IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 63, NO. 5, OCTOBER 2016

2649

Special Nuclear Material Characterization Using
Digital 3-D Position Sensitive CdZnTe Detectors
and High Purity Germanium Spectrometers

Michael Streicher, Steven Brown, Yuefeng Zhu, David Goodman, and Zhong He, Senior Member, IEEE

Abstract— Special nuclear material (SNM) monitoring often
requires high resolution gamma-ray spectroscopy for material
characterization. Portable systems and rapid deployment are
also highly valued for some applications. Deployable gamma-ray
imaging spectrometers using pixelated CdZnTe semiconductor
detectors have become commercially available within the past
three years to meet these requirements. CdZnTe systems have
demonstrated room-temperature energy resolutions below 0.5%
FWHM at 662 keV using single pixel events and below 0.7 %
FWHM at 662 keV using all events. The systems are able to go
from storage to measurement in less than two minutes. Special
nuclear materials were measured at the Y-12 National Security
Complex and at the Device Assembly Facility at the Nevada
National Security Site. The use of a CdZnTe system to measure
uranium enrichment was demonstrated and uranium spectral
features were compared to a commercially available high purity
germanium (HPGe) spectrometer. The use of passive gamma-
ray spectroscopy techniques to estimate plutonium grade using
CdZnTe detectors was demonstrated for the first time.

Index Terms—CdZnTe detectors, gamma-ray imaging,
gamma-ray spectroscopy, special nuclear materials monitoring.

I. INTRODUCTION

HE detection and characterization of special nuclear
materials has applications in national and home-
land security, safeguards, treaty verification, and emergency
response [1]. In these applications, classifying the isotopic
enrichment of the sample is extremely important. Measure-
ment campaigns were conducted at the Y-12 National Security
Complex and at the Device Assembly Facility (DAF) at the
Nevada National Security Site to measure the enrichment of
various uranium samples, to measure plutonium grade, and to

image SNM sources in multiple configurations.
Spectrometers using 2 x 2 x 1.5 cm?® CdZnTe semi-
conductor detectors are excellent candidates to be used for
rapid SNM characterization, especially in scenarios where
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material cannot be removed easily from a location for
mass spectroscopy or active interrogation analysis. These
conditions may exist during International Atomic Energy
Agency (IAEA) inspections or international treaty verifi-
cation. CdZnTe has demonstrated energy resolution below
0.5% FWHM for single pixel events at 662 keV [2]. The
energy resolution at 185.7 keV has been measured in this work
to be 1.55% FWHM. The intrinsic photopeak efficiency for
59.5 keV gamma rays for a cathode side irradiation is 99%
and 11.2% at 662 keV [2]. For 185.7 keV gamma-rays, the
intrinsic photopeak efficiency is 93% for a single detector.
The photopeak efficiency can be improved by building larger
tiled systems with multiple rows of detectors to capture the
full energy from Compton scattering events. The capabilities
of these sensors are significantly better than the previous
generation of portable CdZnTe spectrometers [3], [4]. Thermal
neutron detection, with gamma-ray spectroscopy, in a single
compact instrument like the prototype system described in this
work can further aid in the identification of special nuclear
materials.

II. DETECTION SYSTEM

A prototype digital CdZnTe array system was used during
measurement campaigns at the DAF and Y-12. The system
consisted of four 2 x 2 x 1.5 cm® CdZnTe detectors
grown by Redlen Technologies (Saanichton, British Columbia,
Canada), each read out by a VAD_UM1.2 [5] application spe-
cific integrated circuit (ASIC) which was jointly developed by
the University of Michigan and Integrated Detector Electronics
AS (IDEAS) (Oslo, Norway). Each ASIC had 128 charge
sensitive preamplifiers which read out 121 anode pixels on
each detector as well as the signals induced on the planar cath-
ode and the guard ring. The ASIC preamplifier output pulse
waveforms were sampled at 40 MHz and digitally filtered
using system reponse function fitting [6] in order to determine
the signal amplitudes. Digitizing the pulse waveform is a
departure from the analog signal processing methods used
previously [7]. Interaction depths were calculated using the
cathode-to-anode signal ratio (CAR) for single pixel events
and using measured charge drift times for multiple pixel
events [8]. The energy deposition of each interaction was
calculated using the anode signal amplitude, depth corrected
for electron trapping and weighting potential variation. The
system consistently demonstrated energy resolutions below
0.5% FWHM at 662 keV for single pixel events and below
0.7% FWHM for all events [9]. Fig. 1 demonstrates the energy
resolution of the system at 662 keV using all events.
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Fig. 1. 137¢y gamma-ray spectrum recorded using the prototype digital

CdZnTe array system. All events from four CdZnTe detectors are included in
this spectrum. Note that the K, and Kz x-rays from the cesium source can
be resolved at 35 keV. The data were recorded at 2500 counts per second.
A 30 uCi source was placed 10 cm from the detectors and data were recorded
for 12 hours.

Fig. 2. Prototype digital array system. The location of the sensors within
the housing case is shown with the red rectangle.

The system was self-contained in a 54 x 30 x 23 cm?
Pelican ® case. The system communicated to a PC via USB
connection and adapted 120 V AC power to DC in order
to power the electronics. A Peltier cooler kept the system
at 22 °C. A photograph of the system is shown in Fig. 2.

An ORTEC (Oak Ridge, TN) micro-detective hand-held
radioisotope identifier [10] was used to simultaneously mea-
sure the samples to compare the energy resolution and effi-
ciency of the commercial detector with the CdZnTe prototype.
The p-type germanium detector was in a coaxial geometry,
50 mm in diameter and 33 mm in height.

III. URANIUM ENRICHMENT MEASUREMENT

Verifying uranium enrichment is critical in international
safeguards for material accountancy. A knowledge of uranium
enrichment can provide valuable insight into both the prove-
nance and the likely end uses of recovered materials [11], [12].
However, due to weakly penetrating radiation and often
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Fig. 3. Recorded all-events gamma-ray energy spectra from uranium metal
disk samples of various enrichments. The sources were 3 cm in diameter
and 3 mm thick. No background subtraction was carried out for the spectra
presented.

unknown geometries, the enrichment is challenging to measure
in realistic scenarios using gamma-ray spectroscopy [13].

Site 2 at the Y-12 Nuclear Detection and Sensor Testing
Center provided eleven uranium metal samples with various
enrichments. Each sample was a disk approximately 3 cm
in diameter and 3 mm thick. The enrichment of the samples
varied from 0.2 to 93.2 wt% 235U [14]. Fig. 3 shows the mea-
sured spectra for samples of uranium with various enrichments
measured using the prototype system. The 3 wt% 233U sample
had substantially more thorium than other samples which is
characterized by a 2.6 MeV line as well as the prominent
238 keV line.

The strongest emission from 233U is the 185.7 keV gamma
ray with an intensity of 4.32 x 10* photons per second
per gram of 233U [11]. When the dimensions of the sample
under investigation are known, dead-time corrected counting
measurements of the 185.7 keV line are used to determine
the enrichment of a sample [11], [15]-[18]. The calculated
net photopeak area is affected by the photopeak efficiency
of the detector as well as the energy resolution. A depleted
uranium (DU) sample and a 93 wt% 235y HEU sample
were measured using the coaxial HPGe detector as well as
the CdZnTe from the same distance in order to compare
the efficiency and resolution of the detectors. Fig. 4 shows the
spectra recorded using both detectors. The energy resolution of
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Fig. 4. Gamma-ray spectra from 0.2 wt% 235y depleted uranium disk sample
from 25 cm away recorded using prototype digital CdZnTe array system and a
commercially available mechanically cooled HPGe detector (top) and spectra
from 93 wt% 235U HEU sample (bottom). The insets compare the recorded
spectra between 0 and 250 keV. Many prominent 235y gamma-ray lines are
emitted in this energy range.

CdZnTe, while inferior to HPGe is sufficient to resolve almost
all of the gamma-ray lines of interest. The net photopeak
counts in each region of interest was used to compare the
efficiency of HPGe and CdZnTe. Geant4 [19] was used to
simulate the intrinsic photopeak efficiency of the two detec-
tors. As shown in Fig. 5, the efficiency of CdZnTe is better
at low gamma-ray energies. However, at higher energies, as
multiple interaction Compton scattering becomes the dominant
interaction mechanism, the larger HPGe detector has improved
efficiency to capture the full energy from multiple scatters. The
measured relative count rate roughly matches what is predicted
from simulation as shown in Fig. 6. The energy resolution of
the various uranium signatures are shown for both detectors
in Fig. 7.

The relative errors in the net count rate of the 186 keV
photopeak are 0.28% and 0.39% respectively for the HPGe
detector and CdZnTe detector for the HEU sample. The
uncertainty is greater for CdZnTe because the resolution is
worse, so a larger background contribution must be subtracted.
Likewise, the standard errors in the net count rate of the
186 keV photopeak from the DU sample are 1.3% and 3.6%
for HPGe and CdZnTe.
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Fig. 5. Intrinsic photopeak efficiency for gamma-ray lines of interest for
uranium measurements from Geant4 simulation.
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Fig. 6. Measured net count rate ratios for various uranium gamma-ray lines
compared with the expected ratio from Geant4 simulation. The measured net
photopeak count rates were calculated using the two spectra shown in Fig. 4
from depleted uranium and 93 wt% 235y HEU samples.

5 T T
§ al HPGe ]
w CdznTe
=
c 3f
i)
E
3
S 2r
1'd
>
&
21
L

0 . & hd

0 500 1000 1500
Energy (keV)
Fig. 7. Measured energy resolution of HPGe detector and CdZnTe array

for characteristic uranium gamma-ray lines. The measured energy resolutions
were calculated using the two spectra shown in Fig. 4 from depleted uranium
and 93 wt% 233U HEU samples.

In order to calculate the enrichment of the uranium samples,
a method highlighted in the appendix was used to compare
the photopeak count rates for the 1001 keV peak associated
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TABLE I

ENERGIES AND BRANCHING RATIOS OF PHOTONS IN THE X-RAY REGION
OF URANIUM SAMPLES

Photon Energy (keV) Photon Source Branching Ratio (%)
81.23 231Th ~-ray (2350) 0.89
82.09 231Th ~-ray (2350) 0.4
84.21 231Th ~-ray (23°U) 6.6
89.95 231Th ~-ray (23°U) 0.94
89.96 Th Ko x-ray -
92.28 Pa Koo x-ray -
92.38 234Th ~-ray (238U) 2.81
922.8 234Th ~-ray (238U) 2.77
93.35 Th Ko x-ray -
94.65 U Kag x-ray B
95.86 Pa Kap x-ray -
96.09 235U ~-ray 0.086
98.43 U Kay x-ray -

with 238U to the photopeak count rate of the 186 keV line
that is a signature of 23U. Using this method, the enrich-
ment of the 0.2 wt% 23U DU sample was estimated to
be 0.19 + 0.01 wt% U using the spectrum recorded
using the HPGe detector. The enrichment was estimated to
be 0.19 + 0.02 wt% 23U using the spectrum recorded using
the prototype digital CdZnTe array. The enrichment of the
93 wt% 233U HEU sample was measured to be 91.3 + 2.5 wt%
235U using the HPGe detector. Using the CdZnTe array, the
enrichment was estimated to be 87.8 & 10.1 wt% 23°U. The
resolution and efficiency of the HPGe detector is significantly
better for the 1001 keV line. The superior detection of the
1001 keV line at high enrichments is a significant advantage
for the HPGe detector.

Between 90 and 100 keV, signatures of both 238y and
235U are present [20]. The line energies and the source
of the various lines are shown in Table I. The recorded
spectrum in the x-ray region on the prototype system from
various uranium samples is shown in Fig. 8. The energy
resolution of CdZnTe detectors does allow one to measure
the enrichment of a uranium sample by comparing the ratio of
counts in the region between 95.5 keV and 106 keV (Region 2
in Fig. 8) and the region between 86 keV and 95.5 keV
(Region 1 in Fig. 8) [21]. The enrichment can be determined
from the ratio of counts in Region 2 to Region 1 because
the impact of the 23*Th lines around 92 keV decrease as
enrichment increases. The intensity of the Ka x-rays from
uranium increases as enrichment increases, but the ratio of
Ka; to Kao does not change, so fewer events from 23*Th
increases the ratio. At very high enrichments, the 89.95 keV
y-ray from 23!Th adds to the number of counts in Region 1,
degrading the results. However, as demonstrated in Fig. 9, this
method can effectively discriminate depleted uranium, natural
uranium, low-enriched uranium (LEU), and highly-enriched
uranium (HEU). The intrinsic photopeak efficiency of 1.5 cm
thick CdZnTe detectors is more than 96% for photons at
these energies, so no efficiency calibration is required for
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Fig. 9. Enrichment measurement using uranium x-ray emissions. Various

regions of the x-ray ratio indicate different levels of uranium enrichment.

this method. Very thin samples may not produce enough x-rays
to use this simple uranium enrichment measurement method.

Contrastingly, the energy resolution of HPGe allows one to
separate the characteristic gamma-ray lines in order to more
accurately quantify the enrichment. As shown in Fig. 10,
the germanium detector is able to resolve the gamma-ray
lines around 92 keV which are characteristic of 233U. Then,
photopeak count ratios may be used to estimate the uranium
enrichment by comparing the relative intensity of the gamma-
ray lines characteristic of 233U with the gamma-ray lines
characteristic of 25U (81.2 and 82 keV) [22].

IV. PLUTONIUM ISOTOPICS

Plutonium grade, much like uranium enrichment, deter-
mines whether the material can be used in a nuclear weapon.
The plutonium grade can be measured using gamma-ray line
photopeak ratios [11]. Most often, users are interested in
the ratio between 23°Pu and 2*°Pu because the spontaneous
fission rate of >*°Pu limits the capability of the material to
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Fig. 10. Gamma-ray spectra from 93 wt% 235U HEU disk sample from

25 cm away recorded using prototype digital CdZnTe array system and a
commercially available mechanically cooled HPGe detector (top) and spectra
from 0.2 wt % 235U depleted uranium sample (bottom) focused on x-ray
region (75-125 keV).

be weaponized. While many methods for measuring plutonium
grade use ratios of lines below 200 keV [23], this work
focuses on using the gamma-ray emissions between 630 and
670 keV to measure plutonium grade because these lines
are significantly more penetrating. However, excellent energy
resolution is required to discriminate the lines caused from
the decay of three isotopes, 239py, 240py, and *'Am [24].
Table II provides a list of gamma rays in this energy region.

Fig. 11 shows a comparison of the measured gamma-
ray spectrum from a 5 kg disk of 95% %°Pu recorded
on the prototype system and the spectrum from the same
object recorded with a field-deployable high-purity germa-
nium gamma-ray spectrometer. Particularly between 300 and
450 keV, there are some distinct peaks in the HPGe spectrum
that are unresolvable in the CdZnTe single pixel spectrum.
Other notable differences include the more prominent 511 keV
peak and 558 keV peak in the CdZnTe spectrum. The 558 keV
peak arises from thermal neutron capture on ''3Cd. After
thermal neutron capture on cadmium, a cascade of gamma
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TABLE II

PHOTON SOURCES, ENERGIES, AND BRANCHING RATIOS FROM PLUTO-
NIUM SAMPLES IN THE RANGE OF 630 keV TO 670 keV. SOURCE
IsoTtorics CAN BE ESTIMATED USING GAMMA-RAY LINES IN
THIS ENERGY RANGE

Isotope Energy | Branching Ratio Activity
(keV) (7’s per decay) (y’s [ s-g)
241Am | 633.0 126 x 10—8 1.59 x 103
239py 633.2 253 x 1078 5.80 x 10!
239py 637.8 2.56 x 10—8 5.87 x 101
239py 640.1 8.20 x 10~8 1.88 x 102
241Am | 641.4 7.10 x 10~8 8.98 x 103
240py 642.5 125 x 1077 1.05 x 103
239py 646.0 1.49 x 1077 3.42 x 102
239py 649.3 712 x 1079 1.63 x 10!
239py 650.5 270 x 1079 6.19 x 10°
239py 652.1 6.55x 10—8 1.50 x 102
241Am | 653.0 377 x 1077 4.77 x 10%
239py 654.9 225x 1078 5.16 x 10!
239py 658.9 9.69 x 10—8 222 x 102
241 Am 662.4 3.64 x 10-6 4.61 x 10°
239py 664.6 1.66 x 10~8 3.80 x 10t
239py 668.2 3.93 x 10710 9.02 x 101
o HPGe
CdZnTe

10°

Intensity

10°

i L £
700

500 600
Energy (keV)
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Fig. 11. Comparison of recorded gamma-ray spectrum from plutonium source
recorded with a field-deployable HPGe detector and the prototype CdZnTe
system. The 558 keV peak indicative of thermal neutron capture is shown
circled in green.

rays are emitted, the most probable being at 558 keV which
occurs in approximately 75% of all thermal neutron captures.
The cross section for thermal neutron capture is large for
113Cd such that 96% of thermal neutrons are absorbed within
1 mm of the surface of the CdZnTe detector. This is a useful
indicator that a neutron source is present because even fast
neutrons can thermalize in the environment and interact in
the CdZnTe detector. HPGe does not have a comparable
indicator of a neutron source. The 511 keV peak is also more
prominent in the CdZnTe spectrum due to thermal neutron
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Fig. 12. Comparison of recorded gamma-ray spectrum from plutonium

source recorded with a field-deployable HPGe detector and the prototype
digital CdZnTe array system in the region where plutonium isotopics can
be estimated. The four areas of interest are indicated.

capture on cadmium. The total energy released following a
capture on cadmium is around 9 MeV meaning that some of
the gamma rays emitted in the cascade will be of high energy
(much greater than 1 MeV). These gamma rays are likely to
undergo pair production in the environment which results in
the higher number of annihilation photons. In addition, the
plutonium source was driven with an AmBe neutron source
during the CdZnTe measurement. This would have resulted in
more fission gamma-rays which could have been the source
of more annihilation photons in the CdZnTe spectrum.

In the 600 to 700 keV region, where the isotopics of
plutonium can be ascertained, HPGe shows peaks with more
separation as shown in Fig. 12. However, all of the peaks
are similarly resolvable in both spectra. Some peaks that are
not resolvable in CdZnTe are also unresolvable in HPGe.
For instance, between 648 and 655 keV, there should be two
separable lines; however, only one peak is present in both the
CdZnTe and HPGe spectra. The separation is slightly better for
the region between 655 and 665 keV using the HPGe sensor,
but it is still very challenging to obtain different peak areas
for each line.

In order to measure the fraction of 2*°Pu in the sample,
the relative intensity of 2>Pu must first be estimated from the
646 keV peak. This is a true signature of only 2>°Pu content.
Then, the relative amount of 2*! Am can be estimated from the
two peak regions between 650 keV and 665 keV. Finally, the
240py content is estimated from the region between 635 keV
and 642 keV accounting for the estimated quantities of 2*! Am
and 2*Pu calculated from the other regions. Los Alamos
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National Laboratory provided analysis assistance to estimate
the plutonium grade using this general method and enhanced
peak fitting. The result estimated the ratio of 2*°Pu to total
plutonium content to be 3.63% £ 1.02 %. The estimate was
within 20 of the true grade of 5.02%. Further improvement of
energy resolution by using lower noise ASICs and improved
CdZnTe material will improve the accuracy and precision of
plutonium isotopic measurements.

The energy resolution of CdZnTe spectrometers has
improved to the point where measuring plutonium isotopics
is now possible. CdZnTe sensors also offer the advantage of
indicating the presence of neutrons which is important for
national and homeland security applications.

V. CONCLUSIONS

The excellent energy resolution demonstrated by CdZnTe
sensors read out by digital ASICs can aid in the detec-
tion and characterization of SNM. The spectra from several
special nuclear material samples recorded using a digital room-
temperature 3-D position-sensitive CdZnTe imaging spectrom-
eter were compared with the recorded spectra from HPGe
detectors and demonstrate that CdZnTe can measure plutonium
and uranium isotopics almost as well.

APPENDIX I
PEAK RATIO URANIUM ENRICHMENT

The strongest emission from 233U daughters is at 1001 keV
with an intensity of 73.4 photons per second per gram
of 238U [11]. The ratio of the 186 keV line to the 1001 keV
line provides an estimate of the sample enrichment, if one can
estimate the extent of the source. The ratio of measured counts
in the two lines is given in Equation (1).

_ ( E ) (5186 ) (Gpplsﬁ ) (3630186) 0
1—E ) \Si001) \€pp1001/ \é€escro01

In Equation (1), m is the measured count rate of the
indicated gamm-ray line and E is the enrichment of the
sample. § is the source term for the gamma-ray line of
interest (73.4 photons per second per gram for the 1001 keV
line and 4.32 x 10* photons per second per gram for the
186 keV line). €,, is the absolute photopeak efficiency of
the CdZnTe detector for the indicated gamma-ray line. &,z is
the probability that a source photon of the indicated energy
escapes from the source (avoids self-shielding). The detection
efficiency ratio can be measured or simulated. For a four
detector CdZnTe system, (€,p186/€pp1o01) = 9.4 for source
photons incident from the cathode side. For the HPGe detector,
(€pp186/€pproo1) = 5.9. Contrastingly, escape probabilities
requires a priori knowledge about the source or use of infor-
mation about the source thickness from radiation images. The
extent of the source, the source material (uranium metal, UO»,
etc.), and shielding around the source can change this ratio.
For the samples measured at Y-12 with a thickness of 3 mm,
(€esc186/€esc1001) = 0.15. This can be calculated in simple
cases, by evaluating Equation (2).

fOD e 1186 keVX ]y

( Eescapel86 keV )
Eescapel001 keV f()D e 11001 keVX ] x

11186
111001

)
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In Equation (2), D is the thickness of the source material
and u is the total attenuation coefficient for the photon energy
of interest. In realistic measurement scenarios, the thickness of
the sample could be estimated using multiple views of the sam-
ple using coded aperture gamma-ray imaging. The attenuation
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coefficient could be estimated by measuring the relative atten-
uation of the higher energy lines from 233U daughters using
photopeak ratios. Equation (1) can be manipulated to calculate
the enrichment of the source given the photopeak ratio. The
data and the expected distribution of the enrichment as a
function of the peak ratio is given in Fig. 13. Fig. 14 shows
the relative error and the absolute error between the calculated
enrichment using the described peak ratio technique and the
declared enrichment of the sample. Using this method, the
enrichment is correctly estimated to within 7% error on
average. The largest discrepancy in this model is at 0.2 wt%
235U where the measurement result is incorrect by 20% due
to poor statistics for the 186 keV photopeak region.
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