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1-D Fast Neutron Source Localization Using
Digital Pixelated 3-D Position-Sensitive

CdZnTe Detectors
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Abstract— Recoil of constituent nuclei from neutron elas-
tic scatter in pixelated, 3-D CdZnTe gamma-ray detectors is
detectable given current low energy thresholds. Fast neutrons
are attenuated by CdZnTe detectors via outscatter and measured
gradients in neutron interaction rates across detector pixels
that enables 1-D fast neutron source localization through a
maximum likelihood estimator. Experimental results using an
MP320 deuterium–deuterium neutron generator with the four
detector crystal Orion prototype successfully localize four differ-
ent source locations across a 1-D field of view to within absolute
measurement errors between 2.5° and 14.0°.

Index Terms— 3-D CdZnTe, digital ASIC, fast neutron detec-
tion, fast neutron localization.

I. INTRODUCTION

DETECTION of special nuclear material (SNM) is
of national security concern. Recently, 3-D pixelated

CdZnTe has been used as a high energy resolution, room-
temperature operation, fieldable gamma-ray imaging spec-
trometer capable of detecting and characterizing SNM [1], [2].
The prominent SNM gamma rays are 186 keV from 235U
and less than 450 keV from 239Pu, which are easily shielded
by high-Z materials, making them challenging to detect.
Sensitivity to fast neutrons offers a complementary signal,
as fast neutrons can penetrate high-Z materials. Further-
more, attempts to attenuate fast neutrons via moderation
will still produce signal in CdZnTe from thermal capture
on 113Cd [3], [4]. Recent advancement in the digital readout
technology has pushed low energy thresholds below 5 keV
allowing for the detection of nuclear recoils from elastic
neutron scatter [5]. Using detector attenuation across detector
voxels, fast neutron sources can coarsely be localized in 1-D
using CdZnTe. With combined fast neutron and gamma-ray
localization capabilities, thermal neutron sensitivity, and <1%
gamma-ray energy resolution at room temperature, CdZnTe
detectors offer unique detection capabilities for SNM.
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Traditionally, fast neutrons are detected using hydrogenous
detectors, such as liquid or plastic scintillators, where fast
neutrons are distinguished from gamma-rays via pulse shape
discrimination (PSD) [6]. Once detected, several fast neutron
source localization methods have been developed using a
variety of techniques, such as spatial coded aperture, time
encoded imaging, neutron scatter kinematics, and detector self-
attenuation. In spatial coded aperture systems, a hydrogenous
mask is placed between the source and the detector, casting
a unique shadow on a position-sensitive detector, where a
decoding function can then be used to deconvolve source
direction [7]. In time encoded imaging techniques, source
counts are temporally modulated by moving a hydrogenous
mask, where source positions are similarly decoded with
an associated function [8]. Neutron scatter cameras leverage
scatter kinematics to electronically collimate valid source
directions to the surfaces of rings [9], [10]. Detector self-
attenuation has been used to localize sources using an array of
position insensitive detectors, where ratios of detector count
rates are used to localize sources [11]. Furthermore, detector
arrays can be rotated to record count rates as a function
varied geometries to enhance localization and mitigate the
lack of position sensitivity within detector volumes [12].
Attenuation has been previously used in a single, pixelated
HgI2 detector to localize gamma-ray sources by recording
count rate gradients across detector voxels [13]. Although
a nontraditional neutron detector, the fine detector position
resolution of pixelated CdZnTe allows for the detection of
small neutron count rate gradients, which can be similarly
used to localize sources. With the addition of multiple of
CdZnTe crystals in an array, fast neutron source localization
and sensitivity can be enhanced.

II. FAST NEUTRON SIGNAL

Unlike organic scintillators with PSD, most fast neutron and
gamma-ray interactions are not distinguishable on an event-
by-event basis in CdZnTe. Therefore, neutron gamma-ray
discrimination is done in CdZnTe via energy windowing. Fast
neutrons interact with CdZnTe through primarily inelastic and
elastic scattering. During inelastic scatter, fast neutrons excite
the target nucleus while depositing some kinetic energy. The
excited target subsequently deexcites emitting a characteristic
gamma-ray. In an elastic scatter, the fast neutron scatters off
a target nucleus, depositing kinetic energy as a function of
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Fig. 1. Simulated relative recoil spectra from a 2.5-MeV neutron source
with and without quenching. The energy bin used to tag neutron scatters in
CdZnTe is highlighted in red.

scatter angle. The recoil spectrum for 2.5-MeV neutrons in
CdZnTe is shown in Fig. 1. The recoil energies are further
reduced by a quenching factor between 0.25 and 0.5 due to the
enhanced recombination of electron–hole pairs from the high
charge density produced by high stopping power recoils [5].
This quenching greatly reduces total system sensitivity caus-
ing CdZnTe with 5-keVee thresholds, the energy deposition
equivalent to a 5-keV electron, to be primarily sensitive to
backscatter events. All interactions falling in 5–20-keVee bin
are labeled as neutron interactions and used in subsequent
angular localization reconstructions. Detector housings block
low-energy X-rays causing the primary contamination of this
energy bin to be from the small angle scatters of high-energy
gamma-rays.

III. LOCALIZATION TECHNIQUE

Neutrons with 2.5 MeV interact via inelastic and elastic
scattering with CdZnTe crystals. These crystals modulate
the incident flux with a macroscopic cross section �T �
0.15 cm−1. Due to the complex nature of neutron scatter
kinematics, a first-order model was implemented assuming
any interaction removes neutrons from the system, preventing
subsequent signals. Notably, this approximation overestimates
detector attenuation. Using this model, the probability p,
an interaction in detector pixel n at position r̄n , was emitted
from the azimuthal direction φ as follows:

pn(φ) = e−x(r̄n,φ)�T (1)

where x(r̄n, φ) is the ray traced path length through all
CdZnTe from pixel location r̄n in direction φ and �T is
the macroscopic cross section for fast neutron interactions
in CdZnTe. Sample distributions p(φ) for three detector pixels
in a four crystal array are shown in Fig. 2. Ray traced
responses from all detector pixels were then used to predict
expected detector pixel counts

E[g|φ j ] = λ j (2)

Fig. 2. Top: three hypothetical fast neutron scatters recorded in a four crystal
CdZnTe system. Bottom: path lengths xd (left) and relative incident neutron
direction probabilities (right) for each event calculated through the first-order
attenuation model. Path length fluctuations in position three are caused by
detector gaps.

Fig. 3. From top left to bottom right: expected pixel counts λ for source
directions φ = 0°, 45°, 90°, 270°, given uniform detector sensitivity. Note the
clear attenuation of neutron counts across the detector volume. White dashed
line: individual detectors, with 11 × 11 anodes.

for a given source direction φ j . Note that expectation means
from all directions are scaled to measure counts. Example
expectations are shown in Fig. 3. Model mismatch stemming
from the first-order attenuation model was investigated via
simulation in GEANT4, as shown in Fig. 4, but chosen
as acceptable [14]. These expectations were then sensitiv-
ity corrected via a cathode flood, where all detector pixels
were evenly illuminated, as shown in Fig. 5. Using these
expectations, a maximum likelihood estimator, assuming a
single-source direction, was implemented. The likelihood a
source in position φ j produced detector pixel counts g given
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Fig. 4. λ for φ = 90° simulated using GEANT4 (left) and the first-order
attenuation model (right) with fractional differences (bottom). Systematic
overestimation of attenuation is seen across the detectors yielding a maximum
25% bias.

Fig. 5. Pixel sensitivity sn measured using a cathode illumination where
each pixel was exposed to a similar fast neutron fluence. White dashed lines:
individual detectors. Pixels with zero counts were disabled due to poor noise
performance: individual pixel thresholds can only be slightly changed from a
global detector threshold. Note that Poisson uncertainties in pixel sensitivities
are large.

expectation λ j is

L(g|λ j ) =
N∏

n=1

λ
gn
n e−λn

gn! (3)

where λn is the expected number of counts in detector pixel n,
gn is the recorded counts in detector pixel n, and there are
N total active detector pixels. For the ease of computation,
the natural logarithm was taken for the log-likelihood

l(g|λ j ) =
N∑

n=1

gn ln(λn) − λn (4)

where the maximum across J possible, discrete source
directions

φ̂est = max
j∈[1,2,...,J ]{l(g|λ j )} (5)

Fig. 6. Sensitivity scaled counts histogrammed for all 484 detector pixels.
Clear outliers, boxed in black, with vastly increased sensitivity scaled counts,
when compared against other pixels, are seen.

was used as a scalar estimate of the source direction φ with
the estimator error εφ defined as

εφ = |φ̂est − φtrue|. (6)

Elastic neutron scatter cross sections increase for fission
energies, roughly 1 MeV, and decrease toward 5 MeV. This
suggests that count rate gradients used for localization would
be enhanced for fission neutrons and degraded for harder
sources such as PuBe.

Detector leakage current was found to be slightly time-
dependent. This change as a function of time could affect
observed pixel trigger rates. Sensitivity scaled pixel counts
were histogrammed for localization measurements and outliers
were clearly identified as shown in Fig. 6. After identification,
the noisy pixel was removed from reconstructions. The pixel
with increased noise triggering was shared between measure-
ments and occurred on a detector corner. The hypothesized
source of the temporal noise behavior stems from humidity and
temperature fluctuations modifying leakage to detector guard
rings.

Fast neutron localization using attenuation in current pixe-
lated CdZnTe systems is limited to 1-D due to the lack of
depth information for interactions. For gamma-ray interac-
tions, depth is computed using the cathode-to-anode ratio [15].
However, cathode electronic noise degrades depth resolution
for small, 5-keVee neutron scatter pulses. This depth uncer-
tainty blurs count rate gradients, making source localization
using attenuation along depth difficult.

IV. DETECTOR SYSTEM

The digital Orion prototype system was used to conduct
all measurements [16]. The detector system utilizes four
2 × 2 × 1.5 cm3 position-sensitive, CdZnTe detectors in a
2 × 2 array read out by VAD_UMv1.2 digital application-
specific integrated circuits (ASICs) [17]. The system is housed
in a plastic Pelican case with a Peltier cooler and an aluminum
heatsink to remove ASIC heat, as shown in Fig. 7. Detector
anodes are pixelated in an 11×11 grid while a planar cathode
is used. Lateral interaction location is determined by anode
pixels while depth is determined by the cathode-to-anode ratio.
Multiple interactions in a single detector or across detectors are
recorded in coincidence for a total active volume of 24 cm3.
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Fig. 7. Four detector digital Orion prototype system housed in a Pelican
case with the 2 × 2 crystal array boxed in red. Inset in orange is a typical
2 × 2 × 1.5 cm3 CdZnTe crystal. Inset in green is the pixelated anode and
planar cathode electrode configuration. The aluminum heat sink for removing
ASIC heat is boxed in blue.

Fig. 8. Relative geometry between the MP320 generator and the Orion
prototype with the relative position of crystals shown in blue. Inset: fast
neutron irradiation directions of Orion used in subsequent measurements.

Orion energy resolution for 137Cs is roughly ∼0.6% FWHM
for all events with 300 μm lateral subpixel resolution.

V. EXPERIMENTAL SETUP

A Thermo-Fisher MP320 deterium–deuterium (DD) neutron
generator was used to illuminate the Orion system with
roughly mono-energetic 2.45-MeV neutrons. The DD gener-
ator ran at 80 kV with a tube current of 60 μA. Nominal
neutron flux was estimated as 106n/s into 4π . Significant
levels of bremsstrahlung radiation were generated by the
movement of deuterium ions and were mitigated by cover-
ing the generator with thin layers of lead. Before neutron
measurements, a 133Ba source was placed on the generator
to confirm that its 80-keV emission was adequately shielded.
The generator and the detector system were elevated to reduce
the amount of environmental capture gamma-rays and room
scattered neutrons. First, a sensitivity measurement was taken
by illuminating the cathode side of all crystals uniformly
for 45 min. Then, the Orion prototype system was placed
50 cm away from the MP320 target plane with detector
sides, not cathodes or anodes, facing toward the generator,
as shown in Fig. 8. Each side irradiation was conducted
for 45 min with the Orion prototype being rotated laterally
between measurements.

Fig. 9. Background subtracted MP320 spectrum summed across all mea-
surements. Several prominent environmental and detector inelastic and capture
gamma-rays are seen.

Fig. 10. Log-likelihoods reconstructed using all events in the 5–20-keV
window for each illumination angle. Log-likelihoods were scaled to have the
same mean for the ease of plotting. Estimated locations are marked with
equivalently colored points. Dotted lines: true source locations.

VI. RECORDED ENERGY SPECTRUM

An overnight background, with no MP320 generator, and
spectrum while the generator was running were collected.
A background subtracted generator spectrum was then calcu-
lated, as shown in Fig. 9. A clear peak in the 5–15-keV region
is seen from elastic energy neutron scatters. Notably, this
peak is actually a continuous upward trend toward low energy
convolved with pixel-to-pixel thresholding effects. Prominent
inelastic gamma-ray lines from cadmium and tellurium are
seen. Furthermore, the inelastic 558- and 651-keV lines are
enhanced from the capture of environmentally thermalized
source neutrons on 113Cd .

VII. SOURCE RECONSTRUCTIONS

The log-likelihoods for each illumination angle shown in the
inset of Fig. 8 are shown in Fig. 10 over 0.5° bins. An irradi-
ation from 270° was taken but omitted due to the attenuation
from the aluminum heatsink. Directional estimates φ̂est and
associated errors εφ were tabulated in Table I. Discontinuities
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TABLE I

TRUE AND ESTIMATED SOURCE LOCATIONS USING A MAXIMUM
LIKELIHOOD ESTIMATOR AND FIRST-ORDER ATTENUATION MODEL

occurring at several angles across reconstructions stem from
clusters of pixels disabled due to poor noise performance
being excluded from the likelihood. The absolute error of
the estimator was between 2.5° and 14.0° even given large
uncertainties in pixel sensitivities from Poisson error and use
of a naive attenuation model.

VIII. CONCLUSION

Recent improvements in the VAD_UM digital ASIC system
for pixelated CdZnTe have decreased low energy thresholds,
such that Cd and Te nuclear recoils from fast neutron scatter
are detectable. The attenuation of fast neutrons across detectors
enables 1-D source localization through a maximum likelihood
estimator even with moderate model mismatch from using a
naive attenuation model. Differences in pixel-to-pixel detec-
tor thresholds require a sensitivity correction, which can be
accomplished via a flood irradiation. Due to extreme, low
energy thresholds, small, time-dependent shifts in anode noise
levels must be monitored occasionally requiring the disabling
of previously well behaved pixels. Using measured data from
the four crystal Orion prototype system, the direction of a
MP320 neutron generator was successfully localized to an
absolute error between 2.5° and 14.0° at a distance of 50 cm
across a 1-D field of view.
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