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a b s t r a c t

Neutron well logging, using instruments equipped with neutron source and detectors (e.g., 3He-tubes, 
NaI, BGO), plays a key role in lithological differentiation, porosity determination, and fluid  property 
evaluation in the petroleum industry. The growing trend of multifunctional neutron well logging, which 
enables simultaneous extraction of multiple reservoir characteristics, requiring high-performance de
tectors capable of withstanding high-temperature downhole conditions, limited space, and instrument 
vibrations, while also detecting multiple particle types. The Cs2LiYCl6:Ce3+ (CLYC) elpasolite scintillator 
demonstrates excellent temperature resistance and detection efficiency, making it become a promising 
candidate for leading the development of the novel neutron-based double-particle logging technology. 
This study employed Monte Carlo simulations to generate equivalent gamma spectra and proposed a 
pulse shape discrimination simulation method based on theoretical analysis and probabilistic iteration. 
The performance of CLYC was compared to that of common detectors in terms of physical properties and 
detection efficiency. A double-particle pulsed neutron detection system for porosity determination was 
established, based on the count ratio of equivalent gamma rays from the range of 2.95–3.42 MeVee 
energy bins. Results showed that CLYC can effectively replace 3He-tubes for porosity measurement, 
providing consistent responses. This study offers numerical simulation support for the design of future 
neutron well logging tools and the application of double-particle detectors in logging systems.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

In borehole geophysics, neutron well logging using controllable 
source (e.g., D-D and D-T accelerator) or chemical source (e.g., Am- 
Be, Pu-Be, and 252Cf) is widely applied to determine oil saturation, 
differentiate lithology, estimate porosity and evaluate fluid prop
erties, as well as monitor water injection performance, by 
recording gamma ray energy spectra, gamma ray time spectra or 
thermal neutron time spectra (Rider, 1986; Hearst and Nelson, 
1985). The growing demands for unconventional oil and gas 

resource assessment, CCUS (carbon capture, utilization, and stor
age), and EOR (enhanced oil recovery) in cased wells have driven 
the development of multifunctional neutron well logging (Kim and 
Akang, 2024; Machicote et al., 2023; Guo et al., 2024; Fan et al., 
2021). To support the multifunctional capability of pulsed 
neutron logging, detectors must endure harsh downhole envi
ronments, including high temperatures, limited space, and strong 
vibrations, while detecting various types of particles 
simultaneously.

Breakthroughs in detection technology are essential for the 
advancement of neutron well logging. Detectors with high detec
tion efficiency, temperature tolerance, and energy resolution 
remain key development goals in neutron well logging. In 1941, 
Pontecorvo pioneered a neutron-gamma logging system utilizing 
mesothorium, polonium, or radium combined with beryllium as 
neutron sources. The system employed an ionization chamber 
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filled  with high-pressure argon to record the total gamma ray 
counts produced by thermal neutron capture reactions. As the first 
successful implementation of neutron–gamma logging, it was used 
to evaluate cement bonding integrity in wellbores (Pontecorvo 
et al., 1941). In the following decade, neutron-gamma logging 
was primarily employed to determine formation porosity. In the 
early 1950s, the development of scintillation detectors and the 
introduction of photomultiplier tubes enabled Tittman and Nelli
gan to demonstrate the feasibility of pulsed neutron spectroscopy 
logging in laboratory (Tittman and Nelligan, 1960). Neutron- 
induced gamma ray spectroscopy logging, exemplified  by Car
bon/Oxygen (C/O) logging, realized quantitative oil saturation 
determination though analyzing the count ratio of gamma rays 
(Hoyer and Rumble, 1965). With technological advancements, 
high-performance detectors such as CsI (Youmans et al., 1964), NaI 
(Schultz and Smith, 1974), GSO (Scott et al., 1991), and BGO (Beals 
et al., 1993) were incorporated into neutron spectroscopy logging 
to enhance the accuracy of saturation evaluation and improve 
continuous logging capabilities. Advancements in multichannel 
analyzers and scintillation detectors have made it feasible to 
quantitatively evaluate the elemental composition of subsurface 
formations. In 1996, the first geochemical logging tool, known as 
the Elemental Capture Spectroscopy Sonde (ECS), was introduced. 
Equipped with a large BGO detector, it marked the beginning of 
commercial application in formation elemental content evaluation 
(Herron and Herron, 1996). Subsequently, high-resolution and 
high-efficiency scintillation detectors, such as LaBr3 (Odom et al., 
2008), LaCl3 (Odom et al., 2013), and YAP (Rose et al., 2015), 
were incorporated into neutron well logging to enhance the ac
curacy of elemental content, hydrocarbon saturation and bulk 
density evaluations (Wang et al., 2020, 2022). In 1951, Tittle uti
lized 3He-filled  ionization chambers in neutron well logging, 
recording neutrons from a Ra-Be source as it traversed an artifi
cially water-saturated sandstone formation. This experiment laid 
the foundation for the development of neutron-neutron well log
ging (Tittle et al., 1951). By the late 1950s, neutron-neutron well 
logging instruments employed Am-Be sources and 3He-filled 
Geiger-Mueller tubes had successfully commercial application. 
These instruments relied on thermal or epithermal neutron in
formation to evaluate formation porosity and gas saturation. 
However, due to the scarcity of 3He gas, alternative neutron de
tectors, such as 6Li-loaded glass (Schneider and Hubner, 1991), BF3, 
and 10B lined tubelets (Tsorbatzoglou and McKeag, 2011), were 
subsequently introduced in neutron-neutron well logging, aiming 
to replace 3He-tubes.

With advances in detection technology, elpasolite crystals with 
structural composition A2BMX6 such as Cs2LiYCl6:Ce(CLYC), 
Cs2LiLaCl6:Ce(CLLC), Cs2LiYBr6:Ce(CLYB), and Cs2LiLaBr6:Ce(CLLB), 
have attracted growing interest due to their excellent performance 
as gamma ray and neutron detectors (Combes et al., 1999; Bessiere 
et al., 2004; Van Loef et al., 2002). These crystals have attracted the 
focus of application research such as explosive detection, minia
turization of nuclear detection equipment, and other fields 
(Budden et al., 2015; Smith et al., 2013; Jin et al., 2022). In 
particular, their ability to simultaneously detect gamma rays and 
neutrons make them highly promising for environmental moni
toring applications (P�erez-Loureiro et al., 2021; Zhao et al., 2023). 
As a representative double-particle detectors, CLYC demonstrates 
energy resolution comparable to that of LaBr3 detectors (3.6% at 
0.662 MeV) (Glodo et al., 2013; Bessiere et al., 2005) and excellent 
temperature tolerance (operating from − 30 ◦C to 180 ◦C) (Yang 
and Menge, 2015). It also exhibits high light yield (the light 
output efficiency  of gamma ray and neutron is 20000 photons/ 
MeV and 70500 photons/MeV), sharp roll-off, and high detection 
efficiency  (24% for gamma rays and nearly 100% for thermal 

neutrons) (Bessiere et al., 2005; Van Loef et al., 2005). These 
characteristics enable CLYC detectors to provide additional particle 
information in neutron well logging under the existing instrument 
structures. Furthermore, the simultaneous recording of neutron 
and gamma ray fields  at the same depth interval reduces envi
ronmental interference, offering a more detailed description of 
neutron-nucleus interactions. The CLYC detector introduces novel 
approached for particle detection and holds the potential to 
advance neutron well logging into a new stage.

The use of advanced detectors to collect neutron-neutron and 
neutron-gamma information, which reflect  slowing-down 
behavior and interaction characteristics of formation nuclei is 
essential for advancing and applying neutron based double- 
particle logging technology. Numerical simulation of double- 
particle responses forms the basis for integrating CLYC detectors 
into neutron logging systems. Monte Carlo based simulation pro
gram such as GEANT4, MCNPX, and MCNP6 have been widely used 
to generate double-particle responses under the laboratory con
ditions (Machrafi et al., 2014, 2015; D'Olympia et al., 2013; Glodo 
et al., 2013; Chowdhury et al., 2014; Lee et al., 2012). These pro
grams enable detailed analysis of neutron transport, capture, and 
subsequent gamma ray production, providing critical insights into 
the interaction processes between neutrons and formation nuclei.

This study employed the open-source Monte Carlo numerical 
simulation program FLUKA, through modifications  to selected 
source codes, enabled the generation of charged particles and the 
deposition of equivalent energy. By combining theoretical deriva
tions with experimental results from publicly available literature, an 
innovative pulse shape discrimination spectrum simulation method 
based on probability iteration was proposed. Although pulse shape 
spectrum simulation is typically overlooked in standalone gamma 
ray or thermal neutron detection, it plays an essential role in 
double-particle detection systems. A CLYC based double-particle 
detection system was established within the framework of a 
compensated neutron porosity logging instrument, using a dual- 
detector system for downhole applications. Numerical simulations 
validated the feasibility of replacing existing 3He-tube with CLYC 
detectors. This work established the foundation for the downhole 
application of CLYC detectors and offered simulation method for the 
next generation of neutron well logging technology research.

2. Method and theory

As shown in Fig. 1, during the operation of neutron well logging 
instruments, fast neutrons emitted from the source undergo in
elastic and elastic scattering with formation nuclei, gradually 
slowing down to thermal neutrons while releasing inelastic scat
tering gamma rays. Thermal neutrons are subsequently interacting 
with the nuclei by capture reactions, producing capture gamma 
rays. As the gamma rays propagate through the formation, they are 
attenuated by Compton scattering, photoelectric effect and pair 
production.

Based on the distinct interaction mechanisms of neutrons and 
gamma rays with formation nuclei, simultaneous detection of both 
particles enables a more comprehensive characterization of nu
clear interactions, facilitating the evaluation of multiple formation 
properties within a single measurement. Additionally, detecting 
particles at the fixed spacing allows for a simplified description of 
neutron-gamma ray field  distribution in both the borehole and 
surrounding formation, offering new insights into self- 
compensating corrections for environmental effects on the log
ging response.

Neutron interactions with formation nuclei can be described 
using the time-independent Boltzmann transport equation, as 
given in Eq. (1) (Lewis and Miller, 1984). 
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Ω ⋅∇Φ(r; E;Ω)+ΣtΦ(r; E;Ω)=

∫

dΩʹ
∫

dÉ Σs(r; É Ωʹ → EΩ)

Φ(r; É ;Ωʹ) + q(r; E;Ω)

(1) 

where Ω represents direction vector of the incident particle. Φ(r, E, 
Ω) represents the angular flux at distance of r with energy E and 
direction Ω. Σt represents the macroscopic neutron scattering 
cross section or linear absorption coefficient at locate r→. Ωʹ rep
resents direction vector of the scattering particle. Eʹ is energy of 
scattering particle. The source intensity, q(r, E, Ω) is an isotropic 
point source emitted uniformly in all directions (360◦).

Based on the Boltzmann transfer equation, the thermal neutron 
flux distribution in an infinite homogeneous medium at a distance 
r can be further derived using the two-group diffusion theory 
(Tittle, 1961). 

Φt(r) =
So

4πDtr
L2

t

L2
f − L2

t
e− r=Lf (2) 

where Lf represents the fast neutron slowing-down length, Lt is the 
thermal neutron diffusion length, and Dt is the thermal neutron 
diffusion coefficient.

As shown in Eq. (2), thermal neutron flux is influenced by the 
processes of slowing down, diffusion, and neutron capture. 
Compensated neutron porosity logging utilizes the ratio of ther
mal neutron counts from near to far spacing to minimize the in
fluence of borehole environment. Given that the diffusion length is 
significantly  shorter than the slowing-down length, the counts 
ratio of thermal neutron primarily reflects  the slowing down 
behavior. Since the slowing-down length is strongly dependent on 
the hydrogen index, making the ratio is possible to determine 
formation water-filled  porosity. However, because different li
thologies exhibit distinct slowing-down lengths, lithology 
correction is essential in compensated neutron porosity logging. 
Compared to formation fluids, rock matrix components are more 

diverse and exhibit a wide range of mineral compositions. These 
variations result in substantial differences in neutron character
istic lengths and cross sections. By quantifying the elemental 
composition, the mineral content and type of the formation can be 
inferred, thereby improving the accuracy of porosity evaluation.

In scintillator-based nuclear detection, gamma rays generated 
by neutron interactions with the surrounding medium are not 
directly measured. These gamma rays interact with detector ma
terial and produce secondary charged particles. Through subse
quent processes including ionization, scintillation, and 
photoelectric amplification,  electrical signals are generated and 
processed. The resulting pulse heights are then sorted by a multi- 
channel analyzer to construct an energy spectrum. As shown in Eq. 
(3), the measured gamma energy spectrum N(Ed), depends on 
three factors: the characteristic gamma rays ΦE, the interaction 
between gamma rays and the detector material R1, and the energy 
transformations including ionization, scintillation, photoelectric 
amplification,  and signal processing, represented by R2 (Borella 
et al., 2018). 

N(Ed)=

∫∫∫

R2(Ed; Ee)R1
(
Ee; Eγ; r→

)
ΦE

(
Eγ; r→

)
dEedEγd r→ (3) 

where N(Ed) represents the observed gamma ray counts. Eγ is the 
energy of incident gamma rays. Ee is the energy of electron 
generated through the interaction between specific  gamma rays 
and the detector material. The function R1(Ee; Eγ; r→) describes the 
interaction of characteristic gamma rays with the detector mate
rial, which can be simulated by the Monte Carlo method. The 
function R2(Ed; Ee) describes the energy deposition from fluores
cence to the scintillator, which can be approximated in a Gaussian 
function. Both R1 and R2 depend solely on the intrinsic character
istics of the detector and can be determined through a combina
tion of numerical simulations and crystal property measurements.

As the key element for thermal neutron detection, lithium in 
the CLYC detector interacts with thermal neutrons through 6Li (n, 
t)α reaction as shown in Eq. (4). This reaction has a thermal 
neutron capture cross section of 940 b and a Q-value of 4.78 MeV. 
During the interaction, energy is deposited in the form of 2.05 MeV 

α-particle and 2.73 MeV 3
1H-particle, resulting in a distinct full- 

energy peak in the measured spectrum. 

n+ 6
3Li → 4

2He+ 3
1H + 4:78MeV (4) 

Similar to gamma ray detection, the neutron-induced energy 
spectrum Nʹ(Ed) also depends on the energy transformation pro
cesses within the detector. An additional step must be incorpo
rated to account for the neutron interaction with the detector 
material, which modifies  the original gamma flux  distribution 
ΦE(Eγ; r→) into an equivalent gamma ray flux Φʹ

E(Éγ; r→).
When particles enter the CLYC detector, visible light fluores

cence is produced through two luminescence mechanisms: Core to 
Valence Luminescence (CVL) and Self-trapped Exciton Lumines
cence (STE). STE occurs under the incidence for any particle and is 
associated with a slower luminescence process. In contrast, the 
case of gamma ray incidence primarily produces CVL fluorescence, 
characterized by the very fast decay time (~2 ns). Fig. 2 shows the 
idealized pulse shape spectrum based on the experiment of 
D'Olympia et al. (2013). Both CVL and STE occur on a nanosecond 
timescale, the differences in luminescence behavior between 
gamma rays and thermal neutrons are less distinguishable on the 
microsecond timescale. Overall, the normalized pulse shape of 
gamma ray events is similar in profile to that of thermal neutrons 
but exhibits a lower amplitude. Fig. 3 further illustrates this 
behavior by zooming in on the pulse amplitude spectrum in the 

Specific γNeutrons

Formation

Borehole

Detector

Source

Fig. 1. Schematic diagram of double-particle detection in neutron well logging.
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200–350 ns range. In the highlighted yellow region, the rapid rise 
and decay associated with CVL under gamma ray excitation is 
clearly observed, while thermal neutrons exhibit a more gradual 
increase, indicative of the STE-dominated response.

Pulse shape discrimination (PSD) techniques, such as the 
Charge Integration Method, Rise Time Analysis Method, Peak-to- 
Tail Ratio Method, and Pulse Width Analysis Method, classify 
incident particle types based on temporal characteristics of their 
pulse signals (e.g., rise time, fall time, or total duration). In this 
study, the Charge Integration Method is used to distinguish the 
type of incident particles.

Two integration windows are defined by segmenting the pulse 
shape spectrum: the initial rising portion is defined as the prompt 
window, while the subsequent decaying portion is defined as the 
delayed window. Eq. (5) presents the formula for calculating the 
PSD value, which is defined  as the proportion of the delayed 
window counts to the total counts in both delayed and prompt 
windows. The total counts in the prompt and delayed windows are 
denoted as Qprompt and Qdelayed, respectively. The width of the 
delayed and prompt windows can be optimized by traversing the 
pulse shape spectrum to identify the optimal figure of merit (FOM) 
for the best discrimination quality. 

PSD=
Qdelayed

Qdelayed + Qprompt
(5) 

The pulse shape spectrum consists of multiple decay compo
nents with exponential decay characteristics from various lumi
nescence mechanisms. Consequently, the pulse shape spectra 
generated by incident thermal neutrons and gamma rays can be 
distinguished using a multi-exponential summation model. Fig. 4
(a), (b) display the classification results of normalized pulse shapes 
under different particle incidence conditions. For thermal neu
trons, the spectrum is characterized by three components, as 
described in Eq. (6). Due to the presence of the CVL mechanism, 
gamma rays are characterized using four components, as 
described in Eq. (7).

Incident thermal neutron pulse shape calculation formula: 

An(t)=An0e
− t
τ1 + An1e

− t
τ2 + An2e

− t
τ3 (6) 

Incident gamma ray pulse shape calculation formula: 

Ag(t) =Ag0e
− t
τ1 + Ag1e

− t
τ2 + Ag2e

− t
τ3 + Ag3e

− t
τ4 (7) 

where τ represents the specific  values for different attenuation 
coefficients as shown in Table 1. Ais represented as the initial pulse 
shape value for different constituents.

According to the experimental results of N. D'Olympia, Kan 
Yang, and Jarek Glodo, the PSD value for gamma rays in the two- 
dimension pulse shape discrimination spectrum (2D-PSD) re
mains relatively stable as the incident energy increases, while the 
distribution area expands significantly  in the low-energy region 
(D'Olympia et al., 2013; Yang and Menge, 2015; Glodo et al., 2013). 
Wen and Enqvist (2017) conducted experiments using mono
energetic gamma rays at energy of 200, 300, 400, 500, 662, 700, 
800, and 900 keV. As shown in Table 2, the proportion of the 
delayed luminescence component gradually increases with higher 
incident energy. This phenomenon is primary attributed to the 
changes in decay constant τ. On the other hand, thermal neutrons, 
which deposit relatively constant energy, exhibit a stable propor
tion of the delayed component, resulting in a consistent 2D-PSD 
distribution.

The temporal variation patterns of the initial amplitudes and 
decay constants for each exponential component under different 
energy conditions have been established. By introducing energy- 
dependent correction functions into both the amplitude and 
decay constant terms, the improved pulse shape spectrum can be 
calculated using Eqs. (8) and (9). 

An(t)=
∑3

i=1
Ani(E)e

− t
τni

(E) (8) 

Ag(t) =
∑4

i=1
Agi

(E)e
− t

τgi
(E) (9) 

As shown in Eq. (3), the Monte Carlo numerical simulation 
method is employed to determine the particle type and count rate 
enter the detector. The charged particles generated from the 
interaction between incident particles and the detector material 
correspond to R1. By incorporating actual measurements speed of 
instrument, source intensity, and size of detector, the simulation 
results can be converted into actual counts. The equivalent gamma 
ray counts within the specific  energy channels are then used to 
define  the number of iterations for pulse shape spectrum under 
different particle incidence conditions. The calculation formulas 
for gamma ray and thermal neutron pulse shape spectra are pro
vided in Eqs. (11) and (12).
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Fig. 2. Normalization of the cumulative pulse shape spectrum under experiment.
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By introducing energy-dependent properties and accounting 
for measurement uncertainties, the specific values of the attenu
ation coefficients are determined as follows: 

τ=u(E) ± v (10) 

Incident thermal neutron pulse shape calculation formula: 

An(t) =
∑3

i=1
Ani(E)e

− t
u(E)gi + X(t)⋅

∑3
i=1

Ani(E)e
− t

u(E)gi
t

u(E)2
ni

vi (11) 

Incident gamma ray pulse shape calculation formula: 

Ag(t) =
∑4

i=1
Agi

(E)e
− t

u(E)ni + X(t)⋅
∑4

i=1
Agi

(E)e
− t

u(E)gi
t

u(E)2
gi

vi (12) 

where X represents the noise factor, the value is − 1 to 1, meeting 
the Gaussian normal distribution of a certain half-height width 

N
(

0;
( FWHM

2:355

)2
)

.

3. Monte Carlo simulation

FLUKA (FLUktuierende KAskade) is a Monte Carlo simulation 
code jointly developed by the Italian National Institute for Nuclear 
Physics (INFN) and the European Organization for Nuclear 

Research (CERN). It is employed to simulate over 60 types of par
ticles transport processes and has been widely used in applications 
such as detector design, cosmic ray detection, neutrino physics, 
and radiation therapy (Battistoni et al., 2015). In this study, FLUKA 
is utilized to simulate the neutron and gamma ray responses in the 
CLYC detector by collecting information on charged particles 
generated from interactions, along with corresponding energy 
deposition results. By integrating the simulation results with 
experimental data, a pulse shape spectrum simulation based on 
probability iteration is developed. To ensure the reliability of the 
numerical simulation, comparisons are made with experimental 
results published in some open literatures.

3.1. Numerical simulation of detector response as gamma ray 
incidence

In the numerical simulation of gamma ray incidence condi
tions, the experimental results by Jianguo Qin are referenced (Qin 
et al., 2018). The FLUKA numerical simulation model is established 
as shown in Fig. 5, which consists of a cylindrical CLYC detector 
placed in air, with crystal dimensions of ϕ1" × 1″, enclosed in an 
aluminum shell with a density of 3.31 g/cm3. The crystal is 
enriched 95% 6Li and 0.5 mol% Ce3+. A60Co isotopic source emitting 
isotropically, is positioned 2 cm above the detector. "DETECT" card 
is employed to record the energy deposition from the 60Co source, 
while the "DETGEB" card is employed to set the detector's energy 
resolution to 4.48% (at 662 keV), matching the performance of the 
actual detector.

Compared the results between experiment and simulation, the 
full-energy peaks (FEPs) at 1173 keV and 1332 keV exhibit good 
agreement with the experiment. The main discrepancies are 
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Fig. 4. Normalized pulse shape division results under condition of different particles incidence. (a) Gamma ray. (b) Thermal neutron.

Table 1 
Decay life of luminescence components (D'Olympia et al., 2013).

Particle type τ1, μs τ2, μs τ3, μs τ4, μs

Thermal neutron 6.03 ± 0.04 1.42 ± 0.04 0.45 ± 0.01
Gamma ray 5.24 ± 0.03 0.73 ± 0.04 0.28 ± 0.03 0.048 ± 0.004

Table 2 
The decay time and fraction coefficient of each component for different energy depositions by gamma rays in the CLYC detector (Wen and Enqvist, 2017).

Energy, keV τ1, ns A1
τ1

× 10− 5 τ2, ns A2
τ2

× 10− 5 τ3, ns A3
τ3

× 10− 5 τ4, ns A4
τ4

× 10− 5

190–210 0.242 ± 0.005 5.18 ± 0.03 47.0 ± 0.6 2.93 ± 0.01 651 ± 8 24.2 ± 0.2 4955 ± 65 72.9 ± 0.2
290–310 0.374 ± 0.006 5.44 ± 0.03 50.0 ± 0.5 3.36 ± 0.02 667 ± 6 24.3 ± 0.1 5041 ± 53 72.3 ± 0.2
390–410 0.206 ± 0.007 2.09 ± 0.03 51.9 ± 0.4 3.70 ± 0.02 677 ± 5 24.4 ± 0.1 5077 ± 49 71.9 ± 0.1
490–510 0.169 ± 0.006 1.33 ± 0.02 52.7 ± 0.4 3.71 ± 0.02 685 ± 5 24.5 ± 0.2 5138 ± 52 71.8 ± 0.2
652–672 0.228 ± 0.005 1.12 ± 0.07 53.4 ± 0.2 3.83 ± 0.03 687 ± 5 24.6 ± 0.1 5127 ± 44 71.6 ± 0.1
790–810 0.125 ± 0.004 0.34 ± 0.07 53.9 ± 0.3 4.22 ± 0.03 692 ± 6 24.5 ± 0.1 5163 ± 52 71.3 ± 0.2
890–910 0.128 ± 0.006 0.22 ± 0.07 54.4 ± 0.2 4.34 ± 0.05 689 ± 6 24.5 ± 0.1 5144 ± 55 71.2 ± 0.2
990–1010 0.096 ± 0.003 0.05 ± 0.07 54.6 ± 0.2 4.39 ± 0.05 690 ± 6 24.4 ± 0.1 5152 ± 55 71.2 ± 0.2
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observed in the multiple Compton events, the Compton contin
uum, and the energy peaks at 32 keV and 218 keV. The 32 keV peak 
corresponds to the bremsstrahlung X-rays of the incident particles, 
while the 218 keV peak represents the backscattering peak of 
gamma rays. These discrepancies are primarily attributed to lim
itations in the original numerical model. In this study, based on the 
original model, an additional 1 cm thick tungsten shield was added 
to improve the accuracy of low-energy numerical simulation re
sults. As shown in Fig. 6. With this adjustment, the simulated 
Compton continuum and full-energy peaks align well with the 
experimental data. Moreover, the positions of the backscattering 
and bremsstrahlung peaks in the simulation also correspond well 
with the experimental observations.

The broadening of the energy spectrum recorded by the de
tector is influenced  not only by the intrinsic properties of the 

scintillator material but also by external factors such as the crystal 
growth quality, photomultiplier tube (PMT), and multi-channel 
analyzer resolution. As a result, each detector exhibits slight var
iations in detection performance and measured energy spectra, 
while current numerical simulation software overlooks that. Such 
software commonly models energy resolution by shaping the full- 
energy peak based on a fixed resolution function and defining the 
peak range using known characteristic gamma ray energies. This 
simplification can introduce discrepancies between simulated and 
measured spectra. In the case of downhole neutron-gamma en
ergy spectral measurements, low-energy features such as back
scattering and bremsstrahlung peaks are always overshadowed by 
high-energy Compton contributions. Therefore, discrepancies in 
the low-energy regions are always ignored.

3.2. Numerical simulation of detector response as thermal neutron 
incidence

To further investigate the energy deposition characteristics of 
the CLYC detector under thermal neutron incidence, this study 
refers to the experimental simulation reported by Machrafi et al. 
(2015). The instrument model consists of a cylindrical detector 
placed in air, with a radius and height set to 2.5 cm each. Crystal 
material is Cs2LiYCl6:Ce3+, with a gamma ray energy resolution of 
6.9% (662 keV), while the thermal neutron measurement equiva
lent gamma ray energy resolution is 3.3%. A monoenergetic and 
isotropic 137Cs point source emitting 662 keV gamma rays is used 
to calibrate the channel-energy relationship. Additionally, the Am- 
Be neutron source is positioned above the detector and enclosed in 
a cylindrical paraffin container with a thickness of 4.5 cm, ensuring 
the fast neutrons are moderated to thermal neutrons. Two mea
surements were conducted: the first  measurement was to cali
brate the channel position using both the 137Cs and the moderated 
Am-Be source simultaneously, and the second measurement 
involved the moderated Am-Be source alone to observe the ther
mal neutron response.

FLUKA is employed to perform numerical simulations, and the 
overall workflow is illustrated in Fig. 7. The numerical simulation is 

Fig. 5. Establishment of FLUKA numerical simulation model.
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divided into two main parts, "physical structure & source defini
tion" and "neutron & gamma ray recording". In this section, 
simultaneous simulations of gamma rays and thermal neutrons 
are conducted, consistent with the subsequent formation response 
acquisition simulations, which are described in detail herein. 
Neutron and gamma sources defined user-defined routine Source. 
f. The "PHYSICS", "LOW-NEUT", and "LOW-MAT" cards are acti
vated to enable low-energy neutron transport, while "USER
WEIGHT" and "DETECT" cards are employed for recording 
simulation data. To enable detailed analysis of energy deposition, 
the routine comscw. f is modified to separately record the energy 
deposition of alpha and tritium, which generated from the inter
action of thermal neutrons with lithium in the CLYC detector.

Comparison between numerical simulation and experimental 
results is shown in Fig. 8. Since a gamma ray source was used for 
neutron energy calibration, the X-axis is set to equivalent gamma 
energy, expressed in MeVee. As shown in Eq. (4), thermal neutrons 
interact with 6Li in the detector produce alpha particles with an 

energy of 2.05 MeV and tritons (3
1H) with an energy of 2.73 MeV, 

resulting in a total energy deposition of 4.78 MeV. However, as 
illustrated by the pink line in Fig. 8, the experimental spectrum 
exhibits peaks at 0.19, 0.662, and 3.24 MeVee. Specifically, the 0.19 
MeVee peak corresponds to the backscattering peak of 137Cs, the 
0.662 MeVee peak represents the full-energy peak of 137Cs, and the 
3.24 MeVee peak corresponds to the equivalent gamma ray energy 
deposition from thermal neutron. The experimental results indi
cate that the equivalent gamma ray energy deposited by secondary 
charged particles generated through thermal neutrons in
teractions is influenced  by the conversion efficiency, which is 
determined to be approximately 67%.

The red line in Fig. 8 represents the thermal neutron energy 
deposition spectrum obtained from FLUKA simulation. The nu
merical simulation results align with the theoretical expectation, 

showing a deposited energy of 4.78 MeV. However, a 1.54 MeV 
energy discrepancy is observed when compared to the equivalent 
gamma ray energy deposition measured experimentally. This 
discrepancy is attributed to energy loss during the scintillation 
process in the detector crystal. In FLUKA, no dedicated input card 
exists to account for the quenching effect, which leads to an 
overestimation of the deposited energy in the simulation. To 
address this, as show in Fig. 7 step b, the routine comscw. f and 
"DETECT" card were modified to simulate the equivalent gamma 
energy spectrum of thermal neutrons more accurately. The black 
line in Fig. 8 shows the converted thermal neutron equivalent 

(a) Physical structure & Source definition 

(1) Physical structure definition
* Build the model according to experiment conditions

(2) Source.f definition
RNDVAL = FLRNDM (dummy)
      IF (RNDVAL .LT. 0.5D0) THEN
* Gamma source
         IONID = 1                    ! Cs
         TKEFLK = 6.62D4       ! 662 keV
      ELSE
* Neutron source
         IONID = 8                    ! Am-Be
         TKEFLK = AMBE_ENERGY()
      ENDIF

(b) Neutron & Gamma ray recording

(1) Comscw.f modification
IF (TITDET(JSCRNG).EQ.'CLYC_MIXED') THEN
* Quenching factor settings (Experiment)
        QF_ALPHA = 0.63D0
        QF_TRITON = 0.70D0
        IF (IJ.EQ.-6) THEN                ! Alpha
           COMSCW = QF_ALPHA   * XSCO
        ELSE IF (IJ.EQ.-4) THEN      ! Triton
           COMSCW = QF_TRITON * XSCO
        ELSE IF (IJ.EQ.1) THEN       ! Photon
           COMSCW = XSCO            ! γ
        ELSE
           LSCZER = .TRUE.              ! Others
        END IF

Paraffin
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detector

2.5 cm 4.5 cm

4.5 cm

2.54 cm

2.54 cm

DETECT
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Reginons:
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▲
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(2) Broadening energy spectrum
* Deposited energy

* Gamma ray or thermal neutron broadening

* Gamma ray & thermal neutron broadening
Separately broadening before merging

DETGEB
Where: DETECTOR ▲

a:
Det:

0.00144
CLYC_MIXED ▲

c:
Step:

0.00196b:
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0.03718
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G(E) =               ·exp - 1
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Fig. 7. The workflow of obtaining the equivalent gamma ray spectrum by FLUKA.
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gamma energy spectrum, with peak of 3.24 MeVee consistent with 
the experimental observations.

3.3. Comparison of commonly used detector in neuron well logging

In addition to its neutron and gamma ray detection capabilities, 
the physical properties of the CLYC detector play a critical role in 
assessing its suitability for neutron well logging applications. 
Table 3 presents a comparison of the physical properties of 
commonly used scintillator detectors and two popular elpasolite 
crystals. The performance of the CLYC is comparable to that of 
LaCl3, offering excellent temperature resistance and resistance to 
hydrolysis. Moreover, it possesses high mechanical and chemical 
strength. These properties make CLYC well-suited for deployment 
in high-temperature and high-pressure downhole environments.

Detection efficiency  is another key factor in determining the 
suitability of scintillator detectors for neutron well logging. In this 
study, a scintillator detector with a size of ϕ1.5" × 2″ was placed in 
air, surrounded by a virtual spatial source within a 3 cm radius was 
defined to simulate gamma rays entering the detection range. To 
reflect  the actual well logging situations, the source within the 
detection region was set as neutron induced gamma ray counts 
and thermal neutron counts recorded at the capture gate, under a 
water saturated sandstone formation with 10% porosity.

As shown in Table 4, NaI detectors, the most commonly used 
scintillator in nuclear logging, exhibit an absolute gamma ray 
detection efficiency of 36%. Due to the higher density compared to 
NaI, BGO and LaBr3 achieve relative detection efficiency of 184% 
and 116%, respectively, under the same detector volume. In 
contrast, CLYC, with slightly lower density, yields a relative gamma 
ray detection efficiency  of 87.5% compared to NaI. For thermal 
neutron detection, CLYC relies on the 6Li (n,t)α reaction, achieving 
a detection efficiency that surpasses that of 3He-tubes.

3.4. Numerical simulation of porosity logging response

Building upon the conventional pulsed neutron gamma ray 
spectroscopy instrument, a novel pulsed neutron well logging 
system has been established by replacing the gamma ray detector 
with CLYC as show in Fig. 9. The near detector with a spacing of 
30 cm and a size of ϕ 1.5" × 2″, and 55 cm for the far detector with a 
size of ϕ 1.5" × 4". The outer diameter of the instrument is 43 mm. 
In this system, the burst gate is configured to operate within a 40- 
μs timeframe, synchronized with the emission of fast neutrons 
from the D-T source. After a 10-μs delay, the capture gamma rays 
are collected within a time span from 50 to 100 μs.

A cased well with a columnar medium was constructed for 
analysis. The columnar medium has a height of 137 cm and a 
diameter of 70 cm. The borehole, with an internal diameter of 
15.2 cm, is lined with a stainless steel casing 0.7 cm thick and filled 

with pure water. A 3 cm-thick calcium silicate cement ring re
inforces the casing. The surrounding formation matrix consists of 
common minerals, including sandstone, limestone, dolomite and 
clay. The porosity of formation is varied within a range from 0% to 
30%.

To illustrate a clearer explanation of the CLYC numerical 
simulation method in neutron well logging applications, the 
workflow  of neutron-based double-particle logging is shown in 
Fig. 10. The process begins with the D-T source emitting fast 
neutrons, which interact with the formation medium to produce 
gamma rays and thermal neutrons. These particles are subse
quently transported to the detector measurement zone, as 
described in Section 3.4.1. In the particle recording stage (Section 
3.4.2), the CLYC response simulation method proposed in this 
study converts the specific  gamma ray and thermal neutron in
formation into pulse height spectra. Based on the recorded energy 
and time spectra, the corresponding count ratio parameters are 
extracted to evaluate formation porosity, as detailed in Section 
3.4.3.

3.4.1. Field distribution of neutron-neutron and neutron-gamma 
ray

Neutrons interact with formation nuclei to produce induced 
gamma rays and thermal neutrons. As these particles are trans
ported through the formation, neutron and gamma ray informa
tion eventually reaches the vicinity of the detector. Upon 
interacting with the detector material, the particles are recorded 
as energy spectra or time spectra data. Thus, before performing 
instrument response simulations, it is essential to first obtain the 
neutron-gamma and neutron-neutron field  distribution incident 
on the detector. These field distributions serve as the foundation 
for accurately simulating the neutron well logging response.

Fig. 11(a) illustrates the distribution of neutron-induced 
gamma rays recorded within the detection zone during the cap
ture gate. As porosity increases, the hydrogen content in the for
mation rises, resulting in enhancing gamma ray counts of 
hydrogen at 2.23 MeV. Simultaneously, reduced matrix content 

Table 3 
Performance comparison of commonly used scintillator detectors.

Scintillator Density, g/cm3 Luminescence decay time, ns Relative luminous intensity, % Energy resolution, % (at 662 keV) Temperature, ◦C Delique 
-scence

NaI(Tl) 3.67 230 100 ~6–7 − 20~150 Yes
BGO 7.13 300 15–20 ~10 − 20~250 No
GSO 6.71 60 20–30 ~7.9 − 20~300 No
CsI(Tl) 4.51 1000 45–55 ~6 − 20~200 Slightly
LaBr3 5.08 16 160 ~2.8 − 20~150 Yes
LaCl3 3.85 28 125 ~3.2 − 20~150 Yes
YAP 5.37 27 30 ~5.5 − 20~350 No
CLLB(Ce) ~5.1 40 ~35 ~4 − 20~250 No
CLYC(Ce) ~3.3 100-300(γ) 

1000-2000(n)
~50 ~4 − 20~200 No

Table 4 
Detection efficiency comparison of common scintillator detectors and 3He tubes.

Scintillator Absolutely detection 
efficiency, %

Relative detection 
efficiency, %

Total Thermal neutron NaI 3He-tube

NaI(Tl) 36.8 ~ 100 ~
BGO 67.8 ~ 184.2 ~
LaBr3 42.7 ~ 116.0 ~
CLYC(Ce) 
(95% 6Li)

32.2 ~100 87.5 111.1

3He-tube (4 atm) ~ ~90 ~ 100
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leads to decrease the gamma ray counts from silicon at 4.94 MeV 
and 3.54 MeV. Fig. 11(b) presents the neutron and gamma ray time 
spectra recorded in the detection zone during a short pulse period. 
Throughout the pulse emission cycle, fast neutrons are continu
ously emitted by the D-T source and subsequently moderated into 
thermal neutrons. Once the D-T source is turned off, the thermal 
neutron counts reach a peak before decaying over time as capture 
reactions occur within the formation. This time-dependent 
behavior reflects  the dynamic interaction of neutrons with the 

formation and their subsequent moderation and capture 
processes.

3.4.2. Logging response simulation of CLYC detector

(1) Detection response of pulsed shape spectrum

As neutrons or gamma rays interacting with the detector will 
generate distinct pulse shape spectra. Due to the statistical nature 
of nuclear detection, these spectra are subject to statistical 

D-T source
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Far CLYC
detector

Photomultiplier

Borehole water

Formation

Near CLYC
detector

Photomultiplier

Casing pipe

Cement

(b)(a)

Fig. 9. Dual-CLYC pulsed neutron system. (a) Schematic diagram of double CLYC neutron well logging measurement system. (b) FLUKA numerical simulation model construction 
for double CLYC neutron well logging measurement system.
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Fig. 10. The workflow to achieve the numerical simulation of porosity determination by Dual-CLYC pulsed neutron system.
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fluctuations. Using the pulse shape spectrum simulation method 
proposed in this study, the simulated pulse shape spectrum 
generated by the incidence of a single particle is presented in 
Fig. 12. Each neutron or gamma ray event produces a corre
sponding pulse shape spectrum, and based on the neutron- 
neutron and neutron-gamma ray counts recorded within the 
detection zone, the pulse shape discrimination (PSD) value for 
each event is calculated using Eq. (5). These calculation results in 
the two-dimensional PSD distribution (2D-PSD) shown in Fig. 13, 
which effectively distinguishing between neutron and gamma ray 
events.

As illustrated in Fig. 13, the 2D-PSD combines incident particle 
energy with the corresponding PSD value, thereby delineating 
distinct regions. PSD values around 0.7 are corresponding to 
thermal neutron count information, while the PSD values around 
0.6 are corresponding to gamma ray. The separation between 
these PSD value clusters enables effective classification of incident 
particle types. Fig. 13(a) and (b) depict the 2D-PSD under different 
formation porosity conditions. In Fig. 13(a), the neutron counts are 
significantly higher than in Fig. 13(b), indicating that the detector 
recorded fewer thermal neutron counts under low-porosity 
reservoir conditions. In contrast, gamma ray counts remain 

relatively consistent across both scenarios. Notably, the gamma ray 
counts at the 2.23 MeVee (hydrogen peak) in Fig. 13(a) are higher 
than in Fig. 13(b).

Fig. 14 presents the accumulated PSD values. Fig. 14(a) illus
trates the PSD distributions within the thermal neutron peak 
window and the hydrogen peak window, while Fig. 14(b) shows 
the PSD distribution integrated over the entire energy range. In 
Fig. 14(a), within the thermal neutron peak window, PSD values 
near 0.6 (corresponding to gamma ray events) show negligible 
variation across different porosity conditions. In contrast, thermal 
neutron counts are noticeably higher than those under low- 
porosity conditions, aligning with theoretical predictions. In the 
hydrogen peak energy window, thermal neutrons do not 
contribute counts within this range, the PSD values around 0.7 
accumulate to zero. In high-porosity formations with increased 
hydrogen content, the gamma ray counts corresponding to 
hydrogen are significantly higher than those in low-porosity res
ervoirs. Fig. 14(b) shows the PSD results accumulated over the 
entire energy range. Due to measurement errors in the pulse 
amplitude spectrum caused by low-energy particle incidence, the 
gamma peak on the left deviates from a Gaussian distribution and 
exhibits a broader spread. Conversely, the thermal neutron peak, 
characterized by a narrower energy distribution, follows a distinct 
Gaussian pattern. Furthermore, the differences in thermal neutron 
counts across porosity conditions are more pronounced than those 
observed for gamma rays, indicating that the equivalent gamma 
ray response of thermal neutrons exhibits higher sensitivity for 
porosity evaluation.

The Figure of Merit (FOM) is a standard metric in nuclear de
tector technology used to quantify the effectiveness of pulse shape 
discrimination method. A higher FOM value indicates better 
capability to distinguish between two particle types in the PSD 
spectrum. The FOM can be calculated using Eq. (13): 

FOM=
ΔS

δn + δγ
(13) 

where the ΔS is the distance from the center of the neutron peak to 
the center of the gamma peak, δn and δγ are the full widths at half 
maximum (FWHM) of the neutron and gamma peaks, respectively.

A larger FOM value reflects  better separation of neutron and 
gamma ray peaks, enhancing the detector's capability to classify 
particle types accurately. The calculated FOM using the specified 
time window is 4.17, indicating that the 2D-PSD simulation results 
offer sufficient resolution for effective particle discrimination.
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Fig. 13. 2D-PSD under different porosity conditions. (a) Low porosity water saturated formation. (b) High porosity water saturated formation.
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(2) Logging response of equivalent gamma ray spectrum

The energy spectrum, which reflects  the response character
istic related to porosity and oil saturation, is obtained through 
FLUKA under various formation conditions. As shown in Fig. 15(a), 
a water saturated sandstone formation with 12% porosity is used to 
generate the logging response. The energy spectrum recorded by 
the far detector is represented by the red line, while the near de
tector is shown in black. Although the far detector has a longer 
spacing, as twice as the size of the near detector, resulting in lower 
counts. In the energy range of 3.24 MeVee, an obvious peak is 
observed in Fig. 15(a). This peak represents thermal neutrons 
caused by the luminescence of secondary charged particles, which 
are produced from the interaction of thermal neutrons with the 
CLYC materials.

Fig. 15(b) illustrates capture gamma ray spectrum of water 
saturated sandstone formation under different porosity condi
tions. As porosity increases, the hydrogen index rises, enhancing 
the slowing-down capability of the formation and resulting in a 
greater production of thermal neutrons near the D–T source. 

However, due to diffusion effects, the number of thermal neutrons 
reaching the detector decreases. Besides, the number of capture 
gamma rays, which produced by capture interacting with forma
tion nuclei in the formation, also decreases. According to the 
feature of equivalent capture gamma ray spectrum, the equivalent 
gamma ray with energy from 2.95 to 3.42 MeVee is used as the 
indicator of thermal neutron.

3.4.3. Porosity logging response of equivalent gamma ray counts 
ratios

Fig. 16 illustrates the responses of the dual-spacing thermal 
neutron count ratio and the equivalent gamma ray count ratio as 
functions of formation porosity. The thermal neutron count ratio is 
obtained using an instrument similar to that shown in Fig. 9(a), 
where the ratio of thermal neutron counts is recorded by 3He- 
tubes positioned at near and far spacings. Similarly, the equivalent 
gamma ray count ratio is derived from the same instrument 
depicted in Fig. 9(a), based on counts accumulated within the 
energy window of 2.95–3.42 MeVee in the equivalent gamma ray 
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spectrum. These gamma rays are recorded during the capture gate 
following a short-pulsed emission period.

As porosity increases, the response trends of the two count 
ratios remain generally consistent, although differences in sensi
tivity are evident. The thermal neutron counts ratio recorded by 
3He-tubes is primarily determined by the slowing-down length of 
formation and reflects variations in the hydrogen index. The higher 
neutron energy enhances the contribution of inelastic scattering, 
resulting in reduced sensitivity of the D-T source 3He-based ther
mal neutron ratio in high-porosity formations. In contrast, the 
equivalent gamma ray counts from the spectrum includes gamma 
ray signals proportional to thermal neutron interactions, as well as 
a background component from capture gamma rays. The back
ground is influenced  by both the formation density and the 
neutron capture cross section. This multi-process sensitivity en
hances the count ratio's responsiveness to porosity changes, 
thereby exhibiting a different behavior from the direct thermal 
neutron measurement of 3He-tubes. This consistency in response 
trend confirms  that the CLYC-based equivalent gamma ray pro
vides comparable porosity evaluation capability to conventional 
neutron porosity logging. These results validate the effectiveness 
and feasibility of the CLYC detector for application in neutron well 
logging.

Conventional neutron porosity measurements are significantly 
influenced by formation lithology, necessitating the application of 
correction charts to obtain accurate water-filled porosity. Lithol
ogy is commonly identified using supplementary methods such as 
density logging, acoustic logging, and elemental spectroscopy 
logging, each of which may introduce additional sources of un
certainty into the porosity interpretation. The CLYC detector, 
through its ability to measure the equivalent gamma ray spectrum, 
enables the simultaneous extraction of both the ratio and 
elemental yields. This multi-parameter interpretation capability, 
which based solely on the detector's own response, reduces 
dependence on external measurements. As a result, the overall 
accuracy and reliability of porosity evaluation are substantially 
improved.

It should be noted that the actual downhole environment is 
considerably more complex than the idealized conditions 
employed in the simulation. Downhole conditions involve 
elevated ambient temperatures, intense mechanical vibrations, 
limited spatial availability, and a more intricate distribution of 
radiation sources—including scattered neutrons and capture 

gamma rays originating from borehole components and sur
rounding formation materials. These factors can result in spectral 
broadening, variations in counting efficiency, and potential signal 
pile-up in high-flux  regions. Therefore, although the simulation 
results confirm  the feasibility and advantages of using CLYC de
tectors under controlled conditions, further experimental valida
tion under downhole-simulated environments is essential to 
ensure reliable and robust detector performance in practical 
applications.

4. Conclusions

The excellent physical properties of the CLYC scintillator offer 
broad application prospects in the field  of neutron and nuclear 
radiation detection. This study focused on evaluating the feasi
bility of applying CLYC detectors in nuclear well logging. The 
investigation was carried out from two main perspectives: nu
merical response simulation and practical well logging applica
tion. The main conclusions are as follows:

(1) FLUKA-based Monte Carlo simulations method was con
ducted to model the interaction of thermal neutrons with 
the CLYC detector, and the results validated its response 
through agreement with experimental data. The Gamma ray 
spectra matched well in full-energy peak position, shape, 
and width, while neutron spectra effectively converted 
charged particle energy deposition into equivalent gamma 
ray peaks.

(2) A pulse shape discrimination (PSD) simulation method 
based on probabilistic iteration was proposed, achieving 
accurate 2D-PSD modeling by accounting for energy- 
dependent attenuation effects.

(3) The CLYC detector was integrated into a double-particle 
neutron well logging system, demonstrating consistent 
thermal neutron equivalent gamma count ratios with con
ventional 3He-tube-based methods. It also has ability to 
record gamma spectra enabled porosity, hydrocarbon satu
ration, and elemental yield evaluation.

With high detection efficiency, relatively good energy resolu
tion, and a wide temperature range, the CLYC detector is well- 
suited for downhole neutron and gamma detection. This work 
established a foundation for advancing neutron-based double- 
particle logging technology.
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