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a b s t r a c t

Neutron is an indirectly ionizing particle without charge, which is normally measured by detecting re-
action products. Neutron detection system based on measuring gadolinium-converted gamma-rays is a
good way to monitor the neutron because the representative prompt gamma-rays of gadolinium have
low energies (79, 89, 182, and 199 keV). Low energy gamma-rays and their high attenuation coefficient
on materials allow the simple design of a detector easier to manufacture. Thus, we designed a cadmium
zinc telluride detector to investigate feasibility of simultaneous detection of gamma-rays and neutrons
by using the Monte-Carlo simulation, which was divided into two parts; first was gamma-detection part
and second was gamma- and neutron-simultaneous detection part. Consequently, we confirmed that
simultaneous detection of gamma-rays and neutrons could be feasible and valid, although further
research is needed for adoption on real detection.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A neutron is an indirectly ionizing particle without a charge,
which is normally measured by detecting reaction products.
Detection systems of neutrons are determined depending on the
neutron energy, where the thermal neutron is normally measured
with reactions such as 10B(n,a)7Li, 6Li(n,a)3H, and 3He(n,p)3H.
However, in these cases, it is challenging to eliminate the gamma-
ray signal acting as noise in (n, a) and (n, p) type detector, and to
resolve the problem fromwall effect that secondary charged ions (a
and p) get lost by wall of detector [1]. Another way to detect the
neutron is the measuring prompt gamma-rays [2], which are
emitted after neutron capture of nuclei. For resolving the prompt
gamma-rays, detectors with good energy resolution are needed.

CdTe-based semiconductor detectors [4e7] (i.e. CdTe, CdZnTeSe,
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CdMnTeSe etc) became commercialized and actively researched
because of sufficient properties as gamma detectors such as high
atomic number, prominent stopping power, wide band gap,
transport property, and room-temperature operation. Mobility-
lifetime product of electrons in CdZnTe(CZT) reached at 10�2 cm2/
V, and energy resolution on 662 keV gamma-ray energy were
approximately from 1% to 3% when virtual Frisch grid (VFG) was
introduced [8e10]. Thus, CZT with VFG could serve as a good en-
ergy resolution, which is needed for measuring the prompt
gamma-rays.

There are three mechanisms to detect the neutron with CZT
detector as shown in Fig 1. Fig. 1 (middle) shows a diagram of VFG
CZT detector with converter, which converts neutrons to charged
particles such as alpha and proton. However, a vacuum condition
needs to be set to detect these charged particles, because converted
particles can be shielded by ambient air while the prompt gamma-
rays penetrate the air in ease. Given the geometry in Fig. 1 (right),
the large volume of the detector is required because prompt
gamma-rays taking place in a CZT detector should be attenuated in
that detector [2]. Fig. 1 (left) shows the Gd-converted CZT detector,
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Fig. 1. Neutron detection mechanism using cadmium zinc telluride semiconductor detector. VFG means virtual Frisch grid.

Fig 2. Neutron cross-section of gadolinium depending on energy of irradiated neutron
[12].
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which can be an ideal neutron detector. Moreover, gadolinium has a
high cross-section on neutron [11], and energy of prompt gamma-
ray emitted from Gd(n, g) reactions is relatively lower than other
prompt gamma-rays [3]. Low energy gamma-rays allow simple
designs and thinness of the detectors, because low energy gamma-
rays are easily absorbed with relatively thin materials. Thus, we
choose the geometry in Fig. 1 (left) to design the neutron detector
using the Monte-Carlo simulation. We divided a single CZT to two
parts to investigate the feasibility of simultaneous detection of
neutrons and gamma-rays with a single CZT detector; first was
gamma-detection part and second was gamma- and neutron-
simultaneous detection part.

2. Experiment

2.1. Neutron cross-section of gadolinium

Neutron cross-section of gadolinium was interpolated and
reformed with IRDFF-1.0 data base [12]; where the interpolation
and reformation were conducted using Matlab.

2.2. Monte-Carlo simulation

To carry out the Monte-Carlo simulation, MCNPX 2.5.0 version
was used and ENDP/B-VI was selected as the nuclear data file.
General geometry in MCNPX simulation was shown in Fig. 1 (left).
To confirm an outbreak and relative intensity of prompt gamma-
ray, MCNPX simulations with various thickness and isotopes of
gadolinium converter were carried out, and the influence of
neutron energy on intensity of prompt gamma rays was identified
with two tally 4 or 8 function. After that, the optimized geometry
was set to simultaneously measure the neutron and gamma-rays;
the energy spectra of each pre-mentioned part of the CZT detec-
tor were simulated using tally 8 function. The energy spectrum of
gamma-detection part was subtracted from the gamma- and
neutron-simultaneous detection part.

3. Results and discussion

Natural isotopes of the gadolinium are 152Gd, 154Gd, 155Gd, 156Gd,
157Gd, 158Gd, and 160Gd. Among them, high neutron cross-section
results mainly from 155Gd and 157Gd, which have respectively
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60,900 and 254,000 (b, barn) in neutron cross-section [13]. Fig. 2
shows the neutron cross-section of gadolinium depending on the
neutron energy. These values correspond to all Gd isotopes with
amount of natural composition. Gadolinium absorbs well thermal
neutrons that have a cross-section over 104 (b). After neutron ab-
sorption (neutron capture), prompt gamma-rays take place with
energy in below equation (1 ~2) depending on the mass number of
the reacted gadolinium.

155Gdðn gÞ156Gd: g� energy ¼ 89 and 199keV (1)

157Gdðn gÞ158Gd: g� energy ¼ 79 and 182keV (2)

To confirm the prompt gamma-rays emitted from 155Gd and
157Gd after neutron capture, energy spectra of the CZT detector
were simulated with tally 8 function. Fig. 3 shows the prompt
gamma-rays emitted after neutron capture of 155Gd and 157Gd. The
thickness of gadolinium converter was set to 25 mm as mentioned
in the prior study [13]. In Fig. 3 (left), prompt gamma-rays with 89
and 199 keV energies were measured, which result from 157Gd(n
g)158Gd reaction. In Fig. 3 (right), prompt gamma-rays with 79 and
182 keV energies were measured, which result from 155Gd(n



Fig. 3. Energy spectra of Gd-covered CZT detector simulated with MCNPX code. Where neutron energy was 0.25 eV and thickness of gadolinium was 25 mm.
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g)156Gd reaction. In both graphs of Fig. 3, the photon energy of 44
and 49 keV were measured, which are characteristic X-rays of
gadolinium. The prompt gamma-rays from gadolinium were self-
absorbed by the gadolinium converter, and the characteristic X-
rays appeared, which were measured by the CZT detector. Thus, the
mechanism doesn’t depend on the converter if enough flux of
prompt gamma-rays takes place, so both spectra in Fig. 3 show
similar shape of characteristic X-rays of gadolinium.

Fig. 4 shows the energy spectrum of CZT with 25 mm gadolinium
(Gdnat) converter, which contains its isotopes with natural
composition. All peaks shown in Fig. 3 are observed; however,
other peaks are also observed in Fig. 4. The changed condition was
only the Gdnat, and it means that the peak energies except 43, 49,
79, 89, 182, and 199 keV were from the reaction with other gado-
linium isotopes. (The detailed energies and their originated reac-
tion are shown in Supplementary data.) However, others except
Fig. 4. Energy spectrum of Gdnat-covered CZT detector simulated with MCNPX code.
Neutron energy was set to 0.25 eV.

Fig. 5. Intensity of gamma-rays with increasing thickness of Gdnat. Tally 4 was adopted
to simulate intensity.
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pre-mentioned peaks don’t appear in real measurement with Gd-
covered CdTe [3]. So, we judge that it was from a difference be-
tween the simulation and real measurement.

Fig. 5 shows intensities of gamma-rays with increasing thick-
ness of gadolinium converter. Red symbols show the intensity
when neutron energy is 0.25 eV, and the black symbols show the
intensity when neutron energy is histogram setting (equally
distributed from 0 to 1 eV). The 500 mm of Gdnat has the highest
intensity in both energies of neutrons. The increasing part is
because of increasing thickness of Gdnat which can react with
neutrons and emit the prompt gamma-rays. However, when Gdnat

becomes thicker than certain thickness (500 mm), it can self-absorb
the gamma-rays, which are caused by Gd(n g) reaction, thereby
resulting in the decrease of gamma-ray intensity. The difference of
intensity depending on the neutron energywas rare, if the energy is
included the range in which the thermal neutron is classified.

To identify detailed information of intensity, we conducted tally
8 function with same geometry in Fig. 5. Fig. 6 shows the result of



Fig. 6. Normalized intensity of prompt gamma-rays emitted from Gd(n g) reaction.
Where X axis is thickness of Gdnat and Y axis is the normalized gamma-rays intensity.
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the tally 8, where the neutron energy was set to 0.25 eV and the
thickness of Gdnat changed from 10�1e104 mm. The maximum in-
tensities of 79 and 89 keV appear in 250 mm, and maximum in-
tensities of 182 and 199 keV appear in 1000 mm. The reason why
intensities of the former appear in thinner Gdnat corresponds with
the energy of prompt gamma-rays. Gamma-rays with higher en-
ergy have bigger penetration depth, so prompt gamma-rays are
relatively free from the self-absorption. Thus, the maximum in-
tensity of lower energy gamma-rays (79 and 89 keV) is located in
the thinner thickness of Gdnat.

After investigating the intensity of each prompt gamma-ray
depending on thickness of Gdnat, proper geometry for the simul-
taneous detection with CZT detector half-covered by Gdnat was set
as shown in Fig. 7. The thickness of Gdnat converter was set to
Fig. 7. Geometry of CZT half-covered by Gdnat converter for detecting neutron and
gamma-ray simultaneously.
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250 mm, at which themaximum intensity of 79 and 89 keV energies
in Fig. 6 appears. To distinguish the signals from parts A and B in
Fig. 7, the anode electrode should be divided into two parts when
conducting real measurement with the geometry. Then, the signals
from part A consist of the gamma-ray and neutron signals (exactly
expressed as prompt gamma-ray) because of Gdnat converter, and
the signals from part B consist of just gamma-rays. The gamma-ray
signals of each part will be same, if totally same physical di-
mensions of part A and B, enough detection time, and uniform
source distribution are guaranteed. In fact, there are many re-
strictions; however, they are the solvable problems with further
research after this feasibility study. It should contain the research
about angle-dependence,source position-dependence, neutron
energy-dependence, and fabrication of a uniform geometry etc.

Fig. 8 displayed the spectra obtained with the geometry in Fig. 7.
The CZT detector had a bar-type shape with physical dimension of
6 � 6 � 12 mm3. We added GEB function to simulation to identify
that CZT and its energy resolution can be used for resolving prompt
gamma-rays. So peaks in Fig. 8 were made broad like real detection
with CZT detector unlike previous spectra (Figs. 3 and 4) that en-
ergy resolution was not set. As expected, the peaks of 662 keV
gamma-rays emitted from 137Cs were almost the same in both
spectra obtained with part A and B. However, part B without Gd
converter also detect prompt gamma-rays. If the prompt gamma-
rays appearing in Gd converter penetrated depth of part A and
absorbed in part B, the spectrum of part B can be explained because
prompt gamma-rays are emitted to all directions. As an evidence of
that, the prompt gamma-rays with relatively lower energies (79,
89 keV) in spectrum of part B have much lower intensity than that
of prompt gamma-rays with higher energies (182, 199 keV),
because of their relatively low penetration depth. With the same
reason, characteristic X-rays appeared only in spectrum of part A.
The blue line is the difference of both spectra. Its data contain only
neutron information, meaning signals from 662 keV gamma-rays
are fully subtracted. Thus, all peaks of prompt gamma-rays and
Fig. 8. Energy spectra of part A and B in CZT detector, and their difference. The part A
was set to be covered by gadolinium film with thickness of 250 mm.
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gamma-rays from isomeric transition of 137Cs were observed and
well-resolved in Fig. 8. These results can be a pilot study for
application of the geometry on real detection in the radiation field
mixed with neutrons and gamma-rays.

4. Summary

In this study, the feasibility of simultaneous detection of neu-
trons and gamma-rays was identified by using MCNP simulation.
The prompt gamma-rays emitted from Gd(n g) reaction were
observed in the set geometry. Incident neutron energy rarely
influenced to the intensity of the detected prompt gamma-rays, if
the energy was included in the range of thermal neutron.
Maximum intensity of prompt gamma-rays with energies of 79, 89,
182, and 199 keV appeared at 250, 250, 1000, and 1000 mm
respectively. With selected setting and application of GEB function,
the peaks of prompt gamma-rays after neutron capture and
gamma-rays emitted by isomeric transition of 137Cs were obtained
together. Thus, it was confirmed that CZT detector half-covered by
Gd converter can resolve prompt gamma-rays emitted from Gd(n
g) reaction and gamma-rays from isomeric transition. This result
can be a good pilot study of application on detection at radiation
field mixed with neutron and gamma-rays.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2022.11.002.
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