from all 99 isotopes were employed to train one SVM for each 
group. Th en, this collection of SVMs was used in an attempt at spectral identifi cation. Th e spectrum 
in question was fed into a given SVM to determine whether or not the spectrum came from one of 
the isotopes in the group with which the SVM is associated. Th is process was performed with each 
SVM, which led to 55 Boolean (yes/no) answers.

In the ideal case, exactly one of these answers would be yes, and the other 54 would be no; the likely 
conclusion would be that the spectrum did come from one of the isotopes in the group in question. 
Th ere are, of course, other cases. Th e spectrum could have all no answers, in which case no conclusion 
is drawn. Multiple yes answers could occur, in which case further analysis is required.

Results 

Th e results obtained are very encouraging, and a sign that ideas here can be used and extended to 
form a legitimate real-time isotope identifi cation scheme. Th e test data consisted of 100 spectra 
from each isotope, 10 spectra each consisting of 100, 200, 300, 400, 500, 600, 700, 800, 900, and 
1000 counts. Th ese data were then retested against each group SVM.

If the isotope is in the group associated with the SVM, then all 100 results should be yes, and no 
results are deemed false negatives. If the isotope is not in the group associated with the SVM, then 
all 100 results should be no, and yes results are deemed false positives.

Considering the result as a fraction of the pairs where the isotope is in the group associated with the 
SVM (false negatives) and as a fraction of the pairs where the isotope is not in the group associated 
with the SVM (false positives), we obtained the results in Table 2.

Table 2. False negatives and false positives

False Negatives False Positives

88% of the time all 100 spectra are correct 93% of the time all 100 spectra are correct

97% of the time 99/100 spectra are correct 98% of the time 95/100 spectra are correct

99% of the time 98/100 spectra are correct 99% of the time 90/100 spectra are correct

100% of the time 95/100 spectra are correct 99.6% of the time 80/100 spectra are correct

For false negatives, when the test spectra with only 100 counts were eliminated, the data resulted in 
an encouraging 90/90 correct in every case. 

Th is result for false positives was also encouraging. Th e diffi  culties present in this result are due 
to pairs of spectra being confi ned to a small area of energies, but not quite being similar enough 
to justify putting them into the same group. Th e most frequent occurrences of false positive re-
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sults do not actually indicate a problem, and are generally due to radioisotopes within the same 
decay chain or decaying partially by positron emission. Th e most signifi cant anomalies were that the 
212Pb/228Th /232Th  group confl icted with 212Bi, and the 214Pb/226Ra group confl icted with 214Bi, and a 
few elements with positron emission as a minor decay mode confl icted with the group of dominant 
positron emitters. Th e few remaining problem areas are due to pairs of elements with spectra entirely 
consisting of very low-energy gamma rays; in this restricted region, the SVM plane simply cannot 
separate the pairs eff ectively. Restricting ourselves to a less esoteric set of isotopes will largely elimi-
nate this problem. 

Conclusion

Th e goal of the project was to investigate a wavelet-based identifi cation algorithm that would 
perform well for spectra acquired with a very short acquisition time with limited statistics. Th is 
requires some simplifying assumptions, so our approach was limited to situations in which there 
was only one dominant isotope in the observed spectrum. One of the most signifi cant attributes of 
this approach is its speedy performance; it requires only transforming our spectrum with the wavelet 
technique and multiplying by a 55 × 1024 matrix. Th is algorithm can easily be performed in near 
real time, even with very meager computational resources, such as those available to a stand-alone 
embedded system. Th is very basic approach off ers many avenues for expansion and improvement. A 
signifi cant amount of research can be done to extend the wavelet technique and potentially replace 
the SVM paradigm with a more robust routine. Th is work led to collaboration between the NSTec 
Remote Sensing Laboratory (Andrews) and the Norbert Wiener Center for Harmonic Analysis and 
Applications at the University of Maryland, College Park.
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Th e goal of this SDRD project was to investigate, develop, and evaluate appropriate 

computational reversal methods of the radioactive decay process in support of nuclear 

forensics. We have investigated and evaluated the deterministic reversal methods governed 

by Bateman decay equations. Multiple algorithms (forward, reversal, time translation, single 

chain, multi-chain sample, and age determination) and computational procedures (chain 

construction, sample construction, and data resampling) were developed for the analysis of the 

interactive decays of multiple nuclides in a special nuclear material sample. Th e framework for 

an interactive decay analysis software platform, Decay Interaction Visualization and Analysis 

(DIVA), has been developed. Initial DIVA system test runs using early environmental 

expedition data and hypothetic data suggest that the algorithms are valid and the DIVA 

platform is valuable for supporting the nuclear forensics missions.

Background

Nuclear forensics often encompasses the determination of the origin of illicit special nuclear ma-
terial (SNM), which is technically related to the following two fundamental questions: (1) when 
was the SNM manufactured, or what was the end-of-enrichment (EOE) time; and (2) what was 
the original nuclide constituency of the SNM at the time of EOE (Moody, 2005). Since the fi ssile 
materials used in weapons are expected to be highly enriched in either 235U or 239Pu (>90%), most 
other nuclides contained in SNM are essentially in trace quantity. Furthermore, some trace nuclides 
that were detectable at EOE may not be measurable at the present time due to rapid decay, and 
other trace nuclides that were not detectable at EOE may be measurable at the present time due to 
accumulation. Th ese possibilities add considerable complexities to the problem of EOE time estima-
tion and constituency reconstruction. Th e key issues are the computational reversal of the radioactive 
decay process described by Bateman decay equations (Kernan, 2006; Yuan, 2007) and the age deter-
mination through physics and computational analysis (Moody, 2005; Keegan, 2003). 

Consider a radioactive decay chain consisting of m radioactive nuclides with these nuclides arranged 
in a genealogical order. Denote Ni(t) the number of atoms of nuclide i at time t, and assume that 
the initial quantity Ni(0) = Ni,0 

has been measured at time t = 0. Defi ne λi as the decay constant for 
nuclide i. For any nuclide pair (i, j) in the system, also defi ne ρi,j the decay branching factor from 
nuclide i to nuclide j. Using these notations, the time dependency of {Ni(t)}i = 1 can be described by 
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the following the Bateman Ordinary Diff erential Equations:

          (1)

     (2)

(3)

where {Ni,0}i = 1 are the known initial conditions. 

Yuan (2007) and Kernan (2006) have shown, with certain restrictions (λi ≠ λj with i ≠ j), that 
{Ni(t)}i = 1 can be precisely expressed in the following form:

(4)

where the coeffi  cient matrix C = {Ci,i}j = 1,2,...i−1, i = 2,3,...m can be recursively calculated using the follow-
ing formula:

(5)

(6)

(7)

Most of our algorithms were developed based on this previous work. 

Project

Th e results of the project fall into three categories: (1) algorithms, including computational meth-
ods; (2) software, including design concept and implementation strategies; and (3) validation of the 
algorithms and software using real and hypothetical data. 

,= –λ1N1(t)
dN1(t)

dt

Ni(0) = Ni,0,   i = 2,...m ,

m

m

Ni(t) = Ci,1e–λ1t + Ci,2e–λ2t + ... + Ci,i–1e–λi–1t + Ci,ie–λit,   i = 1,...m ,

C1,1 = N1,0 ,

ρj,iλjNj(t),  i = 2,...m , and = –λiNi(t) + 
dNi(t)

dt

i – 1

j = 1
∑

ρk,iλkCk,j,  j = 1,...i – 1, i = 2,...m ,
i – 1

k = j
∑

λi – λj 
1Ci,j =

Ci,k, i = 2,...m .
i – 1

k = 1
∑Ci,i = Ni,0 –
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Algorithms

Th e algorithm studies of the project focused on the chain and sample manipulations and age analy-
sis. Chain and sample manipulation studies were needed for improving the computational effi  ciency. 
Th e age analysis was performed to understand the current state of age determination methods. 
For instance, four types of age determination methods were identifi ed in the literature (Moody, 
2005; Keegan, 2003): (a) decay rate analysis method (e.g., 238Pu); (b) growth rate analysis method 
(e.g., 241Am); (c) equilibrium analysis method (e.g., 241Pu and 237U); and (d) stable isotope meth-
od (common dating method in earth sciences). Th ese age determination methods form the build-
ing blocks for EOE reconstruction. Only key algorithmic results used for software development 
are listed in this report without proofs.

Decay Formulae in Diff erent Time Systems1. : Suppose that two time systems S and T are off set 
from each other by s

0
 time units; we could then derive two sets of solutions using the methods 

described in the background section: N(s) = CsE(s) s ≥ 0 and N(t) = CTE(t) t ≥ 0. Th e coeffi  cient 
matrices of the two solutions have the following relationship that CT 

= Cs Diag[e−λ1s0,...,e−λ1m0] 
and CS 

= CT Diag[eλ1s0,...,eλms0], where Diag[...] stands for a diagonal matrix.

Decay Reversal Calculation2. : Decay reversal can be easily achieved by replacing the positive time 
in the forward decay equations with negative time. However, the results do not necessarily mean 
anything in physics if the negative time used in the calculation is beyond the EOE time.

Decay Functions for a Chain with Special Initial Values3. : A decay chain with special initial 
values in the form of N(l ) (0) = [0, ..., 0, 1 , 0, ..., 0]T can be calculated much more easily than a

chain with generic initial values. Decay functions with these types of initial values can be precal-
culated and stored in the software system for later retrieval.

Decay Function for a Chain with Generic Initial Values4. : Th e decay function for a decay chain 
with generic initial values  can be easily assembled using the precalculated results in (3), using

  N(t) = ∑ Nl,0C
(l )E(t).

D5. ecay Function for a Sample Involving Multiple Decay Chains: If the decay chains are inde-
pendent of each other, then the decay function for the sample is an aggregation of the decay 
functions for individual chains, which were precalculated and stored in the software system. 
Notice that not all chains are independent. For instance, 238Pu and 242Pu chains are not indepen-
dent of each other, since both of them contain the 234U sub-chain. Th erefore, it is better to treat 
them in one decay system with two independent root nuclides 238Pu and 242Pu.

Determining Sample Age Using Known Initial Values6. : If a child nuclide in the sample has a 
known zero initial value at EOE (for instance, 241Am may be assumed to have zero initial value 
at EOE), then the age of the sample can be estimated using the formula aT = ln(1 − R21(0)/μ21)/
(λ1 − λ2), where μ2,1 = ρ12 

λ1/(λ2 − λ1) and R21(0) is the current child-parent ratio.

~

     

l−1 m−l−1

l=1

m



FY 2009Computational Sciences

186

Determining Sample Age Using Secular Equilibrium7. : If a short-lived child nuclide quickly 
reaches secular equilibrium with its parent, and let teq be the time it takes to reach equilibrium 
(usually set teq = 7 × half-lives of the child nuclide), then the age of the sample is approximately  
aT = teq + ln((λ1 − λ2 μ21

) / (λ2(R
21

(0) − μ21))) / (λ2 − λ1). For instance, 241Pu and 237U are usually 
in a secular equilibrium state in aged SNM at least teq = 45 days old. If we can measure the 
current 237U/241Pu ratio, then the age of the sample is approximately aT = 45 + 9.37866354 × 
ln(1.23573691 × 10−3 / (R21(0) − 3.08973 × 10−8)) days.

Software

Th e software platform for supporting the EOE reconstruction is tentatively called Decay Interaction 
Visualization and Analysis (DIVA). Its framework has been developed using the MatLab platform 
in collaboration with the University of Nevada, Las Vegas (UNLV). DIVA is envisioned as a stand-
alone software platform capable of performing interactive calculation, visualization, activity and age 
analysis, as well as constituency reconstruction of a sample mix of multiple decay chains. Presently, 
we have captured and stored all characteristic information of all fi ve major plutonium decay chains 
(Figure 1). 

Figure 1. Five plutonium decay chains currently captured, processed, 

and stored in the DIVA system. Only nuclides with half-lives greater

than one year are shown in the plots.
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DIVA currently supports the following groups of functionalities:

Chain Manipulation1. : Allows defi ning, editing, updating, saving, opening individual decay chains, 
and keeping all chain-related information in a special Excel fi le (implemented). 

Sample Manipulation2. : Allows defi ning a sample through mixing multiple chains and assigning 
initial values of the sample mix constituencies (implemented). 

Constraint Manipulation3. : Allows defi ning, editing, updating, and saving miscellaneous decay 
constraints, such as pair-wise scalar equilibriums, applicable to the decay process. By applying 
these constraints to the decay process of a given sample, the range of the age of the sample may 
be estimated (algorithms exist but are not yet implemented).

Decay Data Calculation4. : Defi nes desired sampling parameters, such as the beginning and end-
ing time of the decay, and sampling intervals, etc., using the sampling parameters to calculate 
the decay data for a given sample defi ned through the sample manipulation process (imple-
mented). 

Decay Data Visualization5. : Allows diff erent ways of visualizing the precalculated decay data. 
Four visualization methods (line chart, bar chart, pie chart, and graph chart) have been planned; 
only the fi rst three were implemented by the end of the fi rst year of the project.

Decay Analysis6. : Allows interactive determination of the secular equilibrium points and in-
tervals, performing a set of operations on the equilibrium sets and other constraint sets, and 
subsequently allows the estimation of the age of the sample and the original constituencies (al-
gorithms exist but are not yet implemented).

Data, Visualization, and Analysis

Two samples (Table 1) from a 1995 joint DOE/Navy/Russian environmental expedition (Tsang, 
1996) were used to test the DIVA system. Since the 137Cs decay chain had not been captured in the 
project yet, it was ignored in the analysis. Th e nuclide 235U is in the 239Pu decay chain and 238U is 
in the 242Pu decay chain. Th erefore, a total of 13 nuclides (with half-lives >1 year) in the 238Pu, 
239Pu, and 242Pu chains as well as their interactions needed to be considered for decay and reversal 
calculations. 

Table 1. Two environmental samples used for validating 

the algorithms and software (Tsang, 1996)

Samples

August 18, 1995

Weighted Average Isotope Acitivity (Bq/kg)

137Cs 235U 238U

#72801 31.1 ±1.4 10.8 ±2.6 288 ±140

#81610 ND 26.0 ±4.7 660 ±280
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Figure 2. Activity (Bq/μg) dynamics of sample #81610 over a 60-year time frame plotted

in log scale. The discontinuity at t = 0 was discussed in the text. 

Th e decay and reversal calculations of the sample data were performed using the computational 
modules developed in the DIVA software. Figure 2 shows the activity dynamics of sample #81610 
over a time frame of 50 years ago to 10 years in the future in logarithmic scales (for the purpose of 
viewing more trace nuclides). Notice that the discontinuity at t = 0 was caused by computational 
logarithmic underfl ows of extremely small numbers. Further research is needed to reduce the eff ect 
of computational overfl ow and underfl ows. Other visualization options include bar charts, pie charts, 
and linked graphs (not shown in this report). Th ese interactive plots off er convenient tools for age 
and constituency analysis. Th e following are some examples:

Th e interactive activity plot may show the intersection of the activity curves of 1. 238U (t
1/2

 = 4.4466 
× 109 year) and 234Th  (t1/2 = 24.10 day, not shown). Th e time of this intersection should be very 
close to the true age of the SNM. However, the current version of DIVA does not allow the 
calculations of 234Th  due to its trace quantity status. Th is limitation could be removed using the 
MatLab quad-precision module to be acquired in Phase II.
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Th e decay reversal plot (not shown here) may show a point in time at which any reversal calcu-2. 
lation would violate the physics and/or the engineering limitations. For instance, through the 
reversal calculation, at some point in time, the concentration of 239Pu sooner or later will reach 
93%, which usually is the engineering upper limit for most weapons-grade plutonium. Th erefore, 
such a point in time may actually indicate the age of the material. Similarly, the accumulation of 
241Am in the decay plot may also be used for age estimation.

Conclusion

Th is project has developed a set of algorithms for decay chain and sample manipulations and age de-
terminations. Some of the algorithms have been implemented in a software framework (DIVA) for 
decay interaction analysis. Selected algorithms and software modules were validated using histori-
cal radiation data collected in a previously DOE−funded project. Phase II of this SDRD project in 
FY 2010 will incorporate uncertainty and confi dence factors into the analysis, and perform relevant 
algorithm and software validation. 
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Th e goal of this project was to determine whether metal nanoparticles (MNPs) can be used 

to enhance emission from scintillators by a process known as metal-enhanced fl uorescence. 

Th e focus was on increasing emission from the commonly used scintillator solvent, toluene. 

Finite diff erence time-domain simulations were performed to determine the most appropriate 

metal and nanoparticle (NP) size for optimal enhancement of toluene excitation/emission. 

Silver, aluminum, and indium MNPs were deposited on glass slides and immersed in a layer 

of toluene held under a quartz cover slide. Photoinduced fl uorescence enhancement was 

demonstrated using 260 nm excitation with Al-NPs. Al-NP fi lms (14 and 15 nm) enhanced 

toluene emission 1.6- (Special Technologies Laboratory measurement) to 3.6-fold (Geddes 

lab). Future tests are planned to determine if Al-NPs also enhance emission from toluene 

when ionizing radiation is used as the excitation source. 

Background

Brighter and faster scintillators are needed for improved nuclear radiation detection and radiogra-
phy. For low-yield sources and pulsed-power experiments, short decay times are also required for 
positive identifi cation by coincidence counting and for improved diagnostics. Figure 1 is a plot of 
scintillator speed versus brightness for commercially available organic and inorganic scintillators. 
Generally speaking, inorganic scintillators, though bright, are not fast. Conversely, organic scintil-
lators are fast but not as bright. With inorganic scintillators, ionizing radiation transfers energy to 
the bulk medium fairly effi  ciently (on the order of 10% effi  ciency); whereas, for organic scintillators 
only a small fraction (2%–3%) (Birks, 1964) excites the emissive solvent to the singlet excited state. 
As a result, organic scintillators, though faster, are generally less bright than inorganic scintillators. 
Because liquid and plastic organic scintillators are suitable for large-area detection of radiation and 
are generally less expensive and easier to assemble than inorganic scintillators, improving their scin-
tillation output, while maintaining or decreasing decay times, would be of great value. 

It has been demonstrated by Geddes (2002; 2005) and others (e.g., Glass, 1980; Lakowicz, 2005; 
2008) that suitably tuned metal nanoparticles (MNPs) can be used to increase emission and reduce 
the decay time of fl uorophores that are in close proximity (<30 nm from the MNP) by a process 
analogous to surface-enhanced Raman scattering (SERS). We are in the process of performing 
experiments that will determine whether metal-enhanced fl uorescence (MEF) (typically applied to 
biological assays [Aslan, 2005]) can also be used to enhance emission from scintillators by tuning 
the metal and nanoparticle (NP) size to match the solvent and excitation/emission wavelengths. As 
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Figure 1. Plot of scintillation decay time versus intensity for commercially 

available organic and inorganic scintillators (Miller, 2007) 

described in the Project section, thus far calculations have been performed to determine which met-
als and NP diameters are most suitable for enhancement of toluene emission; NP fi lms using these 
metals have been fabricated, and photoinduced fl uorescence measurements have been made. 

Surface Plasmon Resonance (SPR) and MEF Th eory

A localized surface plasmon (SP) is a collective oscillation of conduction electrons in a metal where 
the electrons are confi ned to the surfaces of nanometer-sized metallic structures, i.e., MNPs or metal 
island fi lms (MIFs). SPR is induced when light at, or close to, SP frequency is used to excite SPs 
of an MNP in a “normal” dielectric medium (one having a positive dielectric constant). In principle, 
any material having a negative real dielectric constant can be used for the excitation of plasmons in 
a normal dielectric medium. An ideal material should have a large negative coeffi  cient of the real 
part of the dielectric constant and as small an absolute value of the imaginary coeffi  cient as pos-
sible (Sadowski, 1994). Many metals fulfi ll this requirement in IR and visible wavelength ranges; 
some also fulfi ll it in the UV. SPR enhances the resonance of the electric fi eld (E-fi eld) surrounding 
the particle (Kruszewski, 2006). Because plasmon decay rates are rapid (fs scale), nearby fl uoro-
phores can be selected such that higher apparent quantum yields and faster apparent decay rates are 
observed. NP size and geometry can be tuned, and metal (e.g., Ag, Au, Cu, Cr, Zn, Al, In) and 
medium chosen such that the E-fi eld gain experienced by a near-fi eld fl uorophore is optimized. For 
a polarizable spherical particle with radius rmet and dielectric constant ε(ω)met placed in a medium 
with dielectric constant ε(ω)med, the E-fi eld gain G(ω) at distance r and frequency ω is approximated 
as shown in Equation 1 (Schasfoort, 2008). 
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  (1)

Here Etot is the net electric fi eld (E0 + Esurface plasmon), and E0 is the external applied fi eld (i.e., incident 
light). Equation 1 indicates that G(ω) can reach very high values for ε (ω)met close to –2ε (ω)med, 
which, as indicated, can occur for a metal in a medium with a positive dielectric. 

A common application of high E-fi eld gain using MNPs is observed with SERS. Typical SERS sig-
nal enhancements range from 104 to 106. SERS mechanisms involve electromagnetic fi eld enhance-
ment and resonance chemical enhancement (for adsorbed molecules) (Moskovits, 1985). When the 
resonance frequency of the localized SP matches that of the exciting light (ωe) and both ωe and 
Raman signal frequencies are only slightly shifted from the plasmon resonance frequency, then 
both the incident E-fi eld and Raman signal can be enhanced by a factor of E2, leading to E4 total 
E-fi eld enhancement (Gray, 2007). MEF also employs E-fi eld gain; however, the eff ect is smaller 
since the fl uorophore (F) must be positioned beyond the oscillator dampening/quenching distance, 
and, because emission is Stokes-shifted, enhancement of both incident and emitted wavelengths 
is not feasible to the same extent. Furthermore, there is no chemical enhancement since emission 
from adsorbed fl uorophores would be dampened. Still, signal enhancements on the order of E2 are 
theoretically possible. Additionally, due to the provision by the MNP of another emissive decay 
path with femtosecond decay rates (see km in the modifi ed Jablonski diagram in Figure 2), enhance-
ment of the apparent F quantum yield and decay time (τ) can also be observed. 

Figure 2. Modifi ed Jablonski diagram showing the eff ects that metal surfaces can have on F 

excitation and emission. k
0
 = rate of excitation in the absence of metal, and k

(ex) – m
 = rate of 

excitation in the presence of metal. k
r
 = radiative rate in the absence of metal, k

m
 = radiative 

rate in the presence of metal (or from the metal), k
nr

 = the nonradiative rate (no metal), and 

k
nr – m

 = the nonradiative rate in the presence of the metal. For distances greater than ~5 nm 

from the metal surface, “quenching” by the metal is usually minimal. 
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Th e total enhancement factor, G, due to increased F excitation, and increased radiative rate, is: 

 (2)

where Gex is the gain due to increased F excitation (essentially increased F cross section) (Equation 
3), and Gem is the gain due to increased radiative rate (Equation 4), calculated as the ratio of the 
quantum yield in the presence of MNPs to the quantum yield in the absence of MNPs (Qm, Equa-
tion 5). 

  (3)

  (4)

  (5)

Fluorescence intensity is proportional to the fi eld strength squared, and 10,000-fold increases with 
optimal MNP-F system have been predicted (Geddes, 2002). However, current actual observed en-
hancements generally range between 2- and 80-fold (Viger, 2008; Yamaguchi, 2007; Zhang, 2009).

Figure 3 provides a simple mechanistic model for MEF, which illustrates SPR as a result of excita-
tion of the fl uorophore. As stated, SPR can also be created by direct illumination of a metal colloid, 
which results in increased excitation of fl uorophore. Th is is not indicated in the model. 

Project

We chose to study MEF of toluene because it is a readily available, commonly used liquid scintil-
lator solvent. Because, like the vast majority of scintillator solvents, toluene absorbs and emits in 
the UV (λabs−max/λem−max

 = 265/285 nm) and most MEF studies are performed in the visible, it was 
fi rst necessary to determine which metals have plasmon resonance frequencies near the absorption 
and emission frequencies of toluene. Finite diff erence time-domain (FDTD) methods, providing 
numerical solutions to Maxwell’s equations, were used to simulate interaction of light with particles. 
Simulations were performed for silver, tin, palladium, tungsten, indium, and aluminum. Plots of 
(a) induced E-fi eld strength versus NP diameter (for 270 nm incident light), (b) E-fi eld strength (for 
a relevant NP diameter) versus wavelength, and (c) scattering/absorption intensities (for a relevant 
NP diameter) versus wavelength were provided using FDTD. For enhancement of toluene emission, 
signifi cant E-fi eld enhancement in the UV and high scattering-to-absorption ratios in the UV were 

G = GexGem ,

Gex =             k0

k0 + kex – m

Gem =             
Qm
Q0

Qm =
kr + km

kr + km + knr
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Figure 3. Geddes/Lakowicz mechanistic model for MEF (Zhang, 2009). Eff ects 

observed for fl uorophores within 20–30 nm of an MNP surface are (a) enhanced 

excitation of the fl uorophore (the metal experiences a lightning-rod eff ect), 

(b) enhanced emission (plasmons are excited on the MNP) at the fl uorophore 

emission frequency, and (c) enhanced apparent decay rate (rate of plasmon 

decay is on the fs scale). 

sought. Indium and aluminum demonstrated these features in water and toluene. For maximum 
E-fi eld, at 270 nm, it was calculated that the optimal indium NP diameter is 180 nm (Figure 4). 
For a 180 nm diameter In-NP, simulations indicate that the maximum E-fi eld due to SPR in 
water occurs at 267 nm, with about 35-fold E2

max
; in toluene E-fi eld maximum due to SPR occurs 

at 295 nm, with approximately 34-fold E2
max (Figure 5). For aluminum E2

max was highest (>36) for 
a 100 nm Al-NP, with SPR at approximately 251 nm. Dielectric constants for tin were not available 
below 300 nm, but results obtained above 300 nm indicated that enhancement may be strongest in 
the UV. 

Based on FDTD results, indium and aluminum were vapor-deposited on glass slides at the Univer-
sity of Maryland Biotechnology Institute (UMBI) to create nanoscale MIFs. Toluene was sand-
wiched between an MIF and a quartz slide and the sample placed in a fl uorometer and excited at 
260 nm. Th e confi guration is shown in Figure 6. Emission intensities in the presence and absence of 
MIFs were compared. Indium-coated fi lms with “thicknesses” (based on a change in mass)2 ranging 

2 We are currently awaiting results of fi lm thickness and atomic force microscopy measurements for NP diameters. 
 Th e parenthetical values currently provided were assigned based on a change in mass during metal deposition. 
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Figure 4. FDTD results for simulating 270 nm light incident on In-NPs 

with diameters ranging from 100 to 200 nm 

Figure 5. E2
max versus wavelength for a 180 nm In-NP. Inset shows surface 

electron oscillations at the peak plasmon resonance frequency. An increase 

in the refractive index from 1.333 (water) to 1.496 (toluene) red-shifts the 

position of the E2
max by 28 nm.
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from 1 to 20 nm were compared to background (no MIF). Fluorescence intensities were unchanged 
or decreased relative to an uncoated control slide for indium “thicknesses” ranging from 1 to 
8 nm, but MEF (1.4-fold) was observed at UMBI for 10 and 20 nm coatings. For Al fi lms (8–14 nm) 
the Geddes lab reported more signifi cant enhancement, 3.6-fold for the 14 nm slide, over the glass-
only control (Figure 7). For a toluene thickness of ~1 micron, and an interaction distance of 20 nm, a 
3.6-fold enhancement observed in the far-fi eld (EFfar-fi eld), if originating from just ~2% of the 
toluene, suggests that a 180-fold enhancement factor (EFnear-fi eld) would be possible if all of the 
toluene could be located in the near-fi eld3 of MNPs, as calculated in Equation 6. 

 (6)

At the Special Technologies Laboratory (STL), an aluminum-coated slide labeled “15 nm” pro-
vided a more moderate increase (1.6-fold, or up to 80-fold within the 20 nm MNP–F interaction 
distance). Possible reasons for lower enhancement with the STL sample are diff erent NP sizes (the 
15 nm slide was not from the same batch as the 14 nm slide tested at UMBI), slightly diff erent 
experimental setups (e.g., source strengths, toluene path-length), and possible greater oxidation 
of the Al layer. It is known that oxidation of Al can red-shift the localized SPR. Chan (2008) 
calculated that a 10 nm thick aluminum oxide layer red-shifts extinction by 43 nm relative to a bare 
aluminum particle (with 377 nm extinction maximum). 

Figure 6. Toluene was sandwiched between In- or Al-coated slides and quartz. Toluene 

sandwiched between an uncoated slide and quartz was used as a control. A silver-coated 

slide provided no enhancement, as expected based on simulations that indicate 

redder (~400 nm) SPR. 

EFnear-field  =  EFfar-field  ×                                                     ≈ 3.6 ×                 = 180 
1000 nm

20 nm
total toluene thickness

near-field interaction distance

3 Generally near-fi eld fl uorescence is used to indicate distances much less than the wavelength of emitted radiation. Here
 near-fi eld and far-fi eld are related to the distances between NP and F at which enhancement is observed. In this case,
 near-fi eld fl uorescence is ~50 nm from the surface of the NP, and far-fi eld relates to distances >50 nm. 
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Figure 7. UMBI photo-induced fl uorescence results for Al-NPs. As was 

seen with In fi lms, enhancement depends on the Al fi lm thickness. 

Conclusion

FDTD simulations were performed to determine metal and NP size for optimal enhancement of 
excitation/emission from toluene, a common scintillator solvent. Th ese simulations indicated that 
indium and aluminum are suitable for enhancement of toluene emission. Ensuing experiments dem-
onstrated fl uorescence enhancement from toluene (1-micron pathlength) in contact with indium 
(up to 1.4-fold at UMBI) and aluminum fi lms (up to 3.6-fold at UMBI). Near-fi eld fl uorescence 
(within 20 nm from the metal surface) is calculated to be over 100 times greater with Al-NP slides 
(14 nm). 

We were not able to perform experiments with ionizing radiation in FY 2009; tests will be per-
formed to determine whether and to what extent enhancement is observed when ionizing radiation 
serves as the excitation source. To the best of our knowledge, such a test has never been performed. 
It is possible that ionization of surrounding solvent and possibly MNPs will prevent SPR, but the 
extent to which this could occur, if it does, is unknown. One promising recent observation in the 
Geddes lab is that greater metal-enhancement factors are recorded with increased power of the ex-
citation source (Geddes, 2009). Since common ionizing radiation sources provide radiation in the 
hundreds of keV to MeV range, a signifi cantly greater MEF eff ect could be observed than has been 
observed with the fl uorometer source. 
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Th e purpose of this project was to investigate integrating colloidal quantum dots (QDs) 

deposited on AlGaN− and GaN−based substrates for visible or solar-blind UV photodetection 

(PD). Potential applications for UV−sensitive devices include biological hazard detection, 

solar energy conversion, and communications. Zinc oxide (ZnO) nanoparticles were 

deposited on a number of preliminary substrates, including quartz and p-type silicon (Si), 

in order to optimize QD deposition and PD characterization processes. Uniform deposition 

on the substrate is important to the optical and electrical properties. For this reason, ZnO 

nanoparticles were dispersed in two solvents, ethanol and a biomolecular solvent, to compare 

their dispersion properties. Th e material was then optically and electrically characterized. 

Th e results showed a blue shift of UV detection due to quantum confi nement. To create the 

device, aluminum contacts were deposited fi rst on p-type Si and quartz substrates. Visible-

blind operation was proven, and the UV/dark ratio was as high as 20,000 with 20 V bias for 

some devices. Multiple layers, good contacts, and uniform deposition may have contributed 

to these high UV/dark ratios. Metal-semiconductor-metal photodetectors were created with 

GaN and AlGaN materials. 

Background

Semiconductor photodetectors convert incident light into detectable current within a wavelength 
range tuned by the band gap of the material. Currently, light detection in the blue/UV region 
is done with silicon (Si) photodetectors; however, at room temperature the band gap energy of Si 
(1.12 eV) is far below ideal for detection in this wavelength region, which greatly reduces respon-
sivity. Wider band gap photodetectors, including zinc oxide (ZnO) and AlGaN/GaN materials, are 
better matched in energy to the 200 nm to 365 nm wavelength region, resulting in an overall increase 
in sensitivity to UV relative to Si. Th e effi  ciency and sensitivity of the conversion of incident radia-
tion to current is dominated by limitations of area, light coupling, and wavelength specifi city. Th is 
project combines materials and deposition methods to address these issues for UV detection.

Th e use of semiconductor quantum dots (QDs) enables greater control of the detection wavelengths 
based on particle size through the mechanism of three-dimensional (3-D) quantum confi nement. 
Colloidal quantum dots (CQDs), which are created in liquid solution, are known for their uniformity 
in comparison to epitaxially grown QD. Th is uniformity is important to realizing the advantages that 
3-D carrier confi nement brings to photodetection. Th e deposition method to distribute colloidal 

1 sawyersm@nv.doe.gov, sawyes@rpi.edu, 518-276-2164
a Special Technologies Laboratory; b Rensselaer Polytechnic Institute 
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nanoparticles on a surface is equally important to determining the optical and electrical properties 
of the device. Th ese nanoparticles were ultimately deposited on AlGaN− and GaN−based substrates. 
Th e substrates were created by SET, Inc., according to our specifi cations. Much of the preliminary 
deposition and characterization were done on p-type Si and quartz substrates. Photoconductive 
devices were created by depositing Al contacts. Metal-semiconductor-metal (MSM) devices were 
created on GaN and AlGaN substrates. Th ese MSM devices are known for their large area, planar 
fabrication, and potential integration with GaN−based heterojunction fi eld-eff ect transistors. 

ZnO nanoparticles were chosen for low cost and wide, direct band gap properties. Th e ZnO band 
gap has documented values that range from 3.2 eV to 3.4 eV, with attractive characteristics in-
cluding large exciton binding energy (60 meV), high radiation hardness, and relatively low growth 
temperature (Bi, 2008; Cheng, 2008; Jin, 2008; Lin, 2008; Young, 2008). Th ese characteristics have 
led to their use as transparent conducting electrodes, varistors, gas sensors, UV photodetectors, and 
LEDs. ZnO nanoparticles have been created from bulk material by chemical means under ambient 
conditions (Sharma, 2006). Nanoparticle-based devices take advantage of 3-D quantum confi ne-
ment eff ects, are easy to fabricate, can have a large active area, and are relatively low in cost ( Jun, 
2009). ZnO nanomaterials often exhibit a strong, parasitic green photoluminescence (PL) caused by 
excess Zn2+ ions and oxygen defi ciency (Borgohain, 1998; Monticone, 1998; Wu, 2006; 2007). Th ese 
defects must be avoided to improve overall UV performance.

Project

Th e goals for this project were to (1) deposit 
ZnO nanoparticles to optimize uniformity 
and characterize material properties, (2) 
deposit preliminary contacts and charac-
terize device properties, and (3) improve 
device characteristics with design of fi nal 
contacts. 

Deposition of ZnO Nanoparticles and 
Material Characterization

Th e ZnO nanoparticles were obtained from 
Prof. Partha Dutta, Rensselaer Polytechnic 
Institute (RPI), co-founder of Auterra, Inc. 
ZnO bulk material was reduced to nano-
particle size by a top-down wet-chemistry 
synthesis process, and nanoparticle samples 
were uncoated (sample A) or coated (sample 
U) with polyvinyl-alcohol (PVA). Figure 1 
shows the scanning electron microscope (SEM) result of ZnO U in ethanol at 25 mg/ml on quartz.

Figure 1. SEM of ZnO U in ethanol 25 mg/ml on quartz 

(scale 100 nm). The nanoparticles appear to have 

agglomerated due to the drying process.
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Originally created in water, these particles were then dried and redistributed in ethanol. It is likely 
that drying causes agglomeration into larger particles. Other batches of nanoparticles remained in 
water and were then combined with the solvent to prevent agglomeration.

Figure 2. Absorption with U and A ZnO nanoparticles (a) deposited in biomolecular 

solvent and ethanol solutions on GaN and AlGaN where wavelengths are absorbed 

below 370 nm, and (b) on quartz substrates where absorption peaks appear at 

370 nm with sample U attributed to the energy band gap of the nanoparticles. 

The larger peaks around 260 nm are attributed to the gel’s absorption.
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For deposition, the two samples were respectively dispersed in a bio-molecular solvent, a material 
used to aid in particle dispersion (Rinaldi, 2002; Neogi, 2004; Liddar, 2008), and in ethanol to form 
30 mg/ml suspensions. Th ese solutions were then spin-cast on quartz plates and annealed in air at 
150°C for 5 minutes. Absorbance characteristics were measured using a Shimadzu UV-Vis 2550 
spectrophotometer. Figure 2 demonstrates the absorbance of coated (U) and uncoated (A) samples 
on quartz (named “glass” on fi gure), GaN, and AlGaN substrates. ZnO absorption begins at 377 nm. 
Th e UV-to-visible ratio was better for ZnO sample U (coated) and with the biomolecular solvent 
(gel) on quartz. For GaN and AlGaN, the SEM revealed severe clumping of the nanoparticles on the 
surface with the biomolecular solvent after spin casting. Th e resulting absorption was aff ected to the 
point where the improved UV-to-visible ratio was not confi rmed. Th e biomolecular solvent viscosity 
was altered to better suit the nanoparticles’ interaction with the GaN and AlGaN substrates, which 
have surface charges. Careful consideration of spin recipe, solvent viscosity, and layering followed 
this work.

Photoluminescence (PL) measurements were made to verify the energy level from which photo-
generated carriers originated. Figure 3 demonstrates the principle of PL. Th e number of carriers that 
de-excite from the conduction band to the valence band (band-to-band; E ≥ Eg) after excitation 
should be high with higher quality material. Any emitted light from carriers on defect levels are 
parasitic and are manifested by longer wavelength emission (E < Eg). 

Figure 3. Principle of photoluminescence (PL): Incident laser light

with energy greater than the band gap of the material creates

electrons and holes. In a high-quality material, these photogenerated

carriers recombine and emit light corresponding to the energy band

gap of the material. With defects, longer emission wavelengths

correspond to parasitic recombination centers with energy less

than the band gap. 
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Th e PL data shown below were measured using a SPEX Fluoro Tau-3 Spectrofl uorimeter. When 
the uncoated ZnO sample A nanoparticles spin-coated on quartz and GaN materials were excited 
with 340 nm light, a parasitic green PL appeared as shown in Figure 4a. Th e biomolecular solvent 
increased the UV band-to-band emission, but the green PL remained. Figure 4b shows the compila-
tion of PL data from ZnO particles on substrates of p-Si, quartz, GaN, and AlGaN in ethanol and 
the biomolecular solvent. We found that GaN has its own green PL higher than its band-to-band 
PL inherent to the sample. Th e green emission is enhanced after depositing ZnO. 

Figure 4. For (a) ZnO A samples, the parasitic green PL remains but UV PL enhances with the biomolecular 

solvent; for (b) ZnO A with quartz, p-Si, AlGaN and GaN with GaN, parasitic green PL is evident only with the 

GaN substrate.

Deposition of Preliminary Contacts and Device Characterization

Two irregular 100 nm thick Al contacts were deposited by E-beam lithography through a foil mask. 
Th ese contacts allowed for electrical conductivity testing and current-voltage (I-V) characteristic 
analysis of the preliminary devices. Point-contact I-V characteristics of samples were measured using 
an HP4155B semiconductor parameter analyzer under darkness, 340 nm UV LED, and white LED 
sources of equal intensity. Th e samples of ZnO U with Al contacts on quartz demonstrate a high 
UV/dark ratio with both MSM photodetector and photoconductive properties as shown in Figures 
5a and 5b, respectively. Photoconductive behavior is a linear current response to voltage bias, similar 
to a resistor’s I-V characteristic. Th e MSM photodetector is essentially two non-linear Schottky 
contacts back to back. Th e diff erence between the two devices may be due to the surface impurities 
and defects of ZnO ( Jun, 2009).

I-V measurements of ZnO U nanoparticles on p-Si substrates in the biomolecular solvent had dark 
current that increases with time, and therefore were not suitable for reliable photodetection. Th is 
may be due to the interaction between the biomolecular solvent and the semiconductor materials; 
this solvent seemed to enhance the optical properties but hinder the electrical properties. Clearly, 
more work needs to be done to enhance the electrical properties of the biomolecular solvent.
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Figure 5. The dark current curves are equal to the white light current, hence the dark current line is behind the 

white curves in each fi gure. (a) MSM photodetector and (b) photoconductor of ZnO U and ethanol, 30 mg/ml 

on quartz substrate. Samples, fabricated with two layers of ZnO (0.4 ml/layer) and annealed in air at 150°C for 

5 minutes, used preliminary Al contacts.

Figure 6. (a) Current vs wavelength and absorption vs wavelength of ZnO nanoparticles with Al contacts on 

quartz, and (b) normalized current response vs wavelength for quartz, GaN, and AlGaN substrates. Note the 

change in scale on the abscissa.

I-V measurements of ZnO A and U nanoparticles on GaN substrates had a UV/dark ratio as high 
as 5000 depending on the position of the probes. In earlier measurements with the biomolecular 
solvent, we also noted negative diff erential resistance in the curve, which shows a decrease in current 
with increasing bias. Th e cause of this I-V phenomenon is unclear, but in some cases it is a result of 
tunneling of carriers through a potential barrier. 
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I-V measurements of ZnO U in ethanol on AlGaN substrates produced a UV/dark ratio of as much 
as 100,000. Th e deposition of the nanoparticles was done with careful consideration of concentra-
tion, multiple layers, and spin recipe to assist uniformity on a polar surface. 

Th e photocurrent response spectrum was measured using a Keithley 6487 picoammeter/voltage 
source and using a Shimadzu UV-Vis 2550 spectrophotometer as the excitation source, scanning 
wavelengths from 200 to 900 nm. Th ese measurements were performed at room temperature in air. 
Figure 6a shows two sharp peaks at ~250 nm and 377 nm. Th e peaks in the current correspond with 
the absorption peaks. In the visible region there is little current response. Figure 6b demonstrates 
normalized current for quartz, GaN, and AlGaN substrates.

Finally, the photoresponse time of the ZnO nanoparticles was measured using a pulsed 340 nm 
LED as shown in the setup of Figure 7a.  Measurements were made on quartz, GaN, and AlGaN 
substrates. Th e rise and fall times were determined by measuring the 10% to 90% current levels and 
were found to be consistent with published results ( Jun, 2009). From the results, the fall time for 
A and U are almost the same, about 11 seconds. Th e rise time for A is about 22 seconds, and for U 
was more diffi  cult to determine due to rising current values. Figure 7b shows the response of ZnO 
nanoparticles, sample U, on the AlGaN substrate. Th e fall time is similar to that on quartz, and the 
rise time is about 40 seconds.

Figure 7. (a) Time response setup and (b) AlGaN substrate time response with an input frequency of 

5 mHz, time-axis scale of 50 seconds per division
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Final Contact Design

MSM contacts were designed to optimize the trade-off  between carrier transit speed and parasitic 
capacitance. Th is is done with interdigitated fi ngers that vary in fi nger spacing, fi nger width, and 
fi nger length (Figures 8a and 8b). A mask design is then manufactured to be used with our E-beam 
setup and/or in collaboration with SET. An example of our designed contacts is shown in Figure 
8c. Multiple versions of these designs were sent out to mask manufacturers. Table 1 gives one set of 
designs created to optimize our devices.

Figure 8. (a and b) General schematic diagram of MSM structure with length (L), fi nger 

spacing (t), and fi nger width (D) labeled (Averine, 2001); (c) an example of our designed 

mask contacts

Table 1. Dimensions for mask design of multiple MSM devices

Box # Finger Width (μm) Spacing Between (μm) Finger Length (μm) Device Area (μm)

1 5 5 242 250 × 250

2 5 7 242 250 × 250

3 7 10 242 250 × 250

4 7 5 242 250 × 250

5 5 5 117 125 × 125

6 5 7 117 125 × 125

7 7 10 117 125 × 125

8 7 5 117 125 × 125
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Conclusion

Th e use of ZnO quantum dots for UV detection and visible blocking on various substrates was 
proven. Th e nanoparticles were of good quality; however, the particle size was larger than expected. 
A next iteration would require better particle size selectivity. Nevertheless, some blue shift due to 
quantum confi nement was found. Th e PVA−coated particles showed better UV performance than 
the uncoated ZnO A nanoparticles. Th e biomolecular solvent aided the uniformity of ZnO QD 
dispersion, which helped to increase the desired UV/green emission and absorption ratio.

Th e photodetector based on PVA−coated ZnO had the greatest UV−generated current over dark 
current ratio at 25,000 with 20 V bias. Devices with Al contacts were better than devices simply 
probed on the surface of the nanoparticles. Contacts greatly improved carrier extraction, as expected. 
Th e diff erences in the I-V curve between MSM photodetector and photoconductive behavior may 
be due to surface impurities and defects in the ZnO. Multiple layers and careful consideration of the 
spin recipe were important to GaN and AlGaN substrates. Th e wavelength response demonstrates 
visible-blind operation with peak detection at ~250 nm and 377 nm. Th e time response was also 
found to be consistent with literature. 
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