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Abstract6

Gamma-ray spectroscopy is an important tool used in international safeguards to measure plutonium and uranium iso-7

topics. Recently developed, digital, 3-D position-sensitive CdZnTe gamma-ray spectrometers are promising for safeguards,8

offering improved performance over commonly available CdZnTe systems, with energy resolutions approaching that of high-9

purity germanium. CdZnTe gamma-ray spectra from plutonium and uranium samples were processed using the commercially10

available software FRAM v5.2, a tool that estimates plutonium and uranium isotopics from high-purity germanium spectra,11

across a wide range of materials. Using digital CdZnTe systems 239Pu/240Pu isotopic composition and effective 240Pu per-12

centage are evaluated to within less than 3σ statistical measurement uncertainty across reactor to weapons-grade samples,13

while low and highly-enriched uranium are easily distinguished.14
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1. Introduction16

Measuring the isotopics of plutonium and uranium using non-destructive, gamma-ray spectroscopy is an integral part of17

International Atomic Energy Agency (IAEA) safeguards [? ]. Quantitative gamma-ray spectroscopy is typically conducted18

using high-purity germanium (HPGe) detectors, which provide good energy-resolution but require cryogenic cooling. Recent19

large-volume, room-temperature, digital CdZnTe arrays provide competitive single-pixel energy resolutions of roughly 0.520

% full-width-at-half-maximum (FWHM) at 662 keV, a significant improvement over current commonly available CdZnTe21

detectors, including those used by the IAEA, and the ability to estimate special nuclear material (SNM) isotopic composition22

[? ]. Previous SNM grading using digital CdZnTe only investigated weapons-grade plutonium (WGPu) and used non-23

standardized techniques for processing both plutonium and uranium gamma-ray spectra [? ]. This work demonstrates24

plutonium and uranium grading across a wide isotopic range using gamma-ray spectra from digital, CdZnTe detectors and25

the standardized, commercial software FRAM v5.2.26

2. Digital CdZnTe Detector System27

Two digital CdZnTe arrays were used to measure plutonium and uranium spectra. Each array was instrumented with 2 x28

2 x 1.5 cm3 CdZnTe crystals. Crystals were instrumented via an array of 121 pixelated anodes and a single planar cathode,29

allowing for gain correction through 3-D voxelization [? ]. The first system, the Orion Prototype, measured the plutonium30

BeRP Ball and THOR Core at the Device Assembly Facility (DAF) and uranium enrichment standards at the Y12 National31

Security Complex [? ][? ][? ]. The Orion Prototype consists of a 2 x 2 crystal array readout by VAD vUM1.1 digital,32

application-specific integrated circuits (ASICs) [? ]. The second array, UM Orion 2.2, measured mixed-oxide (MOX) fuel33

pins and plutonium plates at the Zero Power Physics Reactor (ZPPR) facility in Idaho National Lab [? ][? ]. UM Orion 2.234

consists of a 3 x 3 crystal array readout using VAD vUM2.2 digital ASICs.35

The energy resolution of Orion CdZnTe systems is further improved by directly attaching crystals to readout ASICs36

to reduce electronic noise [? ]. Spectra from individual, direct-attached detectors are shown in Fig. 1, highlighting the37
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performance of Orion CdZnTe systems against laboratory grade HPGe detectors. Comparisons between digital Orion and38

current IAEA CdZnTe systems are tabulated in Table 1 [? ][? ]. Note that Orion, pixelated CdZnTe performance does not39

degrade with active volume or detector thickness.40

Figure 1: Spectral comparisons between a direct-attached, CdZnTe crystal and a 40% efficient, cryogenically-cooled HPGe detector for 137Cs (top)

and HEU (bottom). Only single-pixel CdZnTe events, where only one anode pixel triggers, were included in the comparison. Note CdZnTe spectra

have slight, low-energy photopeak tailing from charge leak [? ]. A colored version is provided online.

Table 1: Comparison between current IAEA (SDP) and Orion CdZnTe systems [? ]. The best IAEA and Orion detector characteristics are bolded

in black and red respectively for comparison. Note resolution in 3-D, position-sensitive CdZnTe does not degrade with increasing active volume

due to 3-D gain corrections. Data for a commercial, mechanically-cooled HPGe detector is provided for completeness [? ].

Detector
Active Volume,

mm3

FWHM at 662 keV,

keV

FWHM at 186 keV,

keV

SDP 500 (CdZnTe) 500 9.99 3.70
SDP 1500 (CdZnTe) 1500 18.06 8.12
SDP 4000 (CdZnTe) 4000 18.73 6.91

Orion Prototype (CdZnTe)

Standard Attached
24000

3.2 (single pixel)

4.2 (all events)
2.88 (single pixel)

UM Orion 2.2 (CdZnTe)

Standard Attached
40500

3.2 (single pixel)

4.2 (all events)
N/A

UM Orion α (CdZnTe)

Direct Attached
40500

2.5 (single pixel)

3.4 (all events)
2.0 (single pixel)

Micro-Detective (HPGe) ∼65000 1.7 1.3
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3. FRAM v5.241

FRAM (Fixed-energy Response function analysis with Multiple efficiency) is an analysis algorithm used to evaluate both42

plutonium and uranium isotopics from gamma-ray spectra (14). FRAM traditionally has been used to analyze spectra from43

coaxial and planar HPGe detectors, but has been demonstrated on CdTe detectors [? ] as well as with ultra-high resolution44

detectors based on microcalorimetry [? ]. An effort to modify FRAM to improve analysis of medium resolution detectors,45

including LaBr3 and CdZnTe, is underway [? ], but is still in the development phase. This development includes modification46

of peak fitting algorithms to incorporate the large, low-energy tail present in common commercially available CdZnTe systems,47

which is minimized in the Orion CdZnTe systems.48

In the present effort, single-pixel spectra recorded on Orion CdZnTe systems were analyzed with the commercially released49

Ortec FRAM v5.2 software. No modifications to the peak fitting or other analysis algorithms were performed. Default50

parameter sets for analysis of U, Pu and MOX with coaxial HPGe detectors in the high-energy region (120-1001 keV) were51

modified for shaping and energy resolution of the Orion CdZnTe systems. Robust performance was demonstrated over the52

range of U and Pu materials measured with this modified parameter set.53

For several of the measurements where either large item mass, container or filter conditions allowed for efficient detection54

of x-rays, default parameter sets for determination of U and Pu isotopic composition with planar HPGe detectors in the x-ray55

region (60-230 keV) were modified for shaping and energy resolution of the Orion CdZnTe systems. Due to relatively low count56

rates, resulting from the low detector volume and rejection of non-single pixel events, this analysis offered little improvement57

in evaluation of the composition of primary Pu isotopes such as 240Pu and 239Pu, but did allow improved measurement58

of 241Pu, significantly decreasing the relative standard deviation (RSD) from 30-60% to 5-6%. Minimal improvement in59

measurement of 235U enrichment was observed using this approach.60

4. Results61

Digital Orion CdZnTe gamma-ray spectra of plutonium and uranium objects are shown in Fig. 2 and Fig. 3. Clear62

differences in 241Am content and total fast neutron emission rates are seen between plutonium samples. FRAM v5.2 estimates63

of 240Pu and 239Pu content for each object are shown in Fig. 4 calculated using high-energy, 120-800 keV, gamma-ray64

emissions. Analysis was omitted using lower-energy, 60-230 keV, gamma-ray emissions due to low object penetration, but65

agreed well with the higher energy results [? ]. All FRAM v5.2 estimates of 240Pu and 239Pu content agree within 3σ66

statistical measurement uncertainty to the true value, with RSDs ranging from 1-5% for 239Pu, and 10-20% for 240Pu. FRAM67

also calculates an effective 240Pu percentage, which can be used with neutron coincidence or multiplicity measurements to68

determine total plutonium mass. FRAM reported 240Pu effective values agree within 3σ statistical measurement uncertainty69

to the true value, with RSDs of 5-10%. This shows that room-temperature, Orion CdZnTe systems can be used to estimate70

plutonium isotopic composition using the commercial software FRAM v5.2.71

Differences between 186 and 1001 keV count rates were seen between low and highly enriched uranium samples. Notably72

the 3% enrichment sample had a non-negligible thorium contamination. Spectra were processed using FRAM v5.2 and73

modified default parameters for LEU and HEU using high-energy, 120-1001 keV gamma-ray emissions shown in Fig. 4.74

Systematic overestimation of enrichment is seen for low enrichments using LEU parameters. Regardless, commercial reactor75

fuel, roughly 3-4% 235U, can be readily separated from HEU. This shows that digital Orion CdZnTe systems can be effectively76

coupled with FRAM v5.2 to estimate rough uranium enrichment.77
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Figure 2: Single-pixel, CdZnTe spectra of plutonium and MOX objects normalized to the 413 keV photopeak from 239Pu. Inset A shows disparate

241Am content between weapons and reactor grade objects. Inset B shows evidence of thermal neutron capture on 113Cd at 558 keV for massive,

plutonium objects. Inset C shows the energy-region used to determine 240Pu content. Source details are provided in [? ][? ][? ][? ]. A colored

version is provided online.
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Figure 3: Background subtracted, all-events uranium spectra as a function of 235U content. The inset region highlights low-energy, 235U spectral

features. Figure template and data are taken from [? ]. Note that spectra are now analyzed using the commercial software FRAM v5.2 and

without a priori knowledge of source geometry required in [? ]. Source details are provided in [? ]. A colored version is provided online.

5. Conclusion78

Digital Orion CdZnTe systems offer increased active volumes and improved energy resolutions compared to current IAEA79

CdZnTe systems with performance comparable to electrically-cooled, coaxial HPGe detectors. FRAM v5.2 estimates of SNM80

isotopics using Orion CdZnTe gamma-ray spectra show reasonable agreement across a wide range of plutonium and uranium81

grades. This suggests that Orion CdZnTe systems can be used in quantitative, gamma-ray spectroscopy for safeguards. A82

rigorous comparison of SNM grading performance between direct-attached, Orion CdZnTe systems, 1% energy-resolution83

commercial CdZnTe systems [? ], and current IAEA CdZnTe/HPGe detectors should be conducted.84
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Figure 4: (Left) Estimated 240Pu, effective 240Pu and 239Pu content as a function of true plutonium content. Plotted error bars represent 1σ and

are statistical in nature. Detailed THOR Core isotopics could not be found to compute effective 240Pu. (Right) FRAM v5.2 estimates of uranium

content using LEU and HEU parameters respectively. The inset figure focuses on several, low-enrichment standards. The dashed line represents

perfect isotopic estimation. Tabulated estimates of plutonium and uranium isotopic compositions are provided in Table 2.
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Table 2: True and FRAM v5.2 estimates of plutonium (top) and uranium (bottom) content. Detailed THOR Core isotopics could not be found to

compute effective 240Pu.

Object

240Pu, Weight %

True, Estimated

Eff. 240Pu, Weight %

True, Estimated

239Pu, Weight %

True, Estimated

BeRP Ball 5.9, 8.4±1.5 5.9, 8.4±1.6 93.7, 91.6±1.5

THOR Core 5.0, 7.3±2.2 N/A 94.6, 92.2±2.2

PAHN Plate 22.8, 21.4±7.8 24.0, 23±7.8 76.0, 77.0±7.7

PANN Plate 4.5, 6.4±1.0 4.5, 6.4±1.0 95.4, 93.5±6.4

MOX Pins No. 128 11.7, 12.4±2.0 12.1, 13.4±2.0 87.8, 86.9±2.0

MOX Pins No. 129 26.9, 20.0±3.7 27.3, 22.3±3.6 72.2, 78.0±3.6

True Enrichment
Estimated Enrichment,

LEU Parameters

Estimated Enrichment,

HEU Parameters

0.2 0.15±0.05 N/A

0.7 0.76±0.08 N/A

3.0 4.7±0.5 N/A

3.5 5.8±0.5 N/A

4.5 5.7±0.7 N/A

20.5 28.2±2.2 27.8±2.5

37.0 41.8±3.2 38.8±3.4

50.0 51.1±5.3 66.0±5.0

93.0 N/A 86.0±7.5
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