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Abstract— Fast neutrons are an important signature of special
nuclear materials (SNMs). They have a low natural background
rate and readily penetrate high atomic number materials that
easily shield gamma-ray signatures. Therefore, they provide a
complementary signal to gamma rays for detecting shielded SNM.
Scattering kinematics dictate that a large nucleus (such as
Cd or Te) will recoil with small kinetic energy after an elastic
collision with a fast neutron. Charge carrier recombination and
quenching further reduce the recorded energy deposited. Thus,
the energy threshold of CdZnTe detectors must be very low in
order to sense the small signals from these recoils. In this paper,
the threshold was reduced to less than 5 keVee to demonstrate
that the 5.9-keV X-ray line from 55Fe could be separated
from electronic noise. Elastic scattering neutron interactions
were observed as small energy depositions (less than 20 keVee)
using digitally sampled pulse waveforms from pixelated CdZnTe
detectors. Characteristic gamma-ray lines from inelastic neutron
scattering were also observed.

Index Terms— CdZnTe detectors, gamma-ray spectroscopy,
low-energy threshold systems, neutron detectors, special nuclear
materials (SNMs) monitoring.

I. INTRODUCTION

SPECIAL NUCLEAR MATERIAL (SNM) emits high-
energy neutrons following spontaneous fission or during

active interrogation with a neutron or a high-energy photon
source [1]. The emitted neutrons will follow a Watt distribution
with the most probable neutron energy around 1 MeV and a
mean energy of 2 MeV. Fast neutrons are rare in the natural
background with a flux of only 1.8 ± 0.2 × 10−3 cm−2s−1 at
sea level [2] (although some have measured higher rates [3]),
so they are a useful signature for detecting SNM. Unlike
gamma rays, fission-energy neutrons are not easily shielded
and can escape high atomic number shielding materials with-
out significant attenuation. Therefore, fast neutrons provide
a complementary signal to gamma rays for detection of
shielded SNM.

Thermal neutrons are easier to detect than fast neutrons
because the interaction cross sections are significantly higher.
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Many thermal neutron detectors have been developed based
on 10B, 7Li, and most notably, 3He reactions. The production
of a charged particle from a high-Q value reaction makes
detection straightforward. (n, γ ) reactions have also been used
to detect thermal neutrons, even using CdTe [4] or CdZnTe as
the conversion layer [5], [6].

Often, fast neutrons are detected by first thermalizing
them through scattering interactions in a moderator. Then
the initially fast neutrons are detected via thermal neutron
interactions. However, by thermalizing the neutrons, infor-
mation about the incident neutron energy spectrum is lost.
A neutron energy spectrum can be useful to discriminate
different types of neutron sources. Also, by estimating the
energies of neutron scatterings, one can image neutron sources
using scattering kinematics [7]. Low-Z scintillating material
with good neutron-photon pulse shaped discrimination has
long been employed to estimate the neutron energy spectrum
after spectrum unfolding [8], [9].

Semiconductor detectors such as high-purity
germanium (HPGe) have been used to study elastically and
inelastically scattered neutrons [10], [11]. Like HPGe, CdZnTe
detection systems provide high-resolution gamma-ray
spectroscopy and imaging, but add the convenience of
room-temperature operation. In national security applications,
a sensor that can characterize shielding materials and
determine isotopic composition of SNM (as CdZnTe
can [12], [13]) while providing gamma-ray imaging and simul-
taneously detecting both fast and thermal neutrons in a rapidly
deployable package could be quite valuable. CdZnTe can
serve as a thermal neutron detector via capture on 113Cd and
detection of gamma-rays from the cascade following capture.
This paper will demonstrate how CdZnTe can serve as
a fast neutron detector via direct detection of elastic
scattering or detection of gamma rays following inelastic
scattering.

The CdZnTe array system used in this paper consisted
of four 2 × 2 × 1.5 cm3 3-D position-sensitive CdZnTe
gamma-ray detectors. Each detector was read out by a
VAD_UMv1.2 ASIC developed jointly by the University
of Michigan and Integrated Detector Electronics AS (Oslo,
Norway) [14]. The system demonstrated an energy resolution
of 0.47% full-width at half-maximum (FWHM) at 662 keV
for single pixel events and 0.63% FWHM at 662 keV for all
events [15].

II. DETECTION SIGNATURES AND

THEORETICAL EFFICIENCY

At high energies, neutrons primarily interact with CdZnTe
target nuclei through inelastic or elastic scattering [16].
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Fig. 1. Microscopic cross sections for neutron interactions on Cd or Te nuclei.
The dashed lines indicate the cross section for inelastic scattering, whereas
the solid lines indicate the cross section for elastic scattering. The three most
abundant isotopes are plotted for each element, but the minor isotopes follow
the same trends.

Inelastically scattered neutrons do impart some recoil energy
to the target nucleus while producing characteristic gamma
rays depending on the nuclear levels of the target. If these
gamma-ray lines can be efficiently detected and separated from
background, they indicate fast neutron reactions.

The energy deposited by an elastically scattered neutron
to the recoil nucleus Er depends on the incident neutron
energy En , the scattering angle between the incident and
scattered neutrons in the center-of-mass frame of reference θc,
and the target nucleus mass A, as [17]

Er = En

(
1 − (1 + α) + (1 − α) cos θc

2

)
(1)

α ≡
(

A − 1

A + 1

)2

. (2)

Since the primary constituent nuclei of CdZnTe detectors are
one hundred times more massive than the neutron, Er is small,
even for backscattered events (when cos(θc) ≈ −1) because
α is close to one. Backscattering on Cd or Te will deposit less
than 4% of the incident neutron energy to the recoil nucleus.

The microscopic cross sections for fast neutron interactions
in Cd and Te nuclei are shown in Fig. 1. For both elements,
the cross section for scattering is a few barns, with elastic
collisions being more likely at most energies.

The recorded energy will be reduced further due to quench-
ing. Nuclear recoils will generate fewer electron-hole pairs
than the number produced by a photoelectron of the same

Fig. 2. Simulated elastic scattering recoil energy spectra from various neutron
sources in CdZnTe detectors. These data were simulated in Geant4 [22],
assuming a quenching factor of 0.25. The spectra are cutoff at 4 keVee.
Ten million incident neutrons were simulated for each spectrum, so the relative
number of counts reflects the detection efficiency.

Fig. 3. Sketch of simulated neutron beams incident on CdZnTe to estimate
intrinsic efficiency.

energy [18]. This process can be described via the Lindhard
model [19]. The quenching factor for CdZnTe is estimated
to be 25% based on previous work with neutron scattering
in silicon and germanium [20], [21], which both exhibit
quenching factors of about 25% for 50-keV recoil nuclei.

Assuming a quenching factor of 0.25, simulated neutron
energy spectra recorded using CdZnTe are shown in Fig. 2.
Ten million neutrons are simulated for each neutron source.
These spectra do not include the 2-keV Gaussian blur from
electronic noise expected from a real system.

In a Geant4 [22] simulation, neutron beams of three dif-
ferent energy distributions were directed at the center of the
cathode side or the center of the side of the detector array
as illustrated in Fig. 3. The detector array was simulated
as one large detector. The efficiency was calculated as the
number of quenched nuclear recoils above the low-energy
threshold divided by the simulated number of neutrons in the
beam (ten million neutrons). The elastic nuclear recoil theoret-
ical detection efficiency from these simulations is summarized
in Table I. Overall, the intrinsic efficiency is of the order of
a few percent and is strongly dependent on the low-energy
threshold. Since the number of simulated particles was large,
the uncertainty in the simulated detection efficiency is less
than 0.1% in absolute terms.
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Fig. 4. Example pulse waveform and filtered signal for a small-energy
gamma-ray deposition. The waveform is sampled at 40 MHz.

TABLE I

SIMULATED INTRINSIC EFFICIENCY OF A PROTOTYPE CdZnTe ARRAY

SYSTEM READ OUT BY ASICs, WHICH DIGITALLY SAMPLES THE

PULSE WAVEFORMS TO NEUTRONS FOR DIFFERENT BEAM
GEOMETRIES, LOW-ENERGY THRESHOLDS,

AND NEUTRON ENERGIES IN GEANT4

III. LOW-ENERGY THRESHOLDS IN

PIXELATED CdZnTe DETECTORS

To trigger the VAD_UMv1.2 ASIC, a filtered signal induced
on an anode pixel must exceed a user-defined threshold.
A CR-(RC)4 filter with a short shaping time is employed by
the triggering logic. First, a global threshold is found based on
the lowest setting where noise triggering barely saturates the
system. Then, each channel is enabled individually to see if
that channel contributes significantly to the number of triggers
from noise. If the channel does not exhibit a superfluous noise
trigger rate, the global threshold is trimmed slightly lower
on a channel-by-channel basis until noise triggers become
predominant. If the channel does contribute significantly to
the number of noise triggers, the threshold is raised slightly
higher. Using this procedure, the threshold can be lowered to
around 5 keVee with a false trigger rate of less than one count
per second. Fig. 4 demonstrates what low amplitude signals
look like read out by the VAD_UMv1.2 system. The threshold
will vary slightly from channel to channel. Edge pixels tend

Fig. 5. Recorded energy spectrum from a 1.5 μCi 55Fe source with the source
outside of the detector housing box (top) and inside the housing (bottom).
Each configuration was measured for 1 h.

to have higher energy thresholds (around 10 keVee) due to
leakage current from the pixel to the guard ring.

Transient signals [23], [24] induced on pixels neighboring
the pixel that collects the charge can also trigger the system
using this triggering logic. In order to accurately discriminate
transient signals from pixels that collect charge, a software
threshold is employed. The mean amplitude of the first fifty
digitally sampled points is subtracted from the mean value of
the last fifty sample points to estimate the pulse amplitude.
This amplitude should be above a few keV for collecting
pixels. If the amplitude is lower than the software threshold,
the trigger is reclassified as a transient signal.

With the low-energy threshold at around 5 keV, the X-rays
from a 55Fe source at 5.9 keV can easily be distinguished
from noise as shown in Fig. 5. The source must be placed
inside the detector housing, as the 2-mm-thick aluminum box
provides substantial attenuation to low-energy photons. With
the source outside the aluminum housing, the continuum to the
right of the peak is caused by low-energy background photons
that are not attenuated by the aluminum housing or higher
energy background gammas that undergo small-angle Comp-
ton scattering in the detector. The peak at very low energies is a
convolution of some noise triggering and some 5.9-keV source
photons that are not attenuated by the aluminum detector
housing. With the source inside the housing, the low-energy
peak is primarily from photoelectrically absorbed 5.9-keV
photons from the 55Fe source. The electronic noise component
is still present, but is weak relative to the source strength.

Because the detector housing attenuates a significant frac-
tion of low-energy photons, an alternative method to measure
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Fig. 6. Recorded energy spectrum from a 133Ba source. Note that
X-ray escape produced characteristic peaks at low energies. This measurement
lasted 30 min.

the low-energy threshold was developed. A 133Ba source was
placed outside the aluminum detector housing. The 31- and
35-keV X-rays produced from the source easily reached the
cathode side of the CdZnTe array. Some of these incident
X-rays were photoelectrically absorbed and produced a char-
acteristic Cd or Te X-ray that escaped the detection system
so that a portion of the deposited energy was not recorded.
These events were recorded as escape peaks in the spectrum
shown in Fig. 6. The 133Ba X-rays were expected to generate
peaks at 4, 8, and 12 keV from these interactions. The peaks
at 8 and 12 keV were observed with current thresholds.

IV. NEUTRON GENERATOR MEASUREMENTS

As a proof of principle, a Thermo Fisher Scientific
MP320 deuterium-deuterium (DD) neutron generator, which
produced approximately 106 2.5-MeV neutrons per second
in 4π , was used to study neutron interactions in CdZnTe
detectors. The tube was operated with a potential of 80 kV
and a current of 60 μA. The acceleration and decel-
eration of deuterons produced a significant amount of
bremsstrahlung radiation in addition to neutrons. Three mil-
limeters of lead shielding was used to attenuate bremsstrahlung
yet preserve neutron signals. The 80-keV emission from
a 133Ba source was used to verify that there was ample
shielding of bremsstrahlung.

As shown in Fig. 7, a high-energy gamma-ray source can
slightly increase the low-energy background level through
small-angle Compton scattering events that deposit a small
amount of energy in the detector. Yet the increase in counts
between 0 and 20 keVee when the neutron generator was
producing neutrons is clearly higher than the background
level or what can be produced from forward-scttered higher
energy photons. Note that the upper end of the low-energy
neutron-signature peak begins at around 18 keVee. This indi-
cates a slightly smaller quenching factor, 0.2 rather than 0.25,
from the observed to expected (from Fig. 2) backscatter peak
position ratio.

Another signature of fast neutron interactions is character-
istic gamma rays released from inelastic scattering reactions.

Fig. 7. Recorded energy spectrum from the DD neutron generator compared
with background measurements. The spectra are normalized to the count
rate in the 30–40-keV range. These spectra also indicate that this neutron
detection technique is robust even with a photon source in the background. The
137Cs source was not present during the DD neutron generator measurement.
It is included in this figure to demonstrate how forward-scattered gamma-rays
can minimally affect the low-energy continuum.

Fig. 8. Recorded background-subtracted energy spectrum from the
DD neutron generator zoomed to see high-energy characteristic inelastic
scattering gamma rays. Vertical lines are expected inelastic gamma rays from
the various constituent nuclei. The 511-keV peak is from pair production of
other high-energy gamma rays produced from neutron interactions. The boron
capture peak comes from boron in the experimental area as well as boron in
circuit board components.

As shown in Fig. 8, the background-subtracted spectra from
the system with the neutron generator ON show characteristic
peaks related to the constituent isotopes. These signatures may
also be used to identify the presence of a neutron source.

To verify that the low-energy signals from 5–20 keVee were
from neutrons rather than photons, several techniques were
used to isolate the source of this signal. First, the interaction
positions of these energy depositions were noted by mapping
the small-energy deposition count rate by the triggered pixel
location for the neutron irradiation directions shown in Fig. 9.
Low-energy photons should either be attenuated by the alu-
minum detector housing or absorbed on the surface of the
CdZnTe. However, as shown in the right window of Fig. 10,
when the neutrons are incident from the side of the detector,
a substantial number of low-energy events penetrate deep into
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Fig. 9. Sketch of neutron irradiation directions. The gap between detectors
is 2 mm.

Fig. 10. Background-subtracted count rate (counts per second) for recorded
interactions with energy between 0 and 25 keVee for neutrons incident from
the cathode side (left) and from the side of the detector array (right).

Fig. 11. Number of recorded background-subtracted small-energy depositions
as a function of distance into the CdZnTe detector from the right pane of
Fig. 10 with the air gap between detectors subtracted. The experimental
attenuation matches the theoretical attenuation for neutrons in CdZnTe.

the detector. High-energy photons that are Compton scattered
through a small angle have a more uniform interaction position
distribution than observed in Fig. 10. In fact, the attenuation
of neutrons from this measurement matches the theoretical
attenuation of CdZnTe quite well as shown in Fig. 11. The
number of counts was calculated by summing the number of
counts in each row from Fig. 10 and using the center of the
pixel as the average interaction location. Similar results were
achieved for neutron irradiations from the other sides, as well
as intermediate angles.

Borated polyethylene was placed between the detector array
and the neutron generator as seen in Fig. 12. The borated
polyethylene should reduce the intensity of fast neutron sig-
natures while allowing transport of higher energy photons. The
resulting spectra are shown in Fig. 13. Note that the addition

Fig. 12. Experimental apparatus with CdZnTe array inside black Pelican®

case, lavender sheets of borated polyethylene, and the neutron generator tube
behind. The metallic shielding was used to eliminate bremsstrahlung.

Fig. 13. Recorded energy spectrum from the DD neutron generator with
different thicknesses of borated polyethylene moderator between the detector
array and the generator.

of polyethylene significantly reduces the relative height of the
low-energy peak indicative of fast neutron elastic scattering
interactions. One can model the attenuation of neutrons via an
exponential factor as

I

I0
≈ e−�t x (3)

where I is the neutron intensity after passing through a
moderator with thickness x , I0 is the initial neutron intensity,
and �t is the measured effective attenuation cross section.
Equation (3) assumes that neutrons are removed following
a single interaction. Multiple detectable scatters are unlikely,
so (3) can be used to estimate the neutron attenuation from
the borated polyethylene.

Using the net counts (subtracting the mean continuum to the
right of the peak) in the neutron signature peak, the measured
effective attenuation cross section of the borated polyethylene
was calculated to be 0.21 ± 0.05 cm−1. Using MCNPX [25]
to simulate the measurement, the effective cross section was
calculated to be 0.19 ± 0.01 cm−1 using a quenching factor
of 25%. Contrastingly, 99% of 10-keV photons would be
attenuated by 7.5 cm of polyethylene. High-energy photons
do not produce the characteristic peak as shown in Fig. 7.
Furthermore, only 1% of 100-keV photons would be absorbed
by 7.5 cm of polyethylene. Thus, adding polyethylene
between the DD generator and detector array modulates the
hypothesized neutron signature peak as incident neutrons
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Fig. 14. Recorded energy spectra from a 252Cf source with different
moderators between the detector array and the source. The spectra are
normalized to the count rate in the 30–40-keV range. Each measurement
lasted at least 90 min and each spectra has more than 500-K events between
0 and 400 keV.

Fig. 15. Recorded energy spectra from a 252Cf spontaneous fission neutron
source, a DD neutron generator, and a PuBe (α,n) source. The spectra are
normalized to the count rate in the 65–85-keV range.

would, and the spectra cannot be explained by assuming that
the interactions are from low-energy or high-energy photons.
Therefore, these events must be neutron-induced.

V. MEASUREMENTS OF NONMONOENERGETIC

NEUTRON SOURCES

Realistic neutron sources encountered in the field are not
monoenergetic. Rather, they are sources that emit neutrons
via fission or (α, n) reactions. A 18 μCi 252Cf spontaneous
fission neutron source (generating 80 000 neutrons per second
in 4π) was placed 20 cm away from the detector array. Again,
some moderating materials were placed between the source
and detector array. The recorded energy spectra are shown
in Fig. 14. In the cases where the source was bare or shielded
with lead, there are considerably more events in the spectra
with energy less than 25 keVee, indicating the presence of a
neutron source. Note that the lead shield attenuates photon
signatures of the material, but the neutron signatures still
indicate the possible presence of SNM. Practically, if a plu-
tonium source is adequately shielded with lead, the gamma-
ray lines around 400 keV may be attenuated while neutrons
pass through the shield; in this case, neutrons provide the only
available signal for detection.

Different neutron sources have different energy spectra.
Therefore, one would expect the rising portion of the low-
energy neutron-signature peak to vary with neutron sources.
As shown in Fig. 15, the rising edge of the low-energy

peak does change with the neutron source. The PuBe source
has the highest neutron energy, so the rising edge begins
around 50 keVee. The DD neutron generator is a mono-
energetic source, so it has a sharp rising edge, whereas
the 252Cf source (a Watt neutron energy distribution) rises
more slowly. This observation matches the expected physics
of fast neutron detection using elastic scattering interactions
in CdZnTe.

VI. CONCLUSION

High-resolution room-temperature imaging gamma-ray
spectrometers are readily deployable in under five minutes.
These instruments are able to provide high-resolution gamma-
ray spectroscopy (<0.7% FWHM at 662 keV) and gamma-
ray imaging through Compton or coded-aperture reconstruc-
tion techniques. By adding neutron detection in the same
instrument, complementary information about SNM can be
ascertained, which is very valuable when a source is shielded
with high-Z material. The detection efficiency was estimated
to be of the order of a few percent. Photons and neutrons
cannot be discriminated on an event-by-event basis, but the
aggregate information provided by small-energy depositions
plus detected photons following inelastic neutron scattering
can be valuable.

To achieve direct fast neutron detection, the low-energy
threshold must be lowered below 10 keVee due to the large
constituent nuclei in CdZnTe and quenching. Characteristic
fast neutron signature small-energy depositions were observed
using a DD neutron generator, a weak spontaneous fission
source, and an (α, n) neutron source. The neutron signature
peak varied with irradiation direction and shielding. Further-
more, different neutron sources produced different peak shapes
in agreement with the scattering physics.
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