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Introduction SDRD

SDRD FY 2006

'The Nevada Test Site-Directed Research and Development (SDRD) program completed its fifth
successful year of research and development activities in FY 2006. Forty new projects were selected
for funding this year, and ten FY 2005 projects were brought to conclusion. The total funds expended
by the SDRD program were $6 million, for an average per-project cost of $120 thousand. Beginning
in May, 2006 programmatic burden rates were applied to SDRD project costs. An external audit con-
ducted in September 2006 verified that appropriate accounting practices were applied to the SDRD
program. Highlights for the year included: the filing of 27 invention disclosures for intellectual prop-
erty generated by FY 2006 projects; programmatic adoption of four FY 2005 SDRD-developed
technologies; participation in the tri-Lab Laboratory Directed Research and Development (LDRD)
and SDRD program review that was broadly attended by NTS, NNSA, LDRD, and U.S. Depart-
ment of Homeland Security representatives; peer reviews of all FY 2006 projects; and the successful
completion of 50 R&D projects, as presented in this report.

In response to a company-wide call, authors throughout the NTS complex submitted 132 proposals
for FY 2006 SDRD projects. The SDRD program has seen a dramatic increase in the yearly total
of submitted proposals—from 69 in FY 2002 to 132 this year—even as the size of the program has
remained fairly constant. The quantity and quality of these submissions helped ensure a strongly
competitive program and provided a diverse set of innovative ideas, making project selection both
challenging and rewarding. Proposals were evaluated for technical merit, including such factors as
innovation, probability of success, potential benefit, and mission applicability. Authors and reviewers
benefited from the use of a shortfalls list entitled the “NTS Technology Needs Assessment” that was
compiled from NTS, National Weapons Laboratory, and NNSA sources. This tool proved to be of
considerable value in aligning the SDRD program with mission priorities, and it is expected that the
NTS Technology Needs Assessment will continue to be updated and expanded in future years. The
50 projects selected for FY 2006 showcase a wealth of creative approaches to innovative technical
research with high potential payoft. These endeavors benefited from an impressive cross section of re-
sources and capabilities, and addressed development needs in a variety of technologies, with potential
applications to a broad selection of programmatic activities.

Several metrics have been selected and tracked as indicators of the overall effectiveness of the SDRD
program at developing innovative solutions to NTS mission technology requirements. A compila-
tion of these metrics appears in Figure 1. Since the introduction of the SDRD program, more than
90% of the inventions disclosed to the contractor’s Intellectual Property office have been generated
in the pursuit of SDRD projects. The number of invention disclosures filed (blue bars in Figure 1)
has increased steadily and significantly each year to an all-time high of 27 in FY 2006—a clear
indicator of both the increase in the innovative quality of selected projects and a cultural sea change
in the value attached to intellectual property. The red bars in Figure 1 represent a histogram of the
number of projects from a particular fiscal year in which developed technologies were subsequently
picked up by programs. In some cases, demonstrated feasibility was sufficient to encourage further
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research. In other cases, technology innovation has been directly incorporated into new or existing
instrumentation or software. It often requires some period of time for SDRD success stories to be
communicated to programmatic decision makers, and for funding decisions to be made to imple-
ment these technologies. This lag time is evident in the lower number of implemented FY 2006
technologies and by the fact that the data show increases in numbers for all years each time the metric
is revised. The third metric shown in Figure 1 indicates how well the SDRD program is strategi-
cally aligned with the NTS mission. Each year the NTS Technology Needs Assessment is updated
with the most current technology development requirements, as foretold by NNSA strategic plans
and management, NTS contractor managers and technical staff, and National Weapons Laboratory
management and staff. In the annual process of revising this document, which identifies anticipated
technology needs currently under development as well as the gaps that still need addressing, the
number of prior year gaps since addressed by SDRD-funded projects are tabulated. These addressed
needs are represented by the yellow bars in Figure 1.

This final program report covers SDRD project activities that occurred from October 2005 through
September 2006. The numerous achievements it describes are a tribute to the skill and enthusiasm
Principal Investigators brought to their individual projects. While many of the R&D efforts drew to
successful and natural conclusions, some spawned follow-on work that may lead to further research.
The desired result of all SDRD activities is to develop and/or refine technologies that are implement-
ed by programs. Some of the following project reports clearly identify R&D efforts with those kinds
of results. Others, best characterized as feasibility studies, resulted in negative findings—the entirely
valid conclusion, often reached in the pursuit of “high-risk” research—that a particular technology
is currently impractical. Both types of results help move NSTec toward a more vital technology base
by identifying technologies that can be directly related to our programmatic mission.
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In conclusion, FY 2006 saw continued evolution of a strong, innovative R&D program that benefited
from increased competitiveness and a maturation of the planning and management techniques vital
to aligning SDRD with anticipated needs for future NTS mission requirements.

I would like to extend a very special thank you to the editing team of Katharine Streeton, Heidi
Utz, and Michele Vochosky, for compiling, editing, and publishing this report; to Project Controls
Engineer Pat Herrin, for her valuable contributions to tracking progress and costs on the array of
FY 2006 projects; to Kim Liu-Bacon and her team for compiling the financial data necessary to ful-
fill congressionally mandated reporting requirements; and to NTS technical site representatives
Howard Bender, Chris Hagen, Steve Iversen, Warnick Kernan, and Bill Nishimura, for helping
implement and manage a very productive year of R&D at the NTS!

Wil Lewis, SDRD Program Manager
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National Security Technologies—QOperated Sites

SDRD

Los Alamos Operations (LAO)
P.O. Box 809
Los Alamos, New Mexico 87544

Livermore Operations (LO)

P.O.Box 2710
Livermore, California 94551-2710

Nevada Test Site (NTS)
P.O.Box 98521
Las Vegas, Nevada 89193-8521

North Las Vegas (NLV)
P.O.Box 98521
North Las Vegas, Nevada 89193-8521

Remote Sensing Laboratory — Andrews Air Force Base (RSL-A)

P.O. Box 380
Suitland, Maryland 20752-0108
(Andrews Air Force Base)

Remote Sensing Laboratory — Nellis Air Force Base (RSL-N)

P.O.Box 98521
Las Vegas, Nevada 89193-8521
(Nellis Air Force Base)

Special Technologies Laboratory (STL)
5520-B Ekwill Street
Santa Barbara, California 93111
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BGO
BiMOSFET
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BuChE

C

CAD
CCD
ChE
CNT
COTS

DAQ_
DARHT
DC
D-D
D-T
DEM
DHS
DMC
DMD
DNDO

DoD
DOE
DPF

alternating current
acetylcholinesterase

adaptive down conversion or
analog-to-digital converter

Air Force Research Laboratory
aluminium indium gallium phosphide
accelerator mass spectrometry
anti-reflective (coating)

Bi,Ge;0,,, bismuth germanate

bipolar metal-oxide semiconductor field effect transistor
Brookhaven National Laboratory

butyrylcholinesterase

computer-aided design
charge-coupled device
cholinesterase

carbon nanotube
commercial off-the-shelf

data acquisition (system)

dual-axis radiographic hydrodynamic test facility
direct current

deuterium-deuterium

deuterium-tritium

digital elevation model

U.S. Department of Homeland Security
detector modeling capability

digital mirror device

Domestic Nuclear Detection Office

(U.S. Department of Homeland Security)
U.S. Department of Defense

U.S. Department of Energy

dense plasma focus
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DPFA
DQE

DSLR
DTRA

EASLM
EDFA
EIMS
EMI
EMP
EO
EOS
ESF

ET

F

FFT
FORTE
FORTRAN

FOV
FQY
FTIR
FWHM

G

GC
GDMS
GLV
GPS
GSM

HBT

dense plasma focus accelerator
detective quantum efficiency

digital single-lens reflex

U.S. Defense Threat Reduction Agency

electrically addressed spatial light modulator
erbium-doped fiber amplifier

electron impact mass spectrometry
electromagnetic interference
electromagnetic pulse

electro-optic

equation of state

edge-spread function

equivalent time

tast Fourier transform

Fast Onboard Recording of Transient Experiment (data)
IBM Mathematical Formula Translating System
[computer programming language]

field of view

fluorescence quantum yielf

Fourier transform infrared spectroscopy

tull-width at half-maximum

gross counts

glow discharge mass spectrometry

grating light valve

Global Positioning System

Global System for Mobile Communication (System)

horizontal
Hilbert transform—based technique
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IEEE
InGaN
1P

IR
ITO

L

LA
LA-ICPMS
LA-MC-ICPMS
LANL
LAO
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LC

LCP
LCSLM
LED

LiF

LIF1/S
LIMS

LLD

LLNL

LO

LOS
LPADC
LPL

LSO

M

MACS

MCA

MCNP

MCNP MCTAL
MCNPX

MCP

MCPI

inertial-confinement fusion

Interactive Data Language [software package]
Institute of Electrical and Electronics Engineers
indium gallium nitride

image plate (phosphor systems)

infrared

indium-tin-oxide

laser ablation

laser ablation—inductively coupled plasma mass spectrometry
laser ablation multicollector inductively coupled plasma mass spectrometry
Los Alamos National Laboratory

Los Alamos Operations (NSTec)

Lawrence Berkeley National Laboratory

liquid crystal

left-circular polarization

liquid crystal spatial light modulator

light-emitting diode

lithium fluoride

laser-induced fluorescence imaging spectroscopy

laser ionization mass spectrometry

lower lever discriminator

Lawrence Livermore National Laboratory

Livermore Operations (NSTec)

line of sight

low-power, analog-to-digital converter

Long Pulse Lab (LO)

lutetium oxyorthosilicate

Multiple Application Computer Systems

multichannel analyzer

Monte Carlo N-Particle [transport code]

MCNP tally result [file format]

Monte Carlo N-Particle Extended version [transport code]
microchannel plate

microchannel plate intensifier
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MEMS
MFP
MHD
MIXS
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MOSFET
MPS
MS
MSE
MSP
MTF
M-Z

N

Nal
NASA
ND
Nd:YAG
NFG
NIF
NiO
NIST
NLV
NNSA
NREL
NSLS
NSTec
NTS
NVT

OP
OPH

p

PCB
PCMCIA
PDV
PEM

microelectromechanical systems
microfiber plate(s)
magnetohydrodynamic

multi-imaging x-ray streak (camera)
McClellan Nuclear Radiation Center
metal-oxide semiconductor field-effect transistor
Multiple Platform Systems

mass spectrometry or mass spectrometer
multiscale entropy (extraction)
microsphere plate(s)

modulation transfer function
Mach-Zehnder

sodium iodide

National Aeronautics and Space Administration
neutral density (filter)
neodymium:yttrium-aluminum-garnet [laser]
novel fiber geometry

National Ignition Facility

nickel oxide

National Institute of Standards and Technology
North Las Vegas Operations (NSTec)

U.S. Department of Energy, National Nuclear Security Administration
U.S. Department of Energy, National Renewable Energy Laboratory

National Synchrotron Light Source
National Security Technologies, LLC
Nevada Test Site

Nyquist Violation Technology

organophosphates
organophosphorus hydrolase

printed circuit board

Personal Computer Memory Card International Association

photonic Doppler velocimetry
photoelectromagnetic
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POx
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QCC
QE

R&D
RC
RCP
RF
RIID
RIMS
RITS
RSL
RSL-A
RSL-N

SDD
SEM
SLM
SNL
SNM
SNR
SPL
SPRT
SRIM
SSB
SSMS
STL

proximity-focused diode
polyfluoro-alt-phenylene

pulse-height analysis

Penning ionization mass spectrometry
passivated implanted planar silicon
photomultiplier tube

paraoxon

parallel pulse-height x-ray spectrometer
point spread function

Quadratic Compression Conversion
quantum efficiency

research & development

resistor-capacitor

right-circular polarization

radio frequency

radioisotope identification device

resonance ionization mass spectrometry

radiographic integrated test stand

Remote Sensing Laboratory (NSTec)

Remote Sensing Laboratory — Andrews Air Force Base
Remote Sensing Laboratory — Nellis Air Force Base

silicon drift detector

scanning electron miscroscopy
spatial light modulator

Sandia National Laboratories
special nuclear material
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spark source mass spectrometry

Special Technologies Laboratory (NSTec)

xvii




Acronyms

FY 2006

T

2-D
3-D
TCP/IP
TIMS
TSF
T-T

U

UCLA
UCSB
UNLV
UNR
URA
USAF
USB
USRP
uv
UV Vis

VDC
VISAR
VUv
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XRD
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two-dimensional

three-dimensional

Transmission Control Protocol/Internet Protocol
thermal ionization mass spectrometry

Teflon-scintillator-filled

tritium-tritium

University of California, Los Angeles

University of California, Santa Barbara

University of Nevada, Las Vegas

University of Nevada, Reno

uniformly redundant array

U.S. Air Force

universal serial bus [interface]

Universal Software Radio Peripheral

ultraviolet

ultraviolet-visible spectroscopy or spectrophotometry

vertical

volts of direct current

velocity interferometer system for any reflector
vacuum ultraviolet [ring]

extensible mark-up language
x-ray photoelectron spectrometry

x-ray diode

zinc oxide
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RESONANCE SHADOWGRAPHY

Gene C’age/[e,l Roderick Tiangco
Special Technologies Laboratory

Our team developed an experimental setup consisting of a plume generator, a tunable la-
ser illumination system, and a CCD—-based detection system. This setup successfully yielded
a resonance shadowgraph image. This report describes the experimental setup and presents

shadowgraph results and suggestions for apparatus improvement.

Background

In equipment such as Sandia’s Z and RITS machines, an intense, focused e-beam is driven into high-
Z targets to produce x-rays for radiographic imaging. However, with this type of machine or diode,
plasmas form on both the anode and cathode. Such plasmas in turn affect the produced x-ray dose
and its effective source size (a larger source size results in lower resolution x-ray images). To mitigate
this effect, we sought to better understand plasma formation, time evolution, and behavior.

Typical plasma measurement techniques using lasers (such as shadowgraphy and/or photography) are
generally limited to densities >10'%/cm?3. Densities earlier in the e-beam pulse, when the plasma has
already begun to interact with the e-beam, are <10'%/cm?, and hence, a challenge to directly measure.
We proposed to make a shadowgraphy image of a plume using a laser wavelength tuned to an atomic
or ionic resonance absorption line of one of the species in the plasma cloud. Normal shadowgraphy
depends primarily on the scattering of light out of the laser beam to produce a shadow image (shad-
owgraph). However, when the laser is tuned to resonance, a resonant absorption term will remove
additional light from the beam, thus increasing the effective opacity of the target plasma and allowing
“thinner” (lower concentration) areas of the plume to be visualized (i.e., sensitivity will increase, and
it should therefore be possible to track the time-space evolution of the plasma from earlier times in
its evolution).

Project

This project sought to assemble the equipment and demonstrate resonance shadowgraphy in the
laboratory. The experiment setup (Figure 1) consisted of the plume to be studied, the probe laser, and
the detector. The plume system consisted of a vacuum chamber with multiple quartz windows. The
chamber was typically operated at a pressure of 10~ torr or less and contained a flat aluminum target
(Figure 2). A small, pulsed neodymium:yttrium-aluminum-garnet (Nd:YAG) laser, focused through
the top chamber window onto the aluminum target, produced a plasma above the target when pulsed

1 capellga@nv.doe.gov, 805-681-2252
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Nd:YAG laser
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Figure 1. Experiment setup

(Figure 3). The target holder was designed to be movable from outside the vacuum system, to access
“fresh” areas when an area became too deeply pitted. Output of the Nd:YAG laser, at both 532 nm
and 1064 nm, was ~10 ns in pulse width, with ~180 m] per pulse. To aid alignment, two “goalposts”
were set up in front of and behind the plume (Figures 2-3). The distances between the parallel sides

of the small and large goalposts were 5 mm and 7 mm.

'The shadowgraphy laser illumination system is a 308-nm, excimer-pumped, tunable dye laser. This
laser was tuned to the aluminum resonance at 394.4 nm; output was approximately 24 ns and up to
10 m] per pulse. Line width was <0.1 nm. The roughly triangular dye laser output was expanded
(reverse Galilean telescope) to be larger than the plume area (~15 x 15 mm). For wavelength mea-
surement, a small portion of the dye laser beam was sent to a monochromator equipped with a
photomultiplier detector. An aluminum hollow cathode resonance lamp was also directed into the
monochromator for precise wavelength calibration to the aluminum resonance; the dye laser was then
tuned to this wavelength. After exiting the plume chamber, the laser beam was optically folded with
two mirrors, allowing the detector to be placed at a standoft of ~25 ft. This simulated the standoff that
would be necessary at the Z machine or RITS to enable operation outside the radiation shield wall.
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Figure 2. Plume generation area with movable aluminum target

Figure 3. Photo through telescope of plume created by Nd:YAG
laser focused on aluminum target
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The detection system started with an 8-in. diameter, 2000-mm focal length Cassegrain telescope. To
decrease unwanted light, the input aperture was masked to a 2" x 2" opening to collect light only
from the area in which the dye laser entered the telescope. Additionally, one or more optical filters
were placed in this input opening to eliminate unwanted background light. A custom extension tube
was mounted to the back of the telescope, to allow such close focusing. To this we mounted a Nikon
D50 digital single-lens reflex (DSLR) camera to be used as the detector. To increase sensitivity below
400 nm, we modified the camera by removing the UV/IR filter that is normally mounted in front of
the 6-megapixel CCD chip. Removal of this filter also tended to give some of the images a reddish
tint.

Figure 4. Series of resonance shadowgraph images on screen at 6 ft
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A digital delay generator controlled the timing of both the yttrium-aluminum-garnet (YAG) la-
ser (for plasma cloud production) and excimer laser (for dye laser beam timing through the plas-
ma). Exact beam times through the sample area were monitored with silicon photodetectors and an
oscilloscope.

Results

After some experimentation, our team could reliably produce resonance shadowgraph images of an
aluminum cloud that we generated in a vacuum system. The detectable plasma clouds that the small
Nd:YAG laser could generate were relatively small, on the order of a few millimeters high. The first
resonance shadowgraph images we recorded were produced by imaging the target area with a 12-in.
focal-length lens onto a screen ~6 ft from the plume. The enlarged image was photographed in a
darkened room using the DSLR along with the regular lens, plus a BG3 filter that blocked 532 nm
and other extraneous light. This setup was used to optimize experimental parameters, specifically the
necessary filtering and the time delay between the Nd:YAG pulse that produces the plume and the
dye laser pulse that interrogates it. Optimal delay was found to be in the range of 200-400 ns. Figure
4 shows the resonance shadowgraph images. First, we set up conditions for imaging (photo 7). Then
the YAG laser was blocked (no plasma, no shadow [photo 8]) and unblocked (shadow [photo 9]).
The dye laser timing was then increased to 1 psec later (no shadow [photo 10]), then returned to
270 ns (shadow [photo 11]). Next, the dye laser was tuned to 390 nm (4.4 nm off resonance, no
shadow [photo 12]), then returned to resonance (photo 13). Plume shadows varied in shape, as the
aluminum sample position was changed from shot to shot (photos 14-17).

Figure 5. Photos through telescope at 26 ft; red spot at base of plume is
plasma light leakthrough from point of laser impact on aluminum target.
Target position was moved between shots.

Next, the DSLR detector was set up on the telescope, located 26 ft from the plume. The system was
centered and focused on the target “goalposts,” and shadowgraph images were successfully recorded
(Figure 5). Reasonable images were obtained using either the BG3 filter or the 394-nm, 10-nm-wide
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band-pass filter. For situations in which more plasma light exists, the narrow 394-nm filter would
be the filter of choice. To avoid overexposure, dye laser energy was reduced to <100 uJ/pulse, and a
Wratten OD2 neutral-density filter was placed in front of the first filter. Because of this, the shadow-
graphy images could be recorded with the room lights on, even though the DSLR shutter-open time
was nearly 1 sec. Additionally, the bright plasma light flash generated by the Nd:YAG-aluminum
target interaction was barely visible.

Conclusion

Resonance shadowgraphy images were successfully generated using the experimental setup. When
the laser was tuned off-resonance (resulting in conditions for normal [nonresonant] shadowgraphy),
all traces of a plume shadow disappeared. Thus, resonance shadowgraphy is much more sensitive than
normal shadowgraphy. Also, surprisingly little tunable laser energy was required to generate the im-
ages. Therefore, should we encounter a situation with much brighter plasma light backgrounds, we
could increase laser pulse energy by an order of magnitude and compensate by adding an additional
factor of 10 attenuation at the telescope input, thereby reducing plasma light by that additional
factor.

Our results show that this resonance shadowgraphy technique would be very useful at places such as
Z and RITS, since it would expand their plasma diagnostic capabilities to considerably lower con-
centrations and earlier times in the life of the plasma. There is, however, more work that should be
done on this system to make it a reliable, fieldable system. First, increased magnification would be
advantageous, since we used only a small part of the total 6 megapixels of resolution that the detector
offers. Second, the probe laser beam should be cleaned up to make it more homogeneous, if possible.
'The dye laser head we used always had poor beam quality, which manifested in our results as intensity
variations across the image; this, in turn, affected the quality of the shadow image. Some of these in-
tensity variations may also have been the result of interference effects from windows or other optical
elements. Third, the probe laser should be placed at a 25-30 ft standoff from the plume in order to
mirror experimental conditions at places like RITS. Fourth, fielding this setup would be much easier
if the laser system could be made more compact.

Acknowledgment
Thanks to Mark Johnston of SNL, for helpful discussions regarding RITS, the Z machine, and this

project.




NEUTRON MONOCHROMATOR

Brent Davis?
North Las Vegas Operations

Gamma rays present formidable difficulties when making measurements of the neutron
emission characteristics of a radiation source. Time of flight techniques allow the neutron
flux to be distinguished from gamma-ray interactions, but large distances from the radiation
source decrease temporal resolution. Neutron scattering that occurs between the source and
the sensor obscures temporal behavior measurements of neutron emission. An effective neu-
tron monochromator would allow a particular neutron energy to be measured at very close
distances from the radiation source without interference from gamma rays or scattered neu-
trons. Properly designed, such a monochromator could radically improve measurements of the

temporal characteristics of neutron emission.

Background

In the classical sense, a monochromator is an optical device that transmits selected wavelengths
of light from a wider range of input wavelengths. The neutron monochromator developed in this
project does not select a specific wavelength from a spectrum. Instead, it allows neutrons of a spe-
cific energy (such as those produced from deuterium-deuterium [D-D], deuterium-tritium [D-T7],
or tritium-tritium [T-T] reactions) to be measured without significant interference from gamma/
x-rays that originate at the same location in time and space. The emphasis has been to design neutron
monochromators that can measure neutron intensities of two common energies, 14.0 and 2.45 MeV.
Where possible, the device’s temporal response was considered so that temporal measurements would
detect detail (fine structure) associated with neutron production.

Project

The ability to measure specific energetic neutrons, without gamma radiation interference (typically
produced simultaneously with neutron emission), depends on:

1) neutron velocity,
2) neutron interaction with a dielectric medium to produce light (scintillations), and

3) velocity of that light within the dielectric medium.

1 davisba@nv.doe.gov, 702-295-2563
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Furthermore, the dielectric medium must serve as an optical transmission conduit, exhibiting both
low attenuation and dispersion factors.

'The developed neutron monochromator uses a phenomenon referred to as “scintillation bunching.”
This term describes a mechanism by which the intensity of a wavefront of light produced by scintilla-
tions increases as it propagates along an optical conduit. Bunching occurs if the light’s wavefront and
the energetic neutron-scintillating interactions with the optical conduit occur at the same spatial and
temporal positions throughout the length of the monochromator.

As a function of time, t, the physical location of any neutron propagating parallel to the monochro-
mator’s axis is:

X, (0) = tv,, (1)
where
v, = c[1-(E/E)?]"2,
¢ = velocity of light in a vacuum,
E, = neutron rest mass energy, and
E = neutron kinetic energy.

'The position of the light produced from neutron-scintillator interactions along the dielectric medium

is defined by:
Xi(t) = tvy, (2)
where
v, = ¢/N, and
N = scintillating conduit’s refractive index.

X, is also a function of the monochromator’s geometry. In this case, the geometry is a spiral on the
surface of the conical section with a constantly changing pitch. The minor diameter of the conical
section is 24 in.; the major diameter is 48 in. The refractive index of the scintillating conduit is 1.47.
Figure 1 shows the general figuration of the device designed for 14-MeV neutrons. Figure 2 depicts
a set of scintillating fibers used for the prototype neutron monochromator.
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Figure 1. Neutron monochromator subassembly

Figure 2. Teflon tubing, scintillator-filled conduit
showing Plexiglas windows
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The length of the spiral is described by the function, F (), where ¢ is angular position of the spiraling

dielectric medium relative to the monochromator’s axis. Consequently,

t=F(¢) /(v) = F(¢) N/ec
t =X /v, = X /( [1-(E/E)?]12) (3)
F(¢) N/c = X, /( [1-(E/E)?]2),

or

F(9) = X/(N([1-(E¢/E)’]2). (4)

The Dense Plasma Focus (DPF) neutron generator at the Las Vegas facility yields a radiation out-
put (a mixture of neutrons and gamma/x-rays) with ~100-ns duration (full-width at half-maximum
[FWHM]). Consequently, the time of flight of light through the monochromator’s spiraled, dielectric
medium was designed to be approximately that same value. This would allow the monochromator’s
output signal from neutrons to occur ~100 ns following the very first neutron-scintillator interaction.
The 100-ns requirement defines the total length of the scintillating conduit in its spiraling path.

Scintillation bunching does not effectively occur with any of the photon-scintillator interactions.
Although the light intensity from these interactions are very large compared to that from the
neutrons, the light production occurs with a duration equivalent to the difference between the spiral
arc length and the monochromator axis length, divided by the speed of light. In contrast, the individual
scintillations from neutron interactions are additive and are continuously bunched into a narrow
packet during the entire time of the neutrons’ parallel flight along the monochromator’s axis. The
neutron signal through scintillating bunching is expected to be of large amplitude and short duration,
while the photo-induced signals should have comparatively low amplitudes spread out over ~100-ns
duration. In effect, the monochromator’s geometric configuration allows the signal from neutron-
scintillator interactions to be both intensified and separated from photon-scintillator interactions—
if the neutrons and photons share a common spatial and temporal origin.

The Monochromator’s Spiml Path

Determining the exact path of the monochromator’s spiral is complicated by a constantly changing
pitch and a diverging neutron flux. To define the final path, we made several compromises that were
expected to only slightly impact the monochromator’s ability to measure neutrons at short distances
from the emission source, and without major interference from the associated gamma/x-ray emis-
sions. The required path length of the dielectric conduit was calculated then compared with computer
models. Thus, iterations to the mathematical equation allowed an acceptable configuration to be

established.

10
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The Scintillating Medium

Two approaches were taken to establish an acceptable scintillating medium for the monochroma-
tor. First, we purchased a 5-mm (0.197-in.)-diameter scintillating fiber (BCF-10) from Bicron. The
supplier expressed concern that its bending radii might be too large for our application but advised
us that a 1.5-ft-radius would be acceptable. Some of the material received on 3-ft-diameter spools
was broken into two pieces, presumably caused by the spool’s bending radius. In addition, its opti-
cal transmission capabilities suffered from multiple, circular fractures that penetrated deeply and
perpendicularly toward the cylindrical axis (Figure 3).

Figure 3. BCF-10 (5-mm-diameter) fiber showing
diametric material fractures (light, circular rings)

The number of these fractures increased with time, either from handling or from stress caused by
the spiral path of the monochromator. The instability of optical transmission created by the fiber’s
changing physical condition deterred serious consideration of this material for the prototype
monochromators.

As a second option, scintillating conduit was produced on-site by filling 0.059-in. (inner) diameter
Teflon tubing (0.016-in.-thick wall) with Bicron’s liquid scintillator, BC-517P. This liquid was
selected because of its optical transmission capabilities, refractive index, viscosity, and low flash point.
The small Teflon tubing was chosen to minimize internal dispersion of the expected scintillating
light, and because its refractive index (3.35) assured that the filled tubing would act as an optical fiber.
However, tiny air bubbles from the scintillator gradually formed on the inside walls of the tubing
after the filling process (Figure 4). These bubbles caused severe attenuation to light transmission
along the special conduit, and we spent much time eliminating them.

11
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Figure 4. TSF “fiber” with air bubbles

Medium Transmission

Optical measurements determined that a 10-ft-long section of Teflon-scintillator-filled (TSF)
conduit exhibited about a 23% optical transmission (for ~400-nm light), as shown in Figure 5.

That the light output from the solid BCF-10 scintillating fiber was greater than that from the TSF
fiber is attributed to its larger size (0.197-in. versus 0.059-in. diameter).

To address the TSF fibers' large attenuation, these fibers were cut into ~10-ft lengths and assembled
to the monochromator’s spiral in groups of ten. The final configuration contained 70 of these special
scintillating conduits. At the end of each set of ten fibers was a light sensor to measure light output.
Signal output from each of the seven sensors was recorded during the monochromator tests, then
mathematically combined via computer programming.

Measurements

A series of measurements was made using a prototype DPF neutron generator as the radiation
source. Since the generator’s working gas mixture was deuterium, only the 2.45-MeV neutron
monochromator was evaluated.

Preliminary signal data evaluations indicated that the monochromator was working properly.
However, a more detailed study and follow-up experiments demonstrated that signals from radia-
tion directly onto the sensors' photomultiplier tube had overwhelmed any monochromator output.
Consequently, the sensors were heavily shielded with lead.

12
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Figure 5. Optical transmission qualities of the TSF “fiber” to ~400-nm light

Figure 6 shows a composite of signals that measure DPF output behavior. All signal amplitudes
have been normalized to the first trace. Traces 1 (black) and 2 (green) represent the signals from
the generator’s standard, unshielded monitor. There are two gamma bursts measured by the detector
monitor, separated by ~145 ns. Neutron output is recorded at ~460 ns following the initial gamma
output (a time of flight phenomenon). The signal output (traces 3 [blue] and 4 [red]) are from the
monochromator’s detector 8, which has been decoupled from its scintillation fiber. These recordings
show the same two gamma bursts produced by the generator’s monitor. Signals produced by neutrons
(if the scintillator fiber had been in place) would be significantly masked by the second gamma burst
because the prototype monochromator would produce a signal from the neutron at ~100 ns following
the initiation of the first gamma burst.

We used 2-in.-thick lead bricks to shield several of the monochromator detectors, followed by sev-
eral additional measurements. Figure 7 shows one of the series of measurements made following
proper radiation shielding of the monochromator’s detectors. All signals have been “aligned” in

13
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time, based on their major peak. This display demonstrates the signal amplitude differences between
monochromator sensors. Within reason, each sensor should have yielded a similar signal amplitude.
Their failure to do so was caused by small gas bubbles that developed randomly (over time) within
liquid scintillation “fibers.” The degree of optical attenuation within the liquid scintillator depended
on bubble quantity and location.
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Figure 6. Behavior of DPF gamma and neutron emission

The display also shows an unusual (unexpected) temporal behavior from the radiation source. With-
out definitive timing information between the standard radiation source detector monitors and the
monochromator signals, it was impossible to determine much more than the fact that the detectors
functioned. Evidently, prior to the monochromator experiments, accurate timing was not considered
important in DPF measurements.
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Figure 7. Monochromator signal output from sensors 2-6 and 8

We also discovered that the main DPF system data associated with its temporal characteristics
was unreliable. The monitoring detectors were typically operating outside of their linear signal
capabilities, which caused unacceptable distortion to the system’s true output characteristics.

In an attempt to avoid these monitoring issues, we established a new detector for the radiation source
by placing a lead-shielded detector (containing a small unshielded fluor) at roughly the same location
as monochromator detector 3. Figure 8 shows the signal comparison between the new monitor and
monochromator 3. Except for signal amplitude, there appears to be little difference between the two
signals. Since both detectors (except for their scintillators) are shielded from DPF prompt gamma
rays, the data imply that the first signals from these two detectors are induced by neutrons. How-
ever, the two secondary “bumps” following the main signal remain unexplained. There still seems to
be no evidence to support reliable conclusions about the monochromator’s true performance.
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Figure 8. Signal comparison of new monitor and monochromator 3

Conclusion

During this project, both a 14-MeV and a 2.45-MeV prototype neutron monochromator were de-
signed, but only the latter was tested. The monochromator’s radiation sensitivity was compromised
by scintillating “fiber” degradations. The solid fiber’s optical transmission changed with time, caused
by small fractures that slowly developed within the material. Tiny gas bubbles gradually developed
in the liquid scintillator, which was contained within small Teflon tubing. These changes altered the
fibers’ optical characteristics as a function of time. Consequently, neither fiber is considered a good
choice for a working monochromator.

The best scintillating fiber would be solid (to reduce optical dispersion and prevent fractures) and
diametrically small. There is supporting evidence that the fractures introduced within the solid “fiber”
were highly dependent on its large (5-mm) diameter. Bicron BCF-12 solid, 2.4-mm-diameter fiber
is recommended to replace existing monochromator fiber. Although the BCF-12 has a slightly larger
decay time, its optical transmission is about 23% better than that of BC-517P. The refractive index of
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the BCF-12 is 1.6 (cladding is 1.49), compared to the BC-517P value of 1.47 (fluorinated ethylene
propylene Teflon is 1.37). This difference may require a slight redesign of the existing monochro-
meters’ spiral paths.

Inadequate information regarding the true temporal characteristics of the DPF radiation output
made it impossible to determine with confidence that the monochromator was functioning correctly.
'The DPF system’s data acquisition techniques and instrumentation should be improved to allow tim-
ing and temporal behavior information to be reliably and accurately recorded. More design work also
must be done to incorporate adequate gamma-ray shielding for the monochromator’s sensors.
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PARALLEL PULSE-HEIGHT X-RAY SPECTROMETER

Fletcher J. Goldin,! Stephen Mitchell

Livermore Opemz‘iom

The ultimate goal of this project was to advance the development of an x-ray spectrometer for
use with flash x-ray generators typical of those used in radiography of hydrodynamic experi-
ments. This was attempted by introducing the x-ray flux onto an array of scintillating elements
using one of two configurations: parallel to the array axis (end-on) or orthogonal to the array
axis (side-on); the light output of the elements, measured by imaging the array face, would
then provide x-ray spectral information. For the end-on geometry, if no more than a single
x-ray photon entered a given element, its output would be proportional to the x-ray energy;
for the side-on geometry, x-ray energy would be deduced by the extent of penetration into the
array. At least in the first instance, this was essentially pulse-height analysis (PHA), but done
in parallel (as required for an impulsive input) rather than in sequence. Thus, the device was
dubbed the parallel pulse-height x-ray spectrometer (PPXS). Due to the extremely low signal
levels and significant noise, this end-on configuration gave discouraging results. However, the

side-on concept showed promise as the heart of a flash x-ray spectrometer.

Background

A wide range of U.S. DOE hydrodynamic and other experiments depend on flash x-ray radiography.
Spectral information about the x-ray source can aid source development, application, and data
interpretation, but the short duration (10s of ns) of the x-ray burst precludes conventional PHA.
Consequently, current spectral measurements rely on differential absorption of x-ray photons by
filtration of various materials and thicknesses. But a fundamental problem—the very weak dependence
of the total cross section with photon energy (in this regime)—means that small inaccuracies in
raw data are magnified in the unfolded spectra. These considerations motivated this project. The
most important application of the PPXS would be in the ~0.3-3 MeV range (cross sections in this
regime are essentially flat vs. energy, rendering differential absorption least effective), but for practical
reasons, these tests occurred in the ~50-400 keV range.

Project

Two geometries (end-on and side-on) were investigated numerically and experimentally. For the
end-on concept, x-rays entered an array of scintillating elements from one end. The elements were
separated by reflecting walls for optical isolation and light-piping, and the back side was imaged.

1 goldinfj@nv.doe.gov, 925-960-2686
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If the number of elements accepting more than one photon is statistically insignificant (e.g., <1%),
then a histogram of the brightness levels of the array output would correspond to the spectrum of the
input x-rays. This was done by lens- and butt-coupling an intensified camera to the array, as depicted
in Figure 1(a) and (b). An alternate approach used the side-on geometry shown in Figure 1(c), where
depth of penetration (possibly behind a step wedge filter) provided the spectral information.

a. End-on, lens-coupled c. Side-on, lens-coupled
BGO array
X-ray flux Edge
PI-MAX S
NN
N <+
50 mm w/ §§§ i

Intensified CCD +2 diop ensitivity-assessing

step-wedges B
b. End-on, butt-coupled \
— ﬁ Penetration-
SI800 q i
<«— assessing

step-wedge
(thicker toward
CCD MCPI

n

W,
v

bottom)

Figure 1. Three configurations used: end-on incident x-ray flux with lens- (a) and
butt- (b) coupling of BGO to microchannel plate; with flux entering side (c)

A scintillator that could be used for this scheme would need (1) a combination of stopping power and
thickness (element length) sufficient to absorb nearly all the energy of the most energetic photons,
(2) stopping power and element width to mitigate against cross talk, and (3) enough elements that
a histogram of those illuminated would give statistically meaningful spectral information. The high
stopping power implies an inorganic material that would require individual cutting, polishing, and
coating of four sides; for the thousands of elements needed, costs would be >$100K. Fortunately, it
was possible to obtain an existing array from LLNL not designed for this project, but with specifica-
tions near ours. The array was a 76 x 76 square array of bismuth germanate (Bi,Ge;O;,, commonly
BGO) elements, each 40 mm long and separated by an aluminized Mylar wall, with a net pitch,
including walls, of 50 mm/76. This met requirements (1) and (3), since modeling indicates only ~1%
of the energy of a 400-keV photon will exit the back side of 40-mm slab of BGO, and up to ~600 ele-
ments could be illuminated in a single shot with only a tolerable ~1% intercepting multiple photons
(Goldin, 1996). Much more problematic was requirement (2), as discussed below.
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While this project’s goal was to find a path for spectral measurements in the 0.3-3 MeV energy
range, practical issues with the x-ray source and the BGO array dictated experimentation in the
<500-keV regime. This was done using a Scandiflash 450 x-ray pulse generator. This source uses a
20-stage, 18-], 450-kV (maximum erected voltage) Marx bank to drive a vacuum-diode x-ray head,
and produces ~25 mR of x-radiation at 30 cm in a 20-ns pulse. The spectrum is approximately brems-
strahlung, mixed with line radiation, modified by absorption by the tungsten anode and aluminum
vacuum window. The generator, a qualified operator, and a safe and efficient facility (Site 300) were

graciously contributed by LLNL B-Division.

End-on Geometry

Energy deposition in the scintillation array was modeled using the Monte Carlo N-Particle
eXtended (MCNPX) Version 2.5D particle transport code (provided by LANL). BGO material
density was taken as 7.13 g/cm?, and the walls were taken as 100 mm, 90% mylar/10% Al. More
than 150 problems were performed, each with 107 particle histories for minimal statistical variances.
These calculations primarily investigated cell-to-cell cross talk (due to radiation, not optical, trans-
port). A sampling of the results is summarized graphically in Figure 2(b) (note the logarithmic ordi-
nate) and numerically in Table 1. As expected, the cross talk increases with both energy and proximity
to the cell wall of photon input. At, say, 100 keV (the expected peak for a 450 keV endpoint source),
for central incidence, only a tolerable 3% of the energy is deposited in the adjacent cell(s), but this
rises to a significant 9% for incidence 75% of the way from the center to the wall. Though difficult
to define a tolerable cutoff, the situation at 400 keV (which represents only a very small fraction of

(a) BGO array (b) 200-keV x-ray incident in corner cell

1

76 elements

50.0 mm 7_

l 40.0 mm
/4— 76 elements -7/

50.0 mm

Energy deposited in cell

Figure 2. (a) MCNPX model of BGO array with light-piping walls; (b) energy deposited
in nearby cells for a single 200-keV photon entering the center of the cell at (1,1).
Note the logarithmic ordinate.

21



Accelerators and Pulsed Power

FY 2006

Table 1. MCNPX-calculated values for fraction of energy deposited in entrance/nearest neighbor/
next-nearest neighbor cells, given single photon entering cell at center, edge, and three
intermediate points, all for four typical energies

Position Ey (keV): 50 Ey (keV): 100 Ey (keV): 200 Ey (keV): 400
Center 0.994/0.001/0.000 | 0.749/0.030/0.005 | 0.794/0.022/0.004 | 0.705/0.016/0.005
Yato edge | 0.994/0.002/0.000 | 0.746/0.041/0.006 | 0.792/0.029/0.005 | 0.704/0.020/0.005
5 to edge | 0.992/0.005/0.000 | 0.733/0.058/0.007 | 0.784/0.039/0.006 | 0.700/0.026/0.006
% to edge | 0.986/0.011/0.000 | 0.706/0.087/0.009 | 0.768/0.057/0.007 | 0.689/0.035/0.007
Atedge | 0.554/0.441/0.000 | 0.410/0.360/0.012 | 0.432/0.379/0.009 | 0.379/0.338/0.008

x-rays) is probably acceptable. This implies that to avoid the error of counting two adjacent illumi-
nated cells as having received two x-ray photons, in practice the flux might need to be so low that one
could safely assume any such pair was receiving energy from a single photon.

End-on x-ray input was first tested using a Princeton Instruments PI-MAX 1k:GEN3, 1k?, 16-bit
intensified camera. A Nikkor 50mm f:1.2 lens, together with a +2 diopter close-up lens, allowed a
magnification of 0.2, so that most of the 13-mm-square CCD array was used to image the BGO.
The camera-lens combination was tested at this magnification with visible (450 nm, near BGO
output peak) pulsed input, and was found, at maximum gain, to have an absolute sensitivity of
500 counts/(pJ/cm?). Given the optical coupling efficiency of ~3 x 1073 and BGO output of ~10% vis-
ible photons/MeV absorbed, the net result is that 3—4 visible photons would be expected per CCD
element for the light produced by a single 100-keV photon, which appeared to correspond to being
just barely detectable (with a signal-to-noise ratio of ~1). After dark-field, flat-field, and resolution
data were taken, the system was set up with the BGO array and flash x-ray source. The maximum
source-to-BGO distance allowed by the facility was 4.5 m, which was used to minimize the x-ray
flux as well as the angle between the outer (high aspect-ratio) BGO elements and the x-ray beam
axis. Calculations implied that at this distance, some attenuation would still be needed to limit the
photons intercepted by the BGO to a few hundred; this was done with 9 mm of Al (which, of course,
modestly hardened the spectrum).

We addressed two primary questions: whether single-photon events could be measured, and if ra-
diation transport-induced cross talk would be consistent with modeling. (Note: the latter would be
qualitative, as the model was for various single energies and the experiment used a broad, largely
unknown spectrum.) Since even in the absence of interference, either electromagnetic interference or
hard radiation, from the x-ray generator single-photon events would be at the edge of detectability,
this lower limit was investigated with step wedges to see at what attenuation the signal merged with
the noise.

22




Accelerators and Pulsed Power SDRD

Unfortunately, the noise was far greater than anticipated. Various tests indicated this was principally
from scattered x-rays, and so shielding was built up around both the generator head and BGO/cam-
era combination. Figure 3(a) shows some of this, but a factor of 3 reduction was the best achieved.
As is obvious from the step wedge image of Figure 3(b), this was completely inadequate. Also seen in
Figure 3(a) is a tungsten roll bar used to measure the edge spread as a check on the MCNPX cross-
talk calculations, but again noise (or low signal-to-noise ratio) precluded any useful measurement.

1k2 16-bit intensified CCD
with 50-mm f:1.2 Nikkor

B

e

2-D tungsten roll-bar
hd i)

Figure 3. (a) End-on configuration with roll bar target showing shielding; (b) image of no wedge (top),
5-step Cu (middle), and 6-step Pb (bottom) step-wedge targets

These problems led to a new configuration in which the BGO array was in direct contact with the
imaging system. While this could make little difference to the absolute noise, the signal was greatly
enhanced. (Optical coupling was increased by a factor or ~200 at the cost of optical responsivity
reduction for this MCP/CCD combination of ~0.5.) No off-the-shelf system that allowed this was
available, so a housing was built that gave a soft-contact butt-coupling of the BGO, an independent
MCP, and an SI-800 4k?, 16-bit CCD camera. Noise was still too high for step wedge tests, as de-
picted in Figure 4(a), to show detectability of single photons, but the edge-spread function could now
be seen. The image of Figure 4(b) was taken with a 1.5-mm Ta knife edge at a 4.4° angle across the
array face. This angle corresponds to walking oft by one BGO element vertically over a transit of 13.

23



Accelerators and Pulsed Power FY 2006

The line-out shown in Figure 4(c) along one row of elements [depicted in red in Figure 4(b)] shows
a nearly full rise in intensity in about this many elements, which demonstrated that the edge spread
must be much less than a cell width, consistent with the MCNPX modeling.
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Figure 4. Butt-coupled setup with step-wedges (a) and image with slanted Ta knife edge (b) and line-out
(c) (red rectangle in 4b) showing min/max transition over ~12 cells

Side-on Geometr_y

Approximately eight to nine months into the project, when the probability of overcoming the
difficulties encountered in detecting single-photon events with available equipment and time was
depressingly low, we turned to performing initial numerical calculations and tests of an alternate
scheme. The BGO was turned 90° relative to the source for side-on x-ray incidence [Figure 1(c)].
Imaging what would now be the array side would then measure the distribution of x-ray penetration
depth, a function of the energy spectrum. As detecting single-photon events is now not required,
the source-to-scintillator distance was decreased to 2.0 m, for a factor of five increase in flux.

Further, a step wedge could exploit the two dimensions of the array to give penetration informa-
tion behind attenuators of various thicknesses in a single shot. Nine-step wedges of Al and Cu were
constructed so as to give 10 attenuation thicknesses (including bare), so that each step filtered ap-
proximately seven BGO rows. Energy deposition in each BGO element behind each wedge step, for
12 energies in the range of interest, was calculated with MCNPX, and the results for the Cu case
for three representative energies are summarized in Figure 5. Figure 5(a) shows the total integrated
energy absorbed behind each step—equivalent to the information gained from the normal use of a
step wedge in front of a conventional detecting element, such as film or a scintillation sheet imaged
from behind. Figure 5(b) shows the vastly enhanced data set of spatially resolved energy deposition
behind the 10 steps this configuration gave.
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a. Total energy absorbed. b. Energy penetration.
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Figure 5. MCNPX calculation of energy deposited behind the 10 steps of Cu step wedge of
Figure 6—total (a), and in successive cells (b), for three energies

'The three images shown in Figure 6 were produced in three shots: (a) at a reduced 250 kV for a softer
spectrum, (b) at the usual (maximum) 450 kV charging voltage, and (c) to 450 kV with a 0.05-mm
sheet of lead in front for a harder spectrum. X-rays entered from above, and in all cases the Cu wedge
was in place with thinner steps to the right. Energy absorption can be readily seen to increase with
thinner steps, but also, penetration depth can be seen to increase as the spectrum hardens.

These observations are verified in the line-outs of the intensity profiles behind three representative
steps (bare, 2.4 mm, and 12.8 mm) shown in Figure 7(a). (The spikes are an artifact of the flat-field
image, used to correct for cell-to-cell variation, which was acquired by uniformly illuminating the
side of the BGO array away from the camera and had artificially low counts at the cell walls.) In
Figure 7(b), the same data are plotted, but with all the line-outs behind the same wedge scaled to the
same peak height. It can then be seen that, with no step material, the spatial decay length increases
markedly with increasing spectral hardness, only slightly behind step 4, and effectively not at all by
step 9. It is this “difference of differences” that would allow a more accurate unfolding of an x-ray
spectrum from the side-on data than would be possible from the simple integrated absorption of a
conventional system.
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Figure 6. BGO array behind 10-step Cu wedge with x-ray flux entering from top

Conclusion

Calculations for, and tests of, two different geometries—end-on and side-on x-ray input—were
carried out. For the end-on calculations, two classes of problems were discovered and not overcome:
excessive noise and element cross talk. Further work might sufficiently mitigate the noise with optical
transport of the image to a lead pig containing the camera (although this would presumably decrease
the already intrinsically very low signal). Approaches to the cross-talk issue might include either
larger elements, possibly with shielding between (with concomitant loss in number); many more
smaller elements so that the footprint of an individual photon event might be imaged (presumably
at much increased cost); or a flux low enough that the occurrence of x-rays incident in adjacent cells
would be statistically insignificant (which would degrade overall statistics). This project, however,
is not a cause for optimism.
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(a) Intensity line-outs, unnormalized. (b) Line-outs scaled to peaks within steps.

\ 10 |

25 rrrrrr 250 keV, no Pb, Step 0 [ oo |

i 250 keV, no Pb, Step 4 o :

20 | i 250 keV, no Pb, Step 9 o 08 ¢

: | ()] L

o Eoo 450 keV, no Pb, Step 0 8 07 :

2 ] — 450 keV, no Pb, Step 4 03) ;
= I it 0.6

S 15 5 450 keV, no Pb, Step 9 || £ .

I A » :

= U R 450 keV, w/ Pb, Step 0 = 0.5 |

o | 8 :

g — 450 keV, w/ Pb, Step 4 § 04 |

= 450 keV, o ¥

T 03]

3 r

© L

S 02

o] L

01 |

0.0 ® At =
0 5 10 15 20 25
X in radiation direction (BGO elements) X in radiation direction (BGO elements)

Figure 7. Line-outs of intensity behind three representative steps of the Cu step-wedge of Figure 6
(a) raw and (b) peak-normalized the line-outs of a given step

'The side-on geometry was much more promising. The data from three different input spectra clearly
indicated their differences and were in accordance with modeling predictions. However, it would
appear that to actually unfold a spectrum would require a fairly sophisticated reduction algorithm,
probably involving a calculated (modeled) prediction with a best-guess spectrum (based on brems-
strahlung/line radiation given the target material and voltage), comparing that with the data, adjust-
ing as appropriate, and iterating until converging on a good match. A start on this might be possible
with the calculations and data generated in this work, only a sample of which is shown here.
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A TAGGED PHOTON SOURCE FOR ENERGY-DEPENDENT
RADIOGRAPHY

Tim Ashenfelter, Peter Heimberg (former employee), Michael ]. Hornish,X Eric Moore
Remote Sensing Laboratory — Andrews

Michael Mendez, Ken Moy
Special Technologies Laboratory

'This report represents the second phase of a two-year project involving the study of a “tagged”
photon system that utilizes nearly monoenergetic electron beams emanating from a heated,
polarized, pyroelectric crystal. FY 2005 achievements included initial beam characterization
studies with existing capabilities at STL, Monte Carlo simulations of forward bremsstrahlung
photon production, and development of a photoelectric injection system utilizing UV light-
emitting diodes. This second phase has involved establishing an experimental electron beam
facility at RSL-Andrews (RSL-A) to conduct more extensive beam characterization studies
and to perform measurements of deflected electrons in coincidence with their corresponding
bremsstrahlung photons. Although the ultimate goal of “tagging” photons has yet to be real-
ized, a large vacuum chamber and the equipment necessary for conducting further pyroelec-
tric beam studies have been assembled, thereby providing a facility that will enhance future

experimental investigations and enable beam study for a far wider range of applications.

Background

Over the past 15 to 20 years, significant progress has been made in studying and understanding
electron beam production through the use of pyroelectric crystals. This phenomenon involves
utilizing the large electric fields generated by moderately heating such a crystal in the presence of a
dilute gas, resulting in the production of a self-focused electron beam (from one end of the crystal).
Indeed, the first known observation of x-rays resulting from such electron beams incident on metallic
targets occurred in 1992 (Brownridge). Further studies have ascertained more information about
these beams’ nearly monoenergetic nature, as well as their energy of up to 170 keV (Brownridge,
2001). Recently, these crystals have been used to drive fusion reactions by accelerating deuterium ions
(Naranjo, 2005).

! hornismj@nv.doe.gov, 301-817-3347
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Under the SDRD program, a group of researchers at STL has conducted detailed studies on the
behavior of these crystals (Quam, 2004) and has exploited this phenomenon to generate terahertz
radiation (Quam, 2005). Finally, as part of the FY 2006 SDRD program, the same STL group has
studied the possibility of employing this technology as a neutron source.

'The principle behind the present concept was to impinge the electron beam on a thin aluminum
target. The passage of electrons through the foil will cause them to radiate bremsstrahlung photons
a small percentage of the time. For those electrons that do emit photons, this process reduces the
corresponding electron energy from its initial value, E,, On the down-
stream side of the foil, the emergent electrons will then be exposed to a magnetic field that has been
introduced with a dipole magnet, thereby deflecting electrons with a curvature directly proportional
to their velocity. Placing a solid-state, charged particle detector at an appropriate position relative to
the path of the deflected electrons of interest will enable electron measurement; only those that have
radiated a photon of a given energy will be incident on the detector and register a signal.

to a smaller value,

electron®

Charged

Transverse magnetic particle detector

field (out of page)

Gamma
detector

Thermocouple

Heater resistor—

LiTa0s3 crystal Bremsstrahlung
photons

Thin aluminum or
tantalum foil

0.5" thick chamber wall
/ (18" diameter)

Figure 1. Diagram (not to scale) of the “tagger” apparatus to be

used inside a large vacuum chamber. The red, curved line shows
the path of an electron (incident on the silicon detector) that has
radiated a bremsstrahlung photon (measured by an appropriate

gamma/x-ray detector). Thus, the photon can be “tagged.”
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oo that are determined
by the difference between the initial beam energy and the electron energy following photon emission
(Eposon = Epeam — Eotpesron)- These photons proceed undeflected by the magnetic field; it is a straightfor-

photon
ward process to measure them with an appropriate detector (e.g., a CsI crystal) in coincidence with

Meanwhile, the bremsstrahlung photons possess energies, represented by E,

electron

their associated, reduced-energy electrons. Hence, one can individually “tag” a given photon with its
electron, allowing one to choose which photon energies to utilize. This process can be achieved by
moving the detector to different locations to measure electrons of differing energies. Thus, one can
easily imagine using this “tunable” photon source for low-dose radiography purposes by placing an
object to be imaged between the magnet and the photon detector. Figure 1 details the proposed setup
of such a “tagged” photon system.

To lay the foundation for future explorations of this potential “tagger” capability, it is necessary to
conduct additional pyroelectric beam studies to better characterize the electron beams. These studies
should include further exploration of the spread in the electron beam energy, which is generally
thought to be no greater than ~10%. Furthermore, increasing the beam energy would be an important
step in broadening this method’s potential scope. Finally, achieving some stability in terms of beam
energy and the amount of beam current produced would be imperative for establishing reproducibility
in the electron beam. To build on the progress made during Y 2005, we hoped to further characterize
electron beam properties and attempt to optimize the parameters to make progress in measuring
electron-photon coincidence events.

Beta PIFS detectar Freamplifier

Digital Pulse
Processor
LsB
Thermocouple ——————] W-
Chamber Pressure —— b DAGQPad™ Laptap w/
Input Vaoltage ————— E020E Labiew
Input Current

Figure 2. The electronics and DAQ system for the initial “tagger”
experiment
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Project

Existing STL facilities have proven valuable in performing initial electron beam studies. However,
in order to set up an apparatus with which to conduct further beam characterization studies and
take electron-photon coincidence measurements, we needed to obtain a larger vacuum chamber that
could more easily accommodate the necessary components (Figure 1). Thus, with the help of our STL
collaborators, we designed, ordered, and fabricated a large, spherical (18-in. diam) vacuum chamber
with multiple ports. To ensure that the system was functional and could be operated safely and se-
curely, we initially assembled and tested the finished chamber setup and its corresponding, oil-free,
turbomolecular vacuum pump at STL. In addition, we procured a LabVIEW-based data acquisition
system (DAQ).

The lithium tantalate (LiTaOj;) crystal, vacuum chamber, vacuum pump, and all associated electronics
were shipped to RSL-A. Electrical work was performed in the laboratory area to provide a dedicated
power outlet for all of the “tagger’s” needs. Passivated implanted planar silicon (PIPS) detectors with
two different thicknesses were acquired for use in measuring electron beam properties and for making
electron-photon coincidence measurements. System setup is rather straightforward, as shown by the
simplified schematic (without photon detector) in Figure 2.

Figure 3. Laboratory set-up, including the large, 18-in.-diameter vacuum chamber
and corresponding electronics, DAQ, and laptop used to conduct experimental
measurements
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All equipment successfully arrived and was assembled. On receipt, the acquisition electronics were
configured to measure crystal temperature with a thermocouple, and to record the signal from the
beta PIPS detectors through a preamplifier and digital pulse processor. The laboratory setup appears
in Figure 3, and the vacuum chamber and crystal are presented in Figure 4.

Figure 4. The LiTaO; crystal shown inside the chamber at left is shown in detail in the right-
hand image, along with a zinc sulphide (ZnS) phosphor used to visually verify the presence
of an electron beam while in operation

We have tested the vacuum system, and stable vacuum pressures have been achieved. Meanwhile,
preliminary crystal-heating tests have also been performed. The crystal was heated to a suitable
temperature for electron beam production by passing an electrical current from a DC power supply
through the attached heater resistor. However, a visible beam was not successfully generated, and
scheduling limitations prevented further studies.

Conclusion

'The pyroelectric electron beam apparatus described above has been assembled at RSL-A, and tests
of the vacuum system have been performed to verify system integrity and functionality. Preliminary
attempts to heat the crystal unfortunately failed to produce an accelerated electron beam, and limited
efforts to correct the problem were unsuccessful.
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PORTABLE X-RAY SPOT-SIZE DIAGNOSTIC

Stephen §. Lutz,? Roderick Tiangco
Special Technologies Laboratory

Our team assembled and fielded a portable spot-size measurement for bremsstrahlung sourc-
es. We tested detector and resolution for sources with endpoint energies from 0.25 to 8 MeV.
Dynamic range comparisons were made with an image plate phosphor detection system over

this same energy range.

Background

Radiography is an important tool for probing metallic density profiles in dynamic experiments. Both
NNSA subcritical and hydrotest programs employ radiography extensively. Source brightness is a
critical figure of merit for understanding any radiographic system. To determine brightness, one must
know the source strength, typically expressed as the number of rads at a meter (dosimetry) and spatial
extent (spot size). Historically, spot size is measured with an imaging detector, generally a phosphor
or x-ray film. Our team proposed developing a portable system to standardize spot-size measurement
and provide a measurement in situations in which a local detection system is unavailable. Further,
there are some sites in which removal of the phosphors may be difficult and time-consuming. For
example, at DARHT there are issues with contamination at the working point, necessitating bagging
of phosphors on the point, and swiping upon removal. At the NTS Cygnus facility, the phosphors

must be removed and brought “uphole” for reading.

Project

This project comprised two parts. First, we surveyed and ranked commercially available, large-area,
bremsstrahlung radiation-imaging technology. Technology was ranked in terms of cost, performance,
and portability, and a selection was made. We then purchased a detector. Part two involved testing,
fielding, and characterizing the selected detection system at several NNSA facilities.

Product Surwe_y

Early on, we decided to use a large-area, solid-state silicon (Si) detector for the imager. Competing
technologies included image plate (IP) phosphor systems, wet film, and camera/radiation-to-light
converter (scintillator) systems. IP phosphor system performance makes it the current standard for
radiation imaging, especially at low to modest energy (0.1-1 MeV). The medical industry now uses
IP phosphors almost exclusively for standard radiography tasks. This technology, however, entails

! lutzss@nv.doe.gov, 805-681-2244
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a relatively large and delicate reader system. A typical phosphor scanner, about the size of a mod-
est copy machine, usually requires a factory technician for setup. Field efforts such as the Nuclear
Emergency Search Team utilize this technology. However, the field deployment device is generally
large, involving steamer trunk—sized packaging.

'The team ruled out wet film, based on its complexity of development and waste stream. Scintillator
arrays, coupled to a large, scientific-grade CCD camera offer the best detection at higher energy.
Thus, it is the detector of choice at both the DARHT and Cygnus facilities. However, complexity,

weight, and cost are negatives for this relatively straightforward application.

Large-area (>40 mm?) Si detectors have been available for more than 10 years. The basic detector
configuration employs an optical sensor, generally based on amorphous Si, close-coupled to a phos-
phor. In this scheme, most of the bremsstrahlung energy is deposited during interaction with the
phosphor, which in turn produces light that is detected by the Si panel. Early models suftered from
longevity and reliability issues. They were susceptible to radiation damage, expressed as dropped
pixels, dropped columns, and enhanced fixed-pattern noise.

We contacted three detector vendors about their products: Varian, Rad-icon, and Envision. A re-
cent innovation in detector architecture, developed for use with higher energy-penetrating radiation,
places the associated electronic circuitry outside the detector plane. This enables the control, ampli-
fication, and analog-to-digital electronics to be encased in lead shielding. Both Varian and Rad-icon
offered such a configuration. However, at the time of purchase, Varian was withdrawing their product
because of an unknown performance problem. Hence, we elected to procure the Rad-icon system.

Figure 1. Detector with laptop computer in travel case
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The Rad-icon detector consists of a 2048 x 2000 pixel array. It produces 12-bit data (4096 count
maximum) and is coupled to a user-friendly universal serial bus (USB) interface. It comes with cus-
tom software that allows one to configure the device to trigger remotely, syncing it with an external
pulsed radiation source. This capability was essential for our application.

'The laptop-sized detector can be packed in an airline carry-on bag, along with a readout computer
(Figure 1). Its active area is seen as a black recess, on the order of 100 mm?.

Detector Characterization
The detector was tested with four different pulsed radiation sources:
* Platts flash — 250-keV endpoint, tungsten anode
¢ 705 Febetron — 2-MeV electron source, Ta target, 25-mm Al filtration
¢ Cygnus rod-pinch diode — 2.2-MeV endpoint, tungsten anode
* Radiographic integrated test stand (RITS) — 8-MeV SNL diode development test stand

We first tested the detector with the Platts flash source. Early on, we noticed that the detector was
susceptible to triggering on the electromagnetic pulse (EMP) associated with the firing of the Platts
Marx bank. This observation was particularly troublesome because the Platts flash is a relatively quiet
source. This was an issue because the detector requires a 125-ms pretrigger to reset the thermal noise
buildup immediately before signal integration. When the Marx bank triggered, the device would
retrigger, effectively causing the radiation to come in the middle of the reset cycle. We overcame this
problem with the Platts source by overdriving the trigger then attenuating the signal at the detec-
tor trigger input. When fielding the device in relatively noisy environments, such as RITS and the
Febetron, we used a Faraday cage, complete with 60-cycle line filters, a fiber-optic control line for the
trigger, and USB data transfer. With these provisions, the detector triggered reliably and provided
consistent image data.

Detector and beam source characterizations were generally accomplished by using a rolled-edge tar-
get in two different radiographic geometries. To characterize detector resolution, an edge was placed
close to the detector. This geometry is analogous to launching an image of a step function into the
detector. Blurring of the step, as measured by the edge-spread function (ESF), is presumably due to
a combination of radiation-induced scatter in the detector, optical scatter in the associated phosphor,
and the electrical response of the detector. Source-spot measurement is accomplished by placing the
rolled edge near the source, effectively magnifying the penumbral source distribution for detection.

We generated a metric for measuring the blur circle, based on the ESF, by using an algorithm that
relates the 50% point of the fast Fourier transform power spectrum with that of a uniformly filled

circle. This “LANL spot-size metric” is quoted in Table 1.
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Table 1. Detector performance comparisons with different radiation sources

Detector Detector | Dynamic Source
Blur (mm) Range

|| T Beams spot size, not detector blur ||

Relative dynamic range data were obtained by dividing the 10 value of the noise distribution, mea-
sured in the region attenuated by the edge, into the mean value of the unattenuated region. A similar
calculation was made for an IP phosphor system. These dynamic range numbers do not define the
detector’s absolute range and must only be used to compare solid-state detector performance with
that of the IP phosphor in the specific experiment. The color-coded measurement pairing appears in

Table 1.

The solid-state sensor exhibits significant fixed-pattern noise, with variations in noise and sensitivity
across the image plane. This noise was removed by acquiring dark fields characterizing baseline noise
variations, and flat fields characterizing sensitivity variations. All the data presented in this report
have been corrected for this fixed-pattern noise.

A sample of the solid-state sensor data, exposed using a 250-keV endpoint Platts source, appears in
Figure 2. In this energy range, the solid-state detector outperformed the scanner systems, as shown
in the dynamic range numbers in Table 1. The Rad-icon sensor’s relative performance decreases with
increasing source energy. However, the solid-state sensor always performed adequately enough to
provide accurate and reliable spot-size data.

Figure 3 shows an image of a rolled edge taken at the RITS accelerator. This edge was configured to
allow source spot-size measurement, as seen by the gradual, well-resolved, graded range of intensity
values in the rolled-edge transition region.
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Figure 2. Platts flash radiograph: 250-keV endpoint
spectra showing rolled edge close-coupled to
detector for detector resolution measurement

Figure 3. ESF image taken at RITS accelerator
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Conclusion

'This detector is applicable as a portable spot-size detector over a wide range of beam energies and
operated reliably in adverse EMP environments. The device showed no signs of degradation over
the course of this study. It has already been programmatically applied in the activation of Cygnus, in
preparation for the Thermos subcritical series.
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ANODE PREIONIZING SYSTEMS

E. Chris Hagen, B. T. Meehan?
North Las Vegas

Several SDRD projects have had as their goal the optimization of specific operational pa-
rameters of the dense plasma focus (DPF) fusion neutron source. This project similarly con-
centrated on one phase of the physical sequence that leads to fusion. We explored the science
of the initial “breakdown and inverse pinch” step of the plasma generation sequence and
attempted to optimize it. Uniform initiation of plasma ionization is extremely important to
the DPF’s ability to efficiently produce neutrons and photons, and investigating methods
of improving plasma annulus uniformity was the purpose of this project. Several theoretical
approaches were prototyped and tested. We concluded that, of the means available to us to
change during this experiment, changing the shape of the cathode ring was most likely to
affect the initial shape and uniformity of the plasma shockwave.

Background

DPF devices generate Z-pinch plasmas, compressing and heating them to temperature and pressure
regimes sufficient to initiate nuclear fusion. The more symmetrically the gas is assembled before com-
pression, the more efficient the fusion burn will be. In a DPEF, the process occurs in phases: plasma ini-
tiation at the base of the anode, plasma transport from the base to the top of the anode (“run-down”),
plasma compression (“pinch”), and the disassembly of the hot, dense plasma. A detailed description
of the phases follows.

'The DPF works by first ionizing a rarified working gas and then pushing through a large amount
of current from a capacitor bank. The anode rises from 0 kV to many 10s of kV; in our case, 35 kV.
The source tube (Figure 1) is filled with a rarified atmosphere of a gas, typically deuterium at a few
torr. As the voltage on the anode rises, the resultant electric field between the triangular prisms on
the inner circumference rises, and field emission electrons are emitted. A Pyrex cylinder prevents the
electrons from reaching the anode. When the voltage of the anode exceeds the breakdown voltage of
the gas in the source tube, an arc discharge occurs. This discharge has very low impedance, and plasma
current begins to flow. If the cloud of field emission electrons is uniform, and if the physical geom-
etry of the tube is sufficiently good, the discharge will be fairly uniform around the base, forming an
annular sheet at the base of the anode. The current passing through the plasma sheet at the base of

! meehanbt@nv.doe.gov, 702-295-0490
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Prisms

Figure 1. Breech region of the tube, showing field-emission prisms,
cylindrical Pyrex insulator surrounding the anode, and the cage of
cathode bars. This particular assembly was fired numerous times; thus,
the residual effects of high current have become visible. Features to
be noted are the shiny points of the prisms and the arc marks directly
above the corners of the prisms. These marks are asymmetrical in
depth and length, indicating unevenness of process initiation.

the anode generates a magnetic field that forces the plasma annulus toward the top of the anode,
trapping the gas above it in a magnetic piston. The piston then rapidly accelerates toward the top of
the anode, where the entrained gas is Z-pinched.

The process is very sensitive to any disturbance in the plasma, particularly those early in the forma-
tion of the plasma annulus. The most sensitive stage is the initial formation of the annulus, during the
initial ionization of the rarified working gas. If the ionization is uneven about the anode, the plasma
annulus will not accelerate at a uniform rate. At best, this may prevent the Z-pinch from happening
on the axis of the anode; at worst, it may prevent the Z-pinch from occurring at all.

We aimed to investigate methods of increasing DPF neutron yield and the efficiency of the conver-
sion of electrical power into neutron yield. Of the practical methods available to us, we chose to opti-
mize the shape of the cathode ring as a means of ensuring a stable and symmetrical initiation of the
current sheet. In this project, we tested some of these theoretical improvements on the NSTec DPE.
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Project

Several methods to ensure uniform plasma ionization at the anode base were proposed. Prototype
components, allowing investigation of several of these hypotheses, were fabricated and tested in the
NSTec DPF. Various approaches considered by the DPF team are detailed below.

High-voltage Breakdown in Gas-filled Gaps

'The breakdown of a gas insulator under an impulse of high voltage differs from that of a steady DC
voltage. Two factors govern the differences between DC (Paschen discharge, shown in Figure 2)
and impulse breakdown characteristics of a given gap. The first is a delay characteristic of the time
required to form the electron streamers that eventually short out the gap. The second delay is an ad-
ditive statistical delay in the time between the high-voltage pulse and the gap breakdown. For a given
high-voltage gap, two things must take place for the gap to conduct under a high-voltage pulse: an
electron must be present, and that electron must be capable of creating an electron streamer from the
cathode to the anode. While electrons are naturally present as a result of cosmic radiation and natural
background radiation, they rarely appear in the gap at the exact moment that the high-voltage pulse
arrives. Consequently, all high-voltage gaps have jitter and delay when driven with a high-voltage
pulse, which means they are difficult to engineer for specific purposes.
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Figure 2. Paschen discharge characteristics of various gasses
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Assuming that an electron’s presence in the vicinity of the gap is governed by a Poisson distribution,
we can model the length of time that we would have to wait for an electron to arrive as the probability
of a single event from Poisson statistics,

w(t) =re’”, (1)

where 7 is the rate at which electrons enter the gap, and # is time. The most probable waiting time
would be inversely proportional to the electron generation rate. Next, in order for the electron
streamer to cause the gap to conduct, the generated electron must become proximal to the cathode.
'The location of the electron is more of a geometric consideration, but since it depends on a preceding
event, the probability is multiplicative. Essentially, generating more electrons in the gap will reduce
statistical jitter.

Radioisotopes

The EG&G Kryton high-speed, high-current gas switch contains a small amount of ®3Ni. ®3Nj is
a radioactive element that emits - particles. The f~ particles ionize the gas they strike, and this
keep-alive ionization results in an extremely fast switch. Thus, a possible simple solution to ensure
uniform DPF initiation might be to dope the cathode with a radioisotope. However, this method is
potentially unsafe: using radioisotopes strong enough to increase the rate of electron generation in
the violent environment within the tube poses a contamination hazard during maintenance. For this
reason, the radioisotope-doped electrodes were not explored during this project. When the testing of
a DPF with 3H as part of the working gas occurs in future DPF research, there will be some residual
~ radioactivity in the breach region of the anode-cathode assembly, which will allow us to explore

this possibility.
Increasing Cathode Electron Field Emission

By increasing the field emission of the electrons during the leading edge of the voltage pulse when it
arrives at the DPEF, the electron density in the gap near the cathode will increase, thereby helping in
the formation of high-voltage streamers from the cathode to the anode and making it easier for the
plasma current sheath to form. To test this concept, we altered the construction of the cathode base
rings, some of which are shown in Figure 3.

Charge density and electric fields are enhanced in regions of large curvature on conductors. The
induced surface charges on the cathode ring concentrate in the vicinity of the inner edge, where
the voltage gradient is largest. If we also make the cathode sharp in this area, charges will further
concentrate; this, in turn, will enhance the voltage gradient. Charges A and B in Figure 4 repel each
other with more force than charges C and D because charges C and D are constrained to be in the
surface of the conductor, and therefore only repel each other with the component of force parallel to
the surface. The more curved the surface, the smaller the component of force parallel to the surface.
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Increasing the local electric field increases the local field emission of electrons. The field emission of
electrons can be described by Fowler-Nordheim tunneling through the surface barrier of the conduc-
tor, where the probability of a conduction band electron tunneling through a potential barrier (work
function) near an electric field is:

4 lzqme B3/2

e ) o

exp(—

Figure 3. Experimental cathode ring configurations
used during this experiment

B -
— -
— ——
F

Figure 4. Forces on charges constrained to the surface of a
conductor
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Equation 2 shows that increasing the electric field at the surface of the conductor increases the
probability of electron tunneling, and therefore increases the dark current of the conductor. Several
designs for sharp cathode bases were considered, and two were implemented, as described below.

Knife Edge Cathode Base

A tungsten knife edge was constructed because it was possible to construct a far sharper edge out of
tungsten than would be practically accomplished with copper, a softer metal. The installed knife edge
cathode base is shown in Figure 5.

Figure 5. Tungsten knife edge cathode base

The knife edge cathode base was tested at various pressures and gas loadings. The results did not dif-
terentiate its performance from the “ring of teeth” design that was used on the majority of the DPF
configurations before this experiment.

Sparse Point Array Cathode Base

A sparse “ring of teeth” cathode base under construction at the time of this report was not tested.
The reason for the sparse “ring of teeth” design was that the sharp points would have much higher
curvature than the tungsten knife edge, and would therefore have much greater corona current.

Higb—resistance and Inductance Field Points

While the knife edge and sparse point array designs focused on enhancing field emission (dark current)
in the cathode base, the high-resistance and inductance design sought to control the current flow in the
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glow and arc phase of discharge. The theory is that the high-resistance points will facilitate balanced
current flow, which will promote uniform formation of the plasma sheath at the anode base, leading to
a symmetric pinch. Inductors were placed at the base of the tube (Figure 6), and some data acquired.
Unfortunately the tube region is so violent that, although mechanically stiff, the wires did not sur-
vive. Based on electrical tests with plasma discharges, we think that relatively high impedance is

preferable.
Figure 6. Inductive field point prototypes; shown are the
inductors that replaced the prisms on the cathode base
during a feasibility test

Exploding Wire

The “exploding wire” experiment proposed by Lyle Jensen was not performed in FY 2006. In this
arrangement, the anode and cathode will be connected electrically with extremely fine aluminum or
tungsten wires. When a voltage is applied to the DPF, a current will be forced through the wires that
far exceeds their current capacity. This will cause the wires to rapidly heat and boil off metal ions from
their surface; eventually the wires will be converted completely to plasma. This plasma will form the
start of the magnetohydrodynamic shockwave. The benefit is that the shockwave will be uniform, and
will form all around the anode at the same time. The drawback is that it can only be done once before
the DPF will have to be disassembled and rewired, or the DPF will have to be operated in its ordinary
knife-edge-initiated, plasma shock mode.
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Conclusion

Without being able to observe the formation of the plasma shockwave, any optimization in current
sheet uniformity would be difficult to achieve. Computer models that were run to model the electric
field present in the anode-cathode breach did reveal that the design of the cathode ring was sharp-
ened in the wrong place. The models indicated that the largest improvement in electric field strength
would come from sharpening the inside edge near the glass insulator so that the points were toward
the glass instead of perpendicular to it. Further testing with the deuterium-tritium gas mixture will
allow us to further investigate how ionizing radiation could improve the performance of the anode-

cathode gap in the DPF.
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SILVER CHALCOGENIDES: UNIQUE MEGAGAUSS FIELD SENSORS

Stephen Mitchel?
North Las Vegas

Silver chalcogenides (Ag,Te) have been shown (Husmann, 2002) to have potential for use in
magnetic measurement devices. With applied magnetic field, the materials’ electrical resis-
tance displays a large linear increase, without saturation into the megagauss regime. This paper
reports the progress and results our team made in synthesizing, fabricating, and characterizing
thin-film and bulk Ag,Te—based materials. The thin-film Ag,Te sensor elements were fabri-
cated in millimeter-sized packaging as field sensors for dynamic magnetic field measurements
during high-power or explosively driven pulsed-power experiments. Such experiments are
typically accompanied by electrical noise and signal issues commonly associated with B-dots

or Rogowski coils.

Background

Pulsed-power machines capable of producing tremendous energy face various diagnostic and char-
acterizing challenges. Such devices, which may produce 10-100 MAs, have traditionally relied on
Faraday rotation and Rogowski coil technology for time-varying current measurements. Faraday
rotation requires a host of costly optical components, including fibers, polarizers, retarders, lasers,
and detectors, as well as setup, alignment, and time-consuming post-processing to unwrap the time-
dependent current signal. Rogowski coils face potential problems such as physical distortion due to
the tremendous magnetically induced pressures, which is proportional to the magnetic field squared
(B?), as well as electrical breakdown in the intense field region. Other related challenges include, but
are not limited to, bandwidth and inductance limitations, and susceptibility issues to electromagnetic
interference (EMI).

A unique alternative is to exploit silver chalcogenides materials as magnetic measurement sensors.
Silver chalcogenides have been shown to be very sensitive measurement devices capable of yielding
highly accurate magnetic measurements (Husmann, 2002). This project sought to use the materials’
electrical resistance in a novel application for measuring extremely high magnetic fields to display a
large linear increase with applied magnetic field without saturation.

! mitchese@nv.doe.gov, 702-794-1694
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Project

Sensor Circuit Strategies

'The sensor material Ag,Te is magnetoresistive. We took advantage of this intrinsic feature by devel-
oping a method of measuring the change of resistance, as a function of the applied external mag-
netic field. The method of transporting such a measurement from the experiment to data-recording
instruments was of particular interest.

Two promising strategies were investigated: by utilizing the sensor element in a resistor-capacitor
(RC) timer circuit, such as the familiar 555 IC family variety, the output data would be represented
as either a pulse length or frequency-modulated optical output. Such an optical signal would then be
converted back to an electrical signal, recorded, and finally postprocessed to unravel the correspond-
ing time-dependent magnetic field. With this method, the signal would be in essence a “phaselike”
measurement and thereby would not suffer from amplitude, absolute measurement, or calibration-
related issues concerning diagnostic interfaces. The other alternative was to use the sensor element
as a terminator in a microwave transmission line. In this case, the change in reflected microwave
radiation would represent a quantitative measurement of the magnetic field.

In any event, both methodologies seemed equally promising. But the capital equipment requirements
of the microwave technique, as well as experimental constraints and challenges imposed by possible
explosive-driven pulsed-power devices, made us focus on the timer circuitry.

Sensor Element Fabrication

Four forms of Ag,Te for sensor elements were explored: 1) melting into quartz capillaries, 2) using
native crystals, 3) using thin films outside the capillaries, and 4) using thin films on glass slides.

The native crystals were determined to possess too large of a cross section, giving rise to too low
(~1 Q) electrical resistances. Resistance this low is not only out of the normal operating range of typi-
cal RC timing circuits, but would also represent too much of a load, causing potential overheating
of the element.

To give reasonable resistances, we made several attempts to melt the Ag,Te into very thin (~300-pm
inside diameter) capillaries. However, it was determined that surface tension kept the Ag,Te from
coalescing into a fine wire. Thin films of Ag,Te deposited on the capillary gave large resistances, but
the very thin and narrow conduction path was prone to physical damage.

We therefore worked primarily with thin films on glass substrates. The resistance of a native crystal
~1 mm x 1 mm x 3 mm was on the order of an Q. This meant that we needed to develop thin films
with thicknesses of ~1 pm to reach the minimum 100-Q resistance values required by RC timing
circuits.
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Thin Film Preparation

The Polaron E5200 sputter coater (Figure 1) was to deposit a layer of pure silver on our substrates.
A convenient thickness was determined to be 100-600 nm. Sputter depth profile for the 3000 sec
was performed on the Ag-deposited substrates. Thus, the sputter rate was determined to be about
0.6 nm/sec to yield an Ag layer of about 300 nm thick to start. Thickness and composition
characterization measurements were performed at the Desert Research Institute’s (DRI's) X-ray
Photoelectron Spectrometry (XPS) Sputter Depth Profiling facility.

Figure 1. Polaron E5200 sputter coater

'The silver layer was subsequently converted into telluride by heating the silver film in an evacuated
glass or quartz tube with elemental tellurium. Heating occurred in two stages: 1) at 200°C, to form
the telluride, and 2) at 300°C, to create well-formed crystallites. The silver migrated on the substrate
and did not form a film when the material was exposed to a much higher temperature. We found by
heating the Te in vacuum, a mirror film formed on the tube before introducing the silver. Presumably,
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this increased the surface area and vaporization/reaction rate. Previous researchers used a hydrogen
stream to mobilize the tellurium. However, this method was rejected due to safety risk and toxicity
issues related to the potential presence of H,Te.

Once the Ag,Te film was formed, Ag pads were deposited on each side of the substrate, thereby mak-
ing electrical connection with commercially available metal particle-loaded paint, and we covered
the sensor area with cellulose acetate—based lacquer (automotive window heater repair paint and
nailpolish, respectively). This made a robust sensor element for the evaluation of circuit and transport
properties.

Sensor Element Characterization

The Ag,Te was chemically characterized at DRI’s XPS machine. The anticipated result was that of
the expected 2:1 stoichiometric quantities (Figure 2). The main line is Ag 3d, and the smaller line is
Si 2p, presumed to be that of the substrate constituent.

The Ag,Te layer was further characterized for its magnetoresistance by introduction into a
superconducting solenoid, which has a magnetic range of 9 T (Figure 3).
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Figure 2. Composition analysis of Ag,Te material
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Figure 3. Physical Property Measurement System (PPMS)

We found that we could get a film with approximately 6% resistance change per Tesla (Figure 4).
Resistivity was measured to be Ap/p, = 0.11(AB/T), while a change in the electrical resistance,
AR(B)/AB, was = 5Q/T.

This change in the electrical resistance with respect to changing magnetic field was expected to lead
to an equivalent change in frequency in the timer circuit.

Sensor Circuit Issues

We focused our attention on surface-mount timer circuits. The smaller footprint of surface-mount
components allows smaller sensors (higher spatial resolution) and minimizes inductive loops (more
robust behavior in time-varying magnetic fields). With just an external capacitor and the sensor
element (Figure 5), our final surface-mount device, the MIC1557, yields a square wave at several
megahertz. Also required is the electrooptic modulator (Figure 6) to transport the results to the data-

logging setup. During the experiment, this setup is powered by a small hearing aid-sized battery
cell.
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Figure 5. Surface-mounted timer circuit with Ag,Te sensor element
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Figure 6. E-O and O-E transmitter and receiver with circuit

'The final circuit produced an anticipated frequency response, dependent on a large, external, applied

magnetic field, with a time resolution of microseconds (Figure 7).
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Conclusion

We have successfully developed a magnetoresistive element via thin-film sputter deposition and dem-
onstrated its response in an external high-magnetic field. We further explored cost-effective methods
to transport a representation of the changing electrical resistance measurements, which are often
made in a hostile environment, immune to EMI-susceptibility related issues.

Toward the end of this research, our processes, procedures, and facilities improved greatly, thus
producing sensors with reproducible results and qualities (Figure 8).

Figure 8. Final configuration of the last five Ag,Te sensors produced. A “penny” reference is
shown for scale.

Existing NSTec and national laboratory pulsed-power machines (Atlas, Cygnus, dense plasma focus,
explosive-driven pulsed power, etc.) may benefit greatly by inducting these devices into the existing
diagnostics suite. This would be especially true for explosive-driven sources, in which costly diag-
nostics would be expended. These devices may be an ideal, cost-effective alternative for obtaining
essentially the same measurement.
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Future Work

The practicality of silver chalcogenide based-sensors has yet to be demonstrated in available pulsed-
power devices configured to deliver >10 T dynamic pulse.

As indicated earlier in this report, of the two strategies for measurement transport, exploring the
material as an RF Loss probe may also prove to be an eftective measuring method. Bulk material as
terminations/boundaries in microwave application exhibiting field-dependent impedance changes
may be very sensitive to reflection/transmission changes.

Other future work could include continued investigations and evaluations into the stoichiometric
range and limits for optimal sensor constituents.
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PYROELECTRIC CRYSTAL NEUTRON SOURCE

Wayne Lenhard, Austin Moy, Ken Moy!
Special Technologies Laboratory

This project sought to replicate and extend work performed by University of California at Los
Angeles (UCLA) researchers, who developed a compact neutron source using the pyroelectric
crystal lithium tantalate (LiTaO;) (Naranjo, 2005). A tungsten tip attached to the end of the
heated crystal was used to enhance the electric field to generate deuterons from the ambient
deuterium gas. With a heating cycle that lasted ~4 mins, the deuterons were accelerated to
strike a deuterated target to induce deuterium-deuterium (D-D) fusion reactions that peaked
with an output rate of ~800 n/s. D-D fusion occurs with a 50% branching ratio for reactions
D(d, 3He)n and D(d, p)z. This project attempted to increase the number of fusion reactions
to produce a higher neutron output. Our goal was to accomplish this by replacing the single
tip with an array of emitters fabricated by Biswajit Das and A. N. Banerjee, of the Nevada
Nanotechnology Center at the University of Nevada, Las Vegas (UNLV), and by enhancing

spontaneous crystal polarization by operating at cryogenic temperatures.

Background

Since the “pyroelectric” effect was recorded by ancient Greeks in 314 BC, recent scientific study by
Weis and Gaylord (1985) has brought about a clearer understanding of the phenomenon. For crys-
tals with high pyroelectric constants such as LiTaOj, an increase in bulk crystal temperature results
in an increase in the relative motion of Li and Ta atoms with respect to the O atoms in the crystal
structure. Below the Curie temperature, movement of these atoms causes a change in spontaneous
crystal polarization. For a cylindrical crystal fixed at a constant temperature, spontaneous polariza-
tion charges induced in the interior volume are compensated by surface charges at the end faces.
During the warming stage of a heating/cooling cycle, a temperature increase reduces spontaneous
polarization, thereby decreasing the polarization charges in the internal volume (Figure 1). If the
ambient environment is not conducive to immediately producing compensating charges to balance
the change in polarization charges, then a net static charge is present at the exterior/interior surface
of the end faces to produce an external electric field. Through field ionization (quantum mechanical
tunneling of electrons enhanced by the external electric field) of the ambient gas atoms, the electrons
and ions produced will accelerate toward the crystal faces to neutralize the surface charges at a rate
dependent on the gas pressure. At the —z cut face, the external field focuses and accelerates electrons
toward and ions away from the crystal; the opposite effect is felt by electrons and ions at the +z face.

! moykj@nv.doe.gov, 805-681-2284
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Figure 1. As a cylindrical pyroelectric crystal immersed in a gaseous
environment undergoes a heating/cooling cycle, the change in
spontaneous polarization AP, = —yAT can yield up to 10-2 C/m?,
resulting in ~150 kV on the crystal faces to field-ionize gas atoms.
During the heating stage, the induced potential and resulting electric
field accelerates ions toward the +z plane and away from the -z face;
contrastingly, electrons are repelled away from the +z plane and
attracted to the -z face. The exact opposite effect occurs during the
cooling stage.
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Over time, this process builds up the surface charges to reduce the electric field, which then decreases
electron/ion production. As the warming stage ends, dropping below the threshold for field ioniza-
tion, compensated charge production is terminated. When the crystal begins to cool, the decreasing
temperature raises the spontaneous polarization to increase the polarization charges. As in the heat-
ing stage, if compensated charges are not produced in lockstep, a net static charge builds. However,
during the cooling stage, the net static charge results in the opposite polarity electric field. Thus, ions
are accelerated toward the —z surface and electrons are repelled. Complementarily, the electrons are
accelerated toward the +z surface and ions are repelled. When crystal cooling halts, the polarization
charge balances to end electron/ion production.

Using deuterium as the residual gas for the heated/cooled LiTaO;, deuterons can be produced by
field ionization. With a deuterium-encapsulated material such as TiD, or ErD; serving as the in-
cident target, the accelerated deuterons interact with the deuterium atoms on one-half of the cycle,
initiating the D-D fusion reactions D(d, 3He)n and D(d, p)z. With equal 50% branching ratios for

both reactions, half of the interactions will yield a source of neutrons.

This project attempted to produce neutrons by replicating the work of the UCLA team, and to then
increase neutron production by enhancing the electric field created at the —z face using a nano-
structure array instead of a single tungsten tip. Further enhancement in electron/ion production is
expected by decreasing the initial temperature of the heating cycle.

Project

Collaboration

State-of-the-art research in nanostructure development by Das and Banerjee has led to the fabrica-
tion of TaO, pillars interspersed in an ordered matrix of Al,O; with ~70-nm spacing (Das, 2005).
These 500-nm-tall pillars were grown on a heavily doped, 500-pm-thick Si substrate (Figure 2). Since
TaO, was too insulating for our application, Das and Banerjee developed similarly periodic structures
with metallic pillars (e.g., Cr, Ta, W, or Ni) suitable for enhancing electron/ion production (Figure 3).
An exhaustive search finally led to a research lab that deuterates titanium and erbium to form TiD,
and ErD; for use as targets. Unfortunately, neither source was able to produce the needed materials
for testing before fiscal year end.

Laboratory Test System

While attempting to obtain the source and target materials, the laboratory test system was built
around a 12-in.-diameter-high vacuum sphere fabricated by the Kurt J. Lesker Company and pumped
by a magnetically levitated, water-cooled Ebara turbo pump connected to a Varian dry-scroll pump.
A gate valve used to isolate the chamber from the turbo pump shuts after the desired vacuum pressure
is reached. The source assembly comprises a 5-mm-diameter x 20-mm-long LiTaO; pyroelectric
crystal epoxied to a 10-Q, 10-W resistor heater and embedded in a solid copper cylindrical block.
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Figure 2. Schematic and electron micrograph of TaO, nanostructure

Cr pillars inside alumina pores Ni pillars inside alumina pores

Figure 3. Electron micrograph of nanostructure with Cr and Ni pillars inside Al,O,
matrix

A type-K thermocouple is epoxied to the resistor end of the pyroelectric crystal to monitor
temperature change. This assembly is mounted on a vacuum feedthrough to permit external positional
adjustment. A target ladder similarly mounted onto a vacuum feedthrough to permit selection
between target and P22 phosphor (ZnS:Ag) screen is oriented perpendicular to the source assembly
(Figure 4). A hinged glass port permits fast turnaround and easy access to the vacuum chamber,
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while also providing a visual confirmation of the internal layout. A visible spot glowing on the P22
phosphor confirms electron emission. National Instruments’ LabVIEW-based data acquisition
system simultaneously monitors the chamber vacuum pressure, emission current, heater current,
and crystal temperature. Research grade (99.999% pure) deuterium is used as the ambient gas for
deuteron production. A polyvinyltoluene plastic—based scintillator (Rexon RP-408) photomultiplier
tube detector (Hamamatsu H2431-50) interfaced to counting electronics (ORTEC 935/572) is

employed to measure the neutron output.

Figure 4. Laboratory setup of experimental apparatus used in the pyroelectric
crystal tests. Inset: vacuum chamber with a hinged viewport showing the
pyroelectric crystal and P22 phosphor screen for visualizing the electron
emission.

Results

Pyroelectric Crystal Tests

After fully developing the laboratory test system, we set out to evaluate and optimize the LiTaO,
crystal performance. We conducted a series of comprehensive measurements to determine the op-
timum parameters for a heating cycle that could provide maximum electron/ion production. These
parameters included heating time, heating rate, and initial crystal temperature prior to the heating
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Figure 5. Current emission from LiTaO; as a function of heating time for two ambient
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cycle. They were then combined in tests with a set of ambient pressures to further maximize total
electron/ion production. Principally, the maximum production rate and integrated charge in a heating
cycle should yield the highest neutron output. Representative heating cycle test results varying from
1-, 2-, 4-, and 10-min heating durations appear in Figure 5. The small increase in emission between
1073 to 107 Torr pressure for similar heating times can be attributed to fewer ambient atoms available
for compensation charge at the lower pressure.

The total ion production (positive charge, +Q) for these tests appears in Figure 6. As shown, total ion
production increased linearly as a function of heating time but became nonlinear after the heating
time exceeded ~6 mins. At 10 mins, ion output for the bare LiTaO; crystal was ~100 nC.
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Figure 6. Integrated ion emission from LiTaO as a function of heating time for ambient vacuum pressures
ranging from 10-3 to 10-5 Torr

Future Tests

'The path forward would be to take the incomplete metallic array structures under development at
UNLYV and use conductive epoxy to attach them to the LiTaO; crystal. With these added structures,
similar heat-cycle tests could be conducted to determine maximum electron/ion production. Our
UNLYV collaborators could iterate array structure parameters such as pillar height, periodicity, spac-
ing, and metallic formulation for further optimization. With a TiD, or ErD; deuterated target and
deuterium gas, we would anticipate measurement of a maximum neutron output rate up to 10% n/s
for a 10-min heating cycle. Additional enhancement in neutron production could be expected if the
pyroelectric crystal was initially lowered to cryogenic temperatures to provide a greater temperature
increase (AT) in a heating cycle.
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Conclusion

Our team developed an experimental test station with quick turnaround, fast pump-down, and high-
vacuum (to 107 Torr) operational capabilities for compact neutron production using a pyroelectric
crystal. Given the difficulties in locating a source for deuterated targets and in developing metallic
periodic nanostructures, our work only yielded ions. The main objective, to produce neutrons, may be
undertaken in further work.

If this concept is proven, it may lead to a handheld, robust neutron source based on easily switched-
on/off, low-voltage battery power that could be used to heat a small pyroelectric crystal. In addition
to providing a check source for field detector operations, it might also provide a very convenient
diagnostic tool for active interrogation of shipping containers for the presence of fissile material or
special nuclear material (SNM). This neutron-based diagnostic could complement a suite of tools
necessary to DOE missions and programs in Stockpile Stewardship, Homeland Security, and other
government agencies.
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NANOMATERIAL-ENHANCED COMPACT X-RAY SOURCES

Travis Pond, Ke-Xun “Kevin” Sun,” John Yuhas
Livermore Operations

'The goal of this research, to produce a nanomaterial-enhanced, compact x-ray source, was pur-
sued in four critical technical areas. First, we successfully demonstrated that gold coating on
carbon nanotubes (CNTs) can be applied by a sputtering coating method. This achievement
enables low-cost fabrication of a large class of metal nanostructures based on inexpensive
CNTs, and the fine-tuning of nanomaterial properties through adjusting the coating compo-
sition and nanomaterial structures. Second, we accomplished the design of a compact x-ray
source for in situ testing of an x-ray streak camera. Third, the streak camera design and camera
were improved to allow the camera to perform as a highly sensitive, fast x-ray detector. Fourth,

we designed optical and photoelectron experiments and purchased parts.

Background

This project is a continuation of an FY 2005 project, in which we accomplished the conceptual and
system design of a nanomaterial-enhanced compact x-ray source (Sun, 2006). The key design concept
is the use of nanomaterials to enhance overall x-ray generation efficiency in two steps: from input
photons to photoelectrons at photocathode, and from photoelectrons to x-ray photons in anode.
When this concept is applied, the ability to use compact equipment may reduce the need to build
larger, expensive x-ray machines.

This year, we developed the nanomaterial coating and characterization procedures, the engineer-
ing design of the compact x-ray source for in sifu calibration, and the test system for the new x-ray
source.

Project

Gold-coated CNTs

Nanomaterial can enhance photoelectron interaction cross sections by structural factors. However,
atom-photon interactions are still the fundamental physical processes relied on to generate photo-
electrons and x-ray photons. Photoelectrons generated from gold (Au) using UV light produce robust
photocathodes. The Au surface is insensitive to environmental influences in storage, and only requires
a lower-grade vacuum to operate. Given the robustness of Au, as well as the recently successful devel-
opment of the UV comb generator at NSTec, it is desirable to develop Au-based nanostructures that

1 sunke@nv.doe.gov, 925-960-2514
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will enhance the efficiency of photoelectron generation. But, Au-based nanostructures were rarely
available—until recently. Commercially produced CNTs can be now purchased at a reasonable cost.
Although nanostructured metallic and oxide materials have been generalized to include many other
atomic and compound species, the initial CN'Ts made are still the most cost-effective nanosized ma-
terials on the market. Therefore, we decided to use Au-coated CNT. For our work, the CNTs function
as the supporting frames of the nanostructure, and Au coating facilitates desired surface properties.

Our search to find Au coating and nanomaterial characterization capabilities led us to two national
laboratories: we utilized the Vacuum Processing Lab at LLNL for its Au sputtering coating processes,

and the Molecular Foundry at LBNL for scanning electron microscopy (SEM).

Figure 1 shows the Au-coated CNTs. The sputtering coating technique was accomplished at LLNL,
and the SEM images were taken at LBNL. Figure 1 shows SEM images of two CNTs coated
with Au, ~100 A (Figure 1A) and ~500 A (Figure 1B). The magnification rates of the images are
64.37 x 103 and 80.08 x 103, respectively. The diameters in the densest regions of the coated CNTs
were measured using CCD image analysis software. The statistical difference between the diameters
of the two kinds of coated CNTs is ~200 to 400%, much greater than the ~20% difference in magnifi-
cation. Therefore, we can safely conclude that the difference in CNT diameters is due to the different
coating thicknesses.

Figure 1. SEM images of Au-coated CNT. (A) Coating thickness 100 A, at a magnification of
64.37 x 103. (B) Coating thickness 500 A, at a magnification of 80.08 x 103. The statistical
difference between the diameters of two kinds of the coated CNTs is mostly due to the
difference in the coating thicknesses.

Another key observation can be made: the Au is coated onto the CNT body in the observable field
depth. This is achieved by correctly using sputtering coating methods instead of evaporative coat-
ings. Quite often evaporative coatings are applied only on the tip of the fine structure, whereas the
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sputtering coating process results in uniform coating around the whole body of the CNT. The
successful demonstration of Au coating on the lengthy CNT bodies is an important milestone in
this SDRD nanomaterial research.

Figure 2 depicts the images of Au-coated CNT arrays at reduced magnification in order to show the
density of the CNT arrays. The magnification values of images in Figures 2A and B are 30.45 x 103
and 22.29 x 103, respectively. With the aid of a CCD-imaging software, we estimated that the density
of Au-coated CNTs is ~1.6 to 2.0 x 107/mm?, or 16 to 20 millions of Au-coated CNTs per square
millimeter, a very high density of CNTs.

Figure 2. SEM images of dense Au-coated CNT arrays. (A) Coating thickness 100 A ata
maghnification of 30.45 x 103. (B) Coating thickness 500 A, at a magnification of 22.29 x 103.

When such a densely packed, Au-coated CNT array is illuminated with UV light, the multiple re-
flections of light migrating within, or diffused through the CNT array, should result in considerably
higher interaction cross sections of photoelectrical effects, thus producing times-higher counts of
photoelectrons. Since Au has a high reflectivity, ~96%, the light path may cascade many times before
it fades away.

In addition to enhancement due to nanomaterials, some surface microstructures will further enhance
the light absorption at the photocathode, thus increasing photoelectric efficiency. Figure 3 shows a
possible scheme using a cone structure. The apex angle of the cone is designed ~30°, so that the incident
light will less likely be reflected back from the cone with rough walls made of nanomaterials.
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Nanotubes (coating options: Au, Ti, Cs, W, etc.)

Figure 3. Micropatterned, coated CNT array
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Experiment Setup for Photoelectric Effect Measurement and X-ray Generation

We have designed an experiment to measure both the photoelectric effect and x-ray generation from
the nanomaterials. Figure 4A shows a previous system design, where x-rays would be generated by the
electron collision process at a nanomaterial anode. The electrons would be, in turn, generated from a
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nanomaterial photocathode illuminated with optical pulse train for photoelectric process. Figure 4B
illustrates the most recent experimental setup design. The test apparatus was designed for use in the
vacuum chamber at the south wing of the Manson x-ray source. The apparatus, mounted ona 12" x 12"
square optical breadboard, is inversely suspended on the lid of the vacuum chamber. Most electronics
and fiber-optic feedthroughs will be directly mounted on the vacuum lid. The light source will use
a UV LED emitting at ~255 to 266-nm wavelengths targeted at a Au-coated nanotube photocath-
ode. The UV light will be collected and transformed by a pair of lenses to form a spot size of ~1 cm.
The relatively large spot size implies a larger photoelectron emission area, reducing the charge density
and, thus, space-charge effects. The second UV input path is through a large-diameter optical fiber
from a UV comb generator. The x-ray generator is configured to allow easy replacement of the pho-
tocathode and the anode. The electronics components selected permit the circuit to operate under
vacuum, as a test of the in situ x-ray generator electronics concept. The total power consumption is
designed to be ~2 W. Therefore, only moderate cooling methods will be needed.

Compact X-ray Source for In situ Calibration of the X-ray Cameras

After we encountered some difficulty in characterization of the nanomaterials, some effort was ex-
pended on the design of compact x-ray sources for calibration of x-ray framing or the x-ray streak
cameras. The central goal is to enable in sizu calibration, namely, delivery of the x-ray to the camera
photocathodes for calibration while the cameras are mounted in the experiment.

X-ray framing X-ray framing

(or streak) = Camera (or streak)
_cam_e_r_a Camar== _ photocathod% ~ camera

ppppp ™ | " = photocathode || g LRER = ‘f O\

Figure 5. Design of the in situ compact x-ray source to be mounted in front of an x-ray framing or
x-ray streak camera. Two versions of the design are shown: (A) single-layer electronics housing
for complex electronics but simpler optics, and (B) a two-layer housing design for simpler
electronics but complex UV optics and x-ray generator.
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Figure 5 shows the CAD model of the compact x-ray source housing with either an x-ray framing
camera or x-ray streak camera in front. The hole patterns on the original camera front flange are
preserved. The configuration on the left in Figure 5 shows a single-layer housing, which has a large
enough volume to house a relatively complex electronics assembly. The other configuration shows a
two-layer housing design, where the electronics and x-ray generator are separately placed in two seg-
ments. In this case, electronics circuits must be simplified to occupy less volume, but more complex
UV optics and the x-ray generator can be installed.

Balancing the trade-off, we designed an electronics circuit to fit the two-layer structure. The electron-
ics circuit will be able to safely deliver up to 15 kV of high voltage without overheating. We have also
designed the UV optics delivery system consisting of two curved mirrors. The optics will focus the
UV light from the output fiber of the UV comb generator, and will also direct UV light at an off-
center location on the camera photocathode.

Conclusion

Excellent progress was made in designing and building a nanomaterial-enhanced compact x-ray
source. The Au coating that was applied on densely packed CNTs using a sputtering coating tech-
nique was highly successful. We designed and purchased components for an experiment. Several
practical versions of the compact x-ray sources for iz sizu calibration of x-ray framing and x-ray streak
cameras were designed.
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LARGE-FORMAT PHOSPHOR IMAGER

James R. Tinsley!
Special Technologies Laboratory

This project studied the feasibility of a novel method for manufacturing large pieces of lute-
tium oxyorthosilicate (LSO) scintillator of sufficient size and thickness to demonstrate the
method as a valid replacement for scintillating tile arrays often used in radiation-imaging
systems. A process developed at the University of Nevada, Reno (UNR), for sintering ceramic
powders into macroscopic pieces with excellent optical qualities was used to make a sample
of LSO scintillator suitable for use as a radiation imager. This process can be scaled up to

produce significantly larger pieces of LSO than can be cut from single crystals.

Background

There exists a need for large-format (215 cm on a side x 21 mm thick) radiation imagers that can be
read in real time using video cameras. Radiography is a fundamental diagnostic used throughout the
NNSA complex. Systems that use penetrating radiations, such as hard x-rays and energetic protons,
are becoming increasingly common as radiography is applied to larger and more massive objects.

Applications include Proton Radiography, hard x-ray radiography for subcritical experiments, and
use on the LANL DARHT facility.

In addition to suitable radiation sources, these new systems require an image plane on which the
pattern of ionizing radiation is transformed into light that can be recorded using video cameras. At
present, such imagers are made by tiling plates of polished scintillating crystals, principally LSO.
Unfortunately, the joints between tiles and defects in the crystals themselves interfere with image
quality. The resulting imperfections can be partially cancelled through background subtractions, but
will leave artifacts in the experimental images. Scintillating materials with fewer defects do exist, but
their scintillation properties make them much less attractive for radiation imaging. Earlier attempts
to mitigate these problems have had limited success. Examples include “grouting” the scintillating
crystals with index-matching materials and coating the crystals’ edges with black paint in an attempt
to eliminate total internal reflection. Efforts to maximize the optical quality of the scintillating tiles
by selecting the best of numerous different crystals have proven to be very expensive, time-consuming
and, in the end, not completely successful.

! tinslejr@nv.doe.gov, 805-681-2282
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Project

Dr. Olivia Graeve, of the UNR Department of Metallurgical and Materials Engineering, has dem-
onstrated the ability to sinter ceramic powders into macroscopic pieces exhibiting excellent optical
qualities. Since LSO is a ceramic that has been doped with cerium to cause it to scintillate, one
should in principle be able to use the same technique to make scintillator pieces of arbitrary size.

To achieve such good optical properties, it is necessary to start with a powder consisting of extremely
fine, very uniform particles. No suitable powder for LSO or any other phosphor material is avail-
able commercially. Therefore, we had to fabricate the material from scratch before we could attempt
sintering. Fabrication and sintering of suitable powder were together considered too large a scope to
accomplish successfully in a single fiscal year. Consequently, the powder synthesis was completed in

FY 2005, and sintering was deferred to FY 2006.

Using a straightforward combustion synthesis, Dr. Graeve’s group at UNR was able to manufacture
LSO powders with the desired characteristics. The powder synthesis was accomplished early enough
in FY 2005 that sufficient time remained to perform several test sinterings, thereby getting a head
start on the FY 2006 work. We began FY 2006 by addressing several problems that had been identi-
fied with the sintered pieces (Tinsley, 2006). One, the failure to achieve optical transparency, was due
to the impurities remaining in the LSO powder, even after detritus from the combustion was elimi-
nated through calcinations. A significant portion of the FY 2006 effort was expended in addressing
this issue.

X-ray diffraction measurements showed that, in addition to Lu,SiOs (a.k.a. LSO), two other sub-
stances were present as minor constituents: Lu,O; and Lu,51,0,. Photoluminescence measurements
showed that the additional substances did not reduce the light output of sintered powder, but they
did scatter the light by a significant amount, causing the final piece to be translucent, not transpar-
ent. The fact that the elemental composition of the two unwanted components averaged out to that
of LSO indicated that the reaction stoichiometry was correct; therefore, no changes in the ratios of
starting materials would solve the problem.

The other variable we were able to manipulate was the reaction temperature, which is most easily
varied by changing the synthesis temperature. (In this case, the synthesis temperature was increased
from the nominal value of 773K [500°C].) This is the temperature to which the combustion chamber
is raised before the precursor chemicals decompose and combust; the reaction typically takes several
minutes after the temperature has been elevated to the desired level. In other words, the combustion
chamber applies external heat to the reaction.

LSO purity increased with the rising synthesis temperature; the most pure LSO was obtained at
1273K (1000°C). To determine purity, we compared an x-ray diffraction spectrum of the powder
with the known spectra of Lu,SiOs, Lu,0;, and Lu,S5i,0, (Figure 1). Since 1273K is the maximum
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setting for the combustion chamber, it appeared likely that additional heat must be added inzernally
by adding “fuel” to the initial mixture. For this fuel, we used carbonic dihydrazide (CH(N,O), since it
releases heat upon decomposition but does not disturb the stoichiometry of the reaction.
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Figure 1. X-ray diffraction measurement of LSO powder. Positions and relative strengths
of lines corresponding to individual constituents are also shown.

The next set of experiments involved adding various amounts of fuel to the initial mixture, perform-
ing x-ray diffraction measurements on the resulting powder for phase identification (i.e., assessing
LSO purity), and performing photoluminescence measurements to monitor the luminescence of
the material. The latter were conducted to ensure that no cerium dopant was lost or converted from
the desired trivalent form into the tetravalent form, either of which would be detrimental to the
material’s scintillation properties. (The optimum amount of cerium is 0.05% of the lutetium content,
too low to show up in x-ray diffraction measurements.) The optimum ratio of CH,N,O to lutetium
nitrate was found to be 4:1.
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Figure 2. Final sample sintering protocol

Figure 3. Photo of 25-mm x 1-mm-thick sintered
sample illuminated by UV lamp
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Unfortunately, during this last round of experiments, UNR’s x-ray diffraction equipment broke down,
resulting in a few months of lost time before repair. Accordingly, only one 25-mm-diam x 1-mm-thick
sample and two 10 mm x 1 mm samples of sintered LSO could be produced in the remaining time
available with the “best” powder sample. (A summary of the sintering protocol appears in Figure 2).
This sample (Figure 3) was still merely translucent, although its brightness, light spectrum (Figure 4),
and scintillation decay time (70 ns) all matched single-crystal LSO.
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Figure 4. Emission spectrum of sintered sample excited by 365-nm light.
Off-scale peak is due to excitation light.

One concise way to express the amount of light scattered by the sample is to measure the linespread
function. The surface of a sample that was partially covered with a sharp-edged mask was illuminated
with a 366-nm UV lamp; the pattern of the light transmitted through the sample was then recorded.
The intensity of the transmitted light along a line perpendicular to the mask edge was plotted, along
with the point-by-point derivative of the intensity (Figure 5, with masked portion at left). Since the
emission light was all generated very near the surface illuminated by the lamp, the curves describe the
light scattering through the entire 1-mm sample thickness. The derivative was fairly well approximat-
ed by a Gaussian peak with a full-width at half-maximum (FWHM) of 1.8 mm. This was consistent
with a resolution measurement made by replacing the edge mask with a USAF 1951 transmission

79



Accelerators and Pulsed Power FY 2006

resolution test pattern; the smallest element resolved was 0.5 line pairs/mm. When the sintered
sample was replaced with a 3-mm-thick piece of single-crystal LSO, the resolution measured using
the USAF pattern was ~6 line pairs/mm.
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Figure 5. Light transmission profile transverse to edge of mask (red) and its differential (blue).
The FWHM of the latter is 1.8 mm.

The sintered sample tolerated the same amount of handling as other optical components, such as be-
ing clamped into optical mounts, etc. One of the 10-mm samples was dropped onto a hard surface
from as high as ~15 cm without breaking. No controlled mechanical strength tests were performed,
but the samples appeared to be similarly rugged as other common ceramic materials, such as glasses
and inorganic scintillators.

X-ray diffraction analysis of the sintered material showed that there was some loss of silicon and
oxygen during sintering. We hope this loss can be overcome through additional sintering studies
in which parameters such as the oven’s atmospheric composition and pressure are further varied. In
particular, a much higher partial pressure of oxygen is almost certainly called for.
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Anticipating achievement of sufficient transparency, the next step would be to produce larger pieces
of LSO to put into actual imaging systems. In order to make pieces as large as 15 x 15 cm, two
pieces of equipment would need to be obtained. The first is a press capable of applying 35000 psi
to the entire surface of the powder prior to sintering. The estimate for a sufficiently powerful press
is $50000-$60000. The second is a sintering oven large enough to hold the piece. An estimate of
$200000-$210000 has been obtained for one suitable oven, though it may be possible to gain access

to a large enough oven, and thus avoid this outlay.

Conclusion

'The synthesis of very fine, very uniform LSO powder, and subsequent sintering into macroscopic
pieces, was successfully demonstrated. The scintillation properties have been preserved, but the opti-
cal characteristics are not yet adequate for imaging purposes. Based on Dr. Graeve’s experience with
similar ceramics, we are confident that increased transparency can be achieved with several months
of additional effort.

A patent disclosure has been filed on the work completed in this project.
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AT1omMmic VAPOR GENERATOR

E. Chris Hagen, Lee H. Zieg/erl
North Las Vegas

A dense plasma focus (DPF) generator has been used to produce plasmas from four metals—
copper, iron, tin, and tungsten. Optical spectra from these plasmas were measured along with
the usual diagnostics of neutron yield, x-ray output, 