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Background: Simultaneous detection of neutrons and gamma rays have become much more 
practicable, by taking advantage of good gamma-ray discrimination properties using pulse 
shape discrimination (PSD) technique. Recently, we introduced a commercial CLYC system in 
Korea, and performed an initial characterization and simulation studies for the CLYC detector 
system to provide references for the future implementation of the dual-mode scintillator system 
in various studies and applications.

Materials and Methods: We evaluated a CLYC detector with 95% 6Li enrichment using vari-
ous gamma-ray sources and a 252Cf neutron source, with validation of our Monte Carlo simula-
tion results via measurement experiments. Absolute full-energy peak efficiency values were cal-
culated for gamma-ray sources and neutron source using MCNP6 and compared with measure-
ment experiments of the calibration sources. In addition, behavioral characteristics of neutrons 
were validated by comparing simulations and experiments on neutron moderation with various 
polyethylene (PE) moderator thicknesses. 

Results and Discussion: Both results showed good agreements in overall characteristics of the 
gamma and neutron detection efficiencies, with consistent ~20% discrepancy. Furthermore, 
moderation of neutrons emitted from 252Cf showed similarities between the simulation and the 
experiment, in terms of their relative ratios depending on the thickness of the PE moderator.

Conclusion: A CLYC detector system was characterized for its energy resolution and detection 
efficiency, and Monte Carlo simulations on the detector system was validated experimentally. 
Validation of the simulation results in overall trend of the CLYC detector behavior will provide 
the fundamental basis and validity of follow-up Monte Carlo simulation studies for the develop-
ment of our dual-particle imager using a rotational modulation collimator. 

Keywords: CLYC, Pulse shape discrimination, Detection efficiency, Monte Carlo simulation, 
Dual-particle imager
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Introduction

In the last few years, several new scintillator materials have been developed for the si-

multaneous detection of neutrons and gamma rays, taking advantage of good gamma-

ray discrimination properties using pulse shape discrimination (PSD) technique [1-4]. 

Elpasolite scintillators present excellent performances in the identification of gamma 

rays and neutrons, and CLYC (Cs2LiYCl6:Ce) is one of the elpasolite crystals, such as 
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CLLC (Cs2LiLaCl6:Ce) and CLLB(Cs2LiLaBr6:Ce). By virtue of 

its excellent ability to discriminate gamma rays from neu-

trons by PSD, along with good scintillation efficiencies for 

gamma rays, enormous interests and attentions have been 

paid to CLYC recently, in the field of radiation detection and 

measurement. According to the previous study, the light yield 

of CLYC has been reported to be around 20,000 photons/

MeV, and it also exhibits an excellent proportionality between 

the deposited energy and the light output, which leads to 

good energy resolution for gamma rays (< 5% at 662 keV).

Recently, we obtained a commercial CLYC system from 

Bubble Technology Industries (BTI) in Canada, and this is 

the first case of introducing a CLYC scintillator system in Ko-

rea. Therefore, we performed an initial characterization and 

simulation studies for the CLYC detector system to provide 

references for the future implementation of the dual-mode 

scintillator system in various studies and applications. In this 

paper, we report simulation and measurement experiment 

results of gamma rays and neutrons using the CLYC detector. 

The CLYC detector system from BTI was modeled and im-

plemented into MCNP6 simulation to calculate the detec-

tion efficiency curves of gamma rays [5]. Neutron detection 

measurement experiments varying thicknesses of the poly-

ethylene (PE) moderator was simulated for the 252Cf source 

to find the optimal thickness of the PE moderator. Simulation 

results were validated by the measurement experiments per-

formed at Korea Institute of Nuclear Nonproliferation and 

Control (KINAC).

In general, overall characteristics of the efficiency curves 

and the optimal moderator thicknesses showed similarity 

between the simulation and the measurement. However, 

there existed a certain amount of discrepancy due to the in-

evitable loss of counts caused by inherent nature of scintilla-

tors and pulse processing, implementation of PSD in mea-

surement experiments, the limitation of the experimental 

environment in detail into the simulation, and the lack of 

precision in 252Cf source modeling with considerations of al-

pha and gamma ray emission, as well as secondary process-

es in the simulation. Characterization results reported in this 

paper will provide the fundamental basis for future opera-

tion of the CLYC detector in the development of dual-mode 

radiation imager employing rotational modulation collima-

tor (RMC) [6], in terms of the detection efficiency and the va-

lidity of follow-up Monte Carlo simulations for the modula-

tion patterns.

Materials and Methods

1. Modeling of the CLYC Detector System 
In this study, we performed Monte Carlo simulations us-

ing MCNP6 code system to calculate the detection efficien-

cies of the CLYC detector for gamma rays and neutrons. The 

geometry of the CLYC detector system supplied by BTI was 

encoded into an MCNP input, as a schematic shown in Fig-

ure 1. The CLYC detector system consists of a 2”× 2” cylindri-

cal CLYC crystal, coupled to a R6233-100 photomultiplier 

tube by Hamamatsu (Shizuoka, Japan), signal processing 

electronics and firmware that perform PSD, and output con-

nections, packaged altogether in a hand-held size device. 

The CLYC crystal is enriched to 95% in 6Li, wrapped by Tef-

lon, and enclosed in an aluminum casing. 

Precise modeling of the CLYC detector system is impor-

tant, in regards of the subsequent development of the dual-

particle imager based on the CLYC detector system [7]. Based 

on this work, we plan to perform Monte Carlo simulations 

on RMC to obtain simulated modulation patterns, depend-

ing on the source configuration, which will be used to recon-

struct the image of the radioactive source distribution. In or-

der to obtain physically meaningful modulation pattern re-

sults, we have to ensure precise modeling of the detector sys-

tem, which has to be validated by experimental work. In par-

ticular, the modulation pattern consists of the number of in-

cident radiations recorded in the detector depending on the 

rotational status of RMC, and the detection efficiency of the 

detection system plays an important role for the generation 

of the modulation patterns both in simulations and experi-

ments. In addition, the physical nature of the incident radia-

tions – neutron scattering and moderation, as well as gam-

ma-ray interactions – embedded in the Monte Carlo simula-

Fig. 1. A schematic of the CLYC detector system modeled in 
MCNP6.
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tion must be validated, in order for us to utilize the simula-

tion results for the fundamental basis in the design of the du-

al-particle RMC. In this paper, we calculated the gamma and 

neutron detection efficiencies of the CLYC detector system 

we employed for the development of the dual-particle imag-

er based on the simulation geometry model, and the moder-

ating characteristics of neutrons emitted from a 252Cf source 

were simulated. The simulation results are to be validated by 

experiments, as will be discussed in the later sections.

2. �Simulation and Experiments on the Gamma-ray 
Detection Efficiency

Based on the CLYC detector model aforementioned, gam-

ma-ray detection efficiencies of the CLYC detector were simu-

lated for various gamma-ray energies. We first assumed a 

point source of gamma rays located at a distance of 25 cm 

from the front face of the detector, and simulated 1× 108 parti-

cle track histories for each gamma-ray source. In the simula-

tion, we considered gamma rays emitted from 137Cs, 60Co, 
133Ba, 54Mn, and 22Na nuclides, and the pulse height tally (F8) 

in MCNP6 was used to distinguish full-energy absorption 

events of the gamma rays in the CLYC detector. Number of tal-

lies obtained for each simulated gamma ray source were used 

to calculate the absolute full-energy absorption peak efficien-

cy of the CLYC detector. Accordingly, one can also calculate 

the intrinsic peak efficiency of the detector by compensating 

the solid angle subtended by the 2”-diameter CLYC detector.

The simulation configuration was further refined by model-

ing gamma-ray sources which were actually used later in the 

measurement experiment; Table 1 provides the source infor-

mation on the gamma-ray sources used in the experiment. 

The gamma-ray sources are standard calibration sources of 

R-type rod produced by Eckert & Ziegler in Germany. Radio-

active material is contained in a 4.75 mm-diameter hole lo-

cated in the cap area of a 127 mm high× 12.7 mm diameter 

plastic rod. Detailed geometry of the rod sources was also 

modeled and implemented in the Monte Carlo simulations.

Gamma-ray source measurement experiments were per-

formed using the Trimode v.1.0.16 data acquisition software 

provided by BTI, to collect gamma-ray and neutron signals 

with PSD. The appearance of the Trimode software is shown 

in Figure 2. We measured the background radiation for 6 

hours, and measured 137Cs, 60Co, 133Ba, 54Mn, and 22Na sourc-

es listed in Table 1 for 20 minutes per source in live time. 

Sources were located at a distance of 25 cm from the front 

face of the detector, and the vertical location of the active 

area of radiation sources were aligned at the same height 

with the center of the CLYC detector. Figure 3 shows the 

measurement experiment set-up and a schematic of the 

MCNP6 simulation geometry. The dead time of the mea-

surement was maintained under 1% for all measurements.

Gamma-ray spectra of each source were obtained and an-

alyzed to calculate the peak area under the full-energy ab-

sorption peak. Absolute full-energy absorption peak efficien-

cies were calculated by the following equation [8]:

                                                                       (1)

where Ai is the peak area of the radionuclide i, Λi is the ref-

erence activity of the radionuclide i, Y(E) is the emission 

probability of the radionuclide at energy E, t is the spectrum 

collection time (live time) and Ki is the decay correction fac-

tor which is defined using the difference between the refer-

ence date of the source and the experimental date.

Table 1. A list of Gamma-ray Sources used in the Measurement 
Experiment

Source Activity (Bq) Reference date Half-life (day)

133Ba 393680 2016-04-01 3,862 
54Mn 395160 2016-04-01 312 
137Cs 378510 2016-04-01 11,012 
22Na 358752 2016-04-01 951 
60Co 380730 2016-04-01 1,924 

Fig. 2. A screenshot of the Trimode Data Acquisition Tool devel-
oped by BTI.

Fig. 3. (A) An experimental set-up for the gamma-ray source mea-
surement and (B) a schematic of the MCNP6 simulation geometry.
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3. �Simulation and Experiments on the Neutron 
Moderation and the Detection Efficiency 

Simulations on behavioral characteristics of neutrons were 

also performed and verified by the 252Cf neutron source mea-

surement experiments. In the CLYC detector, a triton and an 

alpha particle are produced by the neutron capture reaction 

with 6Li; however, reaction libraries for alpha particle pro-

duction in the neutron capture reaction were not available in 

the default MCNP data libraries. Therefore, the number of 

tritons created in CLYC was counted instead, using the F4/

FM tally, to calculate the neutron response by the CLYC scin-

tillator [9]. For each neutron simulation hereafter, 1× 108 par-

ticle track histories from the source were simulated.

First, we calculated the intrinsic detection efficiency of the 

CLYC detector system for an ideal thermal neutron source by 

MCNP6. A point source of 0.025 eV thermal neutron located 

at 25 cm distance from the front face of the CLYC detector 

was assumed, and the number of thermal neutron capture 

reactions in the CLYC detector volume was tallied. 

We then modeled the 252Cf source used in the measure-

ment experiment at KINAC. The 252Cf source was an N-252 

model (A3014-01 capsule type) produced by Eckert & Ziegler 

in Germany. The source body was in a cylindrical shape with 

36.32 mm in height and 9.4 mm in diameter, and the radio-

active material was contained in the 1.57 mm-diameter re-

gion at the center of the rod. The activity of 252Cf source was 

3.33 MBq on the reference date of 15 Oct. 2015. The energy 

spectrum of neutrons emitted from 252Cf was assumed to fol-

low the Watt fission spectrum [9-11]. 

Numbers of thermal neutrons measured by CLYC were 

calculated varying the thickness of the PE moderator, and 

measurement experiments were performed accordingly as 

shown in Figure 4A. We measured thermal neutrons from the 
252Cf source with 11 different thicknesses of the PE moderator. 

The dead time of the measurement was also under 1% for all 

measurements. For the simulation, environmental condi-

tions of the experiment were attempted to be modeled as 

close as possible to a reasonable content, which include, as-

suming the workbench table as a 5-cm thick table made of 

polycarbonate, wood, or concrete, and modeling the polycar-

bonate source holder shown in the schematic illustrated in 

Figure 4B. Other environmental factors were not considered.

Results and Discussion

1. Results on the Gamma-ray Detection Efficiency
Gamma-ray energy spectra measured by CLYC detector 

are shown in Figure 5. Two sets of gamma-ray source mea-

surement experiments were conducted on different days; 

however, spectral results from both measurements were 

identical. The energy resolution of full-energy absorption 

peaks was about 5% for most of gamma-ray sources we mea-

sured. In detail, the values were 8.3%, 5.6%, 5.3%, 4.4%, 4.0%, 

and 3.8% for 356 keV, 662 keV, 835 keV, 1,173 keV, 1,275 keV, 

and 1,333 keV peaks respectively. 

We first validated our MCNP simulation results on the 

gamma-ray detection efficiency by comparing with detec-

tion efficiency simulation results calculated earlier at BTI. 

These earlier simulations used GEANT4 to calculate the ab-

solute peak efficiency of a bare 2”× 2” CLYC crystal without 

any packaging, assuming a point source located 200 cm from 

the crystal face. Our CLYC detector model in MCNP6 simu-

lation was able to generate results that are consistent with 

GEANT4 simulation of bare crystal. Figure 6 shows the com-

parison between two results, showing good agreement with 

each other. Slight differences are expected to be related to 

the internal structure of the CLYC detector model in MCNP6, 

as opposed to the bare CLYC crystal modeled in GEANT4. 

Fig. 4. (A) An experimental set-up for the neutron source mea-
surement and (B) a schematic of the MCNP6 simulation geometry.
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Fig. 5. Gamma-ray energy spectra measured by the CLYC detec-
tor system.
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Figure 7 shows (A) absolute and (B) intrinsic peak efficien-

cies for various gamma-ray sources simulated with MCNP6 

and measured with the CLYC detector system modeled in the 

simulation. Detailed values of simulation and measurement 

results are given in Table 2. Error bars in Figure 7 indicate 

95% confidence intervals on the simulated and experimental 

results. A relative error of 3% in the gamma-ray source activi-

ty, which was indicated in the reference source certificate, 

was also considered in the error bars via error propagation. 

Measured peak efficiencies were generally lower than simu-

lated results, showing ~80% values of the simulation results 

for overall energy range. Simulated absolute efficiency values 

multiplied by 0.8, are shown as “Modified MCNP” field in Ta-

ble 2. Modified MCNP values show very good agreements 

with the first and the second measurement results.

The CLYC detector system from BTI utilizes a method that 

compares the leading edge of each pulse to the total inte-

grated signal, in order to distinguish neutron signals from 

gammas. For low energy gammas, the pulse amplitude in 

general is not large enough for appropriate discriminations 

of the pulse shape, and discrimination of gammas and neu-

trons becomes difficult. 

Figure 8 shows gamma-ray energy spectra of 109Cd and 
57Co sources. In the case of 109Cd, we could not collect any 

counts from the 88.04 keV peak (channel # 76) because of the 

low-energy threshold in the CLYC detector system. When 

the background spectrum is subtracted from the measured 

spectrum, there weren’t any counts left in the relevant chan-

nels that can give any statistical significance to discriminate 

the gamma peak. This was confirmed by two measurement 

experiments. In addition, in the case of 57Co, there were 

enough counts collected in the channels relevant to the 122 

Table 2. Simulation and Measurement Results on the Absolute Gamma-ray Detection Efficiency

Energy (keV) Measurement1 Measurement2 MCNP Modified MCNP

356 6.31×10-4 6.10×10-4 7.70×10-4 6.16×10-4

662 3.30×10-4 3.25×10-4 4.03×10-4 3.22×10-4

835 2.61×10-4 2.62×10-4 3.17×10-4 2.54×10-4

1173 1.80×10-4 1.78×10-4 2.25×10-4 1.80×10-4

1275 1.69×10-4 1.75×10-4 2.15×10-4 1.72×10-4

1333 1.61×10-4 1.67×10-4 2.05×10-4 1.64×10-4

Fig. 6. Comparison of absolute efficiencies calculated by BTI (using 
GEANT4, shown in black squares) and Sejong University. (using 
MCNP6, shown in red circles).

Fig. 7. Simulated and measured gamma-ray detection efficiencies of CLYC: (A) absolute efficiency and (B) intrinsic efficiency for various 
gamma-ray energy peaks.
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keV peak (channel # 81) to discriminate the feature; however, 

calculated detection efficiency based on the measured 

counts gave values far below what was expected from the 

MCNP simulation. The low-energy discrimination level of 

the detector system that is internally set to distinguish valid 

radiation signatures from noise could cut off pulses from low 

energy gamma rays. Ambiguity in pulse shape discrimina-

tion becomes more significant when the pulse amplitude is 

smaller. In that procedure, the system inevitably has to rule 

out some portion of valid full-energy absorption pulses. 

However, starting from 356 keV emitted from 133Ba source, 

the simulation results exhibit consistent agreement with ex-

perimental results on detection efficiencies only with con-

stant fraction difference, as shown in Figure 7. Therefore, we 

can make a reasonable estimation on the response of the 

real CLYC detector system based on simulation results.

2. �Results on the Neutron Moderation and the 
Detection Efficiency 

To verify our MCNP6 approach, we first compared the neu-

tron detection efficiency value we calculated with those re-

ported in previous literature. We obtained 76.2% intrinsic effi-

ciency for bare 2”× 2” CLYC crystal without packaging, and 

the value was similar to a previous study. In the previous 

study, CLYC with the Li component enriched to 95% in 6Li 

provided ~80% intrinsic efficiency for thermal neutrons [4]. 

As we did not consider experimental environments in this 

calculation, contributions from the build-up effect could have 

been ignored, thus, the simulation result may underestimate 

the intrinsic detection efficiency. Other than this, two results 

make agreements with differences in a reasonable range; we 

concluded that this CLYC detector model will deliver reason-

able estimations on the detector response to neutrons.

MCNP6 simulations and measurement experiments were 

performed to obtain neutron counts from 252Cf source with 

PE moderators of various thicknesses. Two sets of measure-

ment experiments were also performed on different days, to 

verify possible significant dependency of the system opera-

tion on the experimental environment; however, results 

from both measurements were almost the same. Figure 9 

shows counts of thermal neutrons (after thermalization by 

the PE moderator) for various PE moderator thicknesses, 

normalized to the maximum count obtained by each mea-

surement, and MCNP6 simulation. Without consideration of 

the experimental environment, simulated neutron counts 

changing over PE moderator thicknesses did not make good 

agreements with results from experiments, in terms of the 

overall trend of the curve. The optimal thickness of PE mod-

erator that can give the maximum counts of thermalized 

Fig. 8. Gamma-ray spectra of: (A) 109Cd and (B) 57Co, measured with the CLYC detector system.

Fig. 9. Simulated and measured thermal neutron counts normal-
ized to the maximum count in each set-up, obtained for various 
thicknesses of PE moderator; w/o environment means the table 
and the source holder were not considered in the simulation.
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Table 3. Simulation and Measurement Results on the Absolute Neutron Detection Efficiency

Moderator thickness (cm) Measurement1 Measurement2 w/o environment Polycarbonate Wood Concrete

0 1.88×10-4 2.06×10-4 1.17×10-4 1.85×10-4 1.26×10-4 1.03×10-4

1.5 3.69×10-4 3.81×10-4 5.48×10-4 4.39×10-4 3.21×10-4 2.97×10-4

3 5.55×10-4 5.63×10-4 1.49×10-4 6.41×10-4 5.08×10-4 4.98×10-4

3.5 5.85×10-4 6.00×10-4 1.80×10-4 6.94×10-4 5.59×10-4 5.54×10-4

4 6.23×10-4 6.25×10-4 2.11×10-4 7.34×10-4 6.00×10-4 6.00×10-4

4.5 6.39×10-4 6.49×10-4 2.33×10-4 7.62×10-4 6.31×10-4 6.34×10-4

5 6.45×10-4 6.53×10-4 2.54×10-4 7.83×10-4 6.50×10-4 6.61×10-4

5.5 6.39×10-4 6.39×10-4 2.65×10-4 7.86×10-4 6.57×10-4 6.68×10-4

6 6.28×10-4 6.39×10-4 2.74×10-4 7.86×10-4 6.61×10-4 6.72×10-4

7.5 5.72×10-4 5.73×10-4 2.78×10-4 7.39×10-4 6.30×10-4 6.46×10-4

9 4.92×10-4 4.96×10-4 2.62×10-4 6.67×10-4 5.72×10-4 5.86×10-4

neutrons was estimated to be 7.5 cm, based on the simula-

tion without consideration of the environment, whereas the 

result from the experiment indicated that ~5 cm gives the 

maximum counts of neutrons. Similar results were obtained 

in a previous study on the simulation of CLYC detector re-

sponse to neutrons [12]. The previous study also showed a 

significant discrepancy between Monte Carlo simulation 

and measurements on 252Cf source with PE moderators. 

Thus, we attempted to model experimental environments 

to a reasonable degree. We included the source holder and ta-

ble used for the measurement into the MCNP6 simulation. 

We assumed the source holder made of polycarbonate, and 

the table made of either wood, concrete or polycarbonate. As 

shown in Figure 9, just a simple implementation of experi-

mental environments made substantial changes on the simu-

lation result, and the simulation result made good estimations 

on neutron moderation trend. An optimal thickness of the PE 

moderator for neutron detection was estimated to be ~5 cm.

Table 3 shows simulation results on the absolute neutron 

detection efficiency with and without consideration of the 

experimental environment, compared with 2 sets of mea-

surement results. The results are also illustrated in Figure 10. 

Error bars in Figure 10 represent 95% confidence intervals 

given by the simulation and measurement counts. The abso-

lute efficiency was calculated in a similar way as for gammas. 

Notably, the measurement results show quite different val-

ues from the MCNP simulations without environment, 

whereas simulation results with concrete and wood show 

less deviation from the measurement results. Simulation re-

sults with polycarbonate showed relatively higher values 

than measurement results, however, the overall shape of the 

curve for the normalized counts showed good agreements 

with measurement results in Figure 9. Thus, we multiplied a 

constant value, 0.8 on the polycarbonate results, represented 

in Figure 10 as “modified PC”. The results showed good 

agreements with the measurement result, which reconfirm 

Fig. 10. (A) Absolute and (B) intrinsic neutron detection efficiency of CLYC at various moderator thicknesses; w/o environment means the 
table and the source holder were not considered in the simulation.
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consistent ~20% discrepancy as we observed in gamma-ray 

measurements and simulations. 

We consider the actual workbench used in the experiment 

may be composed of materials similar to polycarbonate, 

however, a perfect replication of the structure and the com-

position of the experimental environment is practically im-

possible. Nevertheless, the simulation results show promise 

that the simulation can make good estimations on the over-

all trend of the measurement result, if experimental environ-

ments are properly modeled to a reasonable extent.

Conclusion

An initial study for the CLYC detector system was per-

formed as a first implementation case of the detector system 

in Korea, to provide references for the future studies and ap-

plications. A commercial CLYC detector system obtained 

from BTI was characterized for its energy resolution and de-

tection efficiency, and Monte Carlo simulations on the detec-

tor system were validated experimentally. Results showed 

good agreements in overall characteristics of the gamma and 

neutron detection efficiencies, with consistent ~20% discrep-

ancy. Furthermore, moderation of neutrons emitted from 
252Cf showed similarities between the simulation and the ex-

periment, in terms of their relative ratios depending on the 

thickness of the PE moderator. Validation of the simulation 

results in overall trend of the CLYC detector behavior will pro-

vide the fundamental basis and validity of follow-up Monte 

Carlo simulation studies for the development of our dual-

particle imager using a rotational modulation collimator [6-7].
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