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Abstract

For the first time we report the ability of the CLLB scintillator to de-

tect and discriminate fast neutrons (2-10 MeV energy range) from gamma-

rays and thermal neutrons, using a digital pulse shape discrimination tech-

nique. Firstly, we conducted measurements in single mode with an Am-Be

source, unshielded and shielded, and we tagged a new cluster of events as the

fast neutron-induced zone. The Figure of Merit obtained for the fast neu-

tron/gamma discrimination was 1.1. Then, in order to better characterize

these new cluster of events induced by fast neutrons, we conducted measure-

ments in coincidence mode. We used a mono-energetic pulsed neutron source,

at the Van de Graa↵ accelerator facility at the Legnaro National Laborato-

ries (INFN-LNL, Legnaro-Italy), and also, a continuous neutron spectrum

(using a 252Cf source). Combining all experimental results with a Monte

Carlo model of the CLLB detector, built using the GEANT4 tool kit, it was
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possible to obtain the light output function of 7Li ions in the CLLB crystal

(dL/dE = ;  = 0.36 ± 0.02). Moreover, the intrinsic fast neutron e�ciency

was modeled by Monte Carlo, obtaining similar values 1.5-2 % for neutrons

between 2 MeV and 10 MeV. Finally, an application of this new feature, in

the field of nuclear security and nuclear safeguards, is given.

Keywords: CLLB, Fast Neutron Detection, Digital Pulse Shape

Discrimination

1. Introduction

In the last years the discovery of new inorganic scintillation materials,

able to be sensitive to several kinds of radiations, opened new perspec-

tives not only in nuclear research experiments, but also in the nuclear ap-

plications field. Among these, the Elpasolite scintillators, such as: CLYC

(Cs2LiYCl6:Ce), CLLC (Cs2LiLaCl6:Ce), CLLB (Cs2LiLaBr6:Ce), CLLBC

(Cs2LiLaBr6�xClx:Ce), CNYC (Cs2NaYCl6), etc., are some of the most in-

teresting materials. Most of them exhibit excellent performances in terms

of energy resolution (< 5 % at E� = 662 keV, good for identification of

gamma emitters), due to their high light output (> 20000 photons/MeV)

and linearity, and thermal neutron detection capability (Smith et al., 2013;

Liang and Smith, 2020; Pérez-Loureiro et al., 2021; Hawrami et al., 2016).

Furthermore, very often they show an excellent thermal neutron/gamma-ray

discrimination performance (Giaz et al., 2016b; Mesick et al., 2017).

The thermal neutron detection capability in these types of scintillators

is due to the presence of 6Li, and the associated neutron capture reaction

6Li(n,t)↵ (Q = 4.78 MeV). The energy deposited by the reaction products
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(triton and alpha) produces a well-defined distribution of events at a gamma-

equivalent energy between 3.2 MeV and 3.5 MeV, depending on the specific

type and volume of the Elpasolite crystal.

Those Elpasolite scintillators that contain Chlorine (Cl) in their com-

position exhibit a very interesting feature, which is the fast neutron detec-

tion capability, exploiting the reactions 35Cl(n,p)35S (Q = 0.62 MeV) and

35Cl(n,↵)32P (Q = 0.94 MeV). The use of these reactions to perform fast

neutron detection and also neutron spectroscopy, employing a CLYC-6 and

CLYC-7 (6Li and 7Li enriched CLYC respectively) detectors, has been stud-

ied and reported by (D’Olympia et al., 2014; Giaz et al., 2016a; Ferrulli et al.,

2022), obtaining good results. The estimated intrinsic neutron detection ef-

ficiency is around 1 % (Mentana et al., 2016).

Having one single scintillator with multiple radiation discrimination ca-

pability, i.e. gamma-rays, thermal neutrons and fast neutrons (performing

pulse shape discrimination analysis of the signals) represents a great ad-

vantage in applications like nuclear safeguards, hand-held monitors, plasma

diagnostics of fusion reactors, industry (well-logging), and also fundamental

nuclear physics experiments. In addition to the CLYC detector, some hybrid

solutions (composite detector) have been already studied in order to achieve

triple discrimination (Cester et al., 2016; Shirwadkar et al., 2017). However,

coupling di↵erent scintillators introduces some complexities from the point of

view of the mechanics (assembly of the detector), acquisition and data analy-

sis (signals can be very di↵erent, so the acquisition and processing algorithms

could not work properly).

The fast neutron detection capability of the CLLB scintillation detector
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has been studied. According to (Woolf et al., 2016; Qin et al., 2018), the

(n,2n) reactions on 79Br and 81Br are the most promising mechanisms to

exploit it. However, in this case, the fast neutron is detected by measuring

gamma and beta emissions of the products (78Br and 80Br respectively) of

the reactions. In this way, it is impossible to obtain a triple discrimination.

In this work we demonstrate the fast neutron detection capability of the

CLLB scintillation detector, using another mechanism to obtain the triple

discrimination. Recently, we reported the results related to its excellent per-

formance in terms of gamma-ray and thermal neutron detection and discrim-

ination (Pino et al., 2021). Now, in this work, we provide a strong evidence

of its fast neutron detection capability based on the elastic scattering of the

fast neutrons with the lithium nuclei (7Li), present in the CLLB crystal com-

position. From the kinematics of the reaction, a neutron is able to transfer a

maximum of 44 % of its kinetic energy to a 7Li nucleus. So, if one considers

a neutron energy range from 1 MeV to 10 MeV, it will be expected to have

7Li ion recoils with energies up to 4.4 MeV. It is important to underline some

considerations: the amount of natural Li (92.4 % 7Li and 7.6 % 6Li) in the

CLLB composition (10 % mol) is considerable, the quenching of the light

yield by light ions in inorganic scintillators is low (Mart́ınez-Dávalos et al.,

1997; Cazzaniga et al., 2016), the neutron elastic scattering cross section on

Li (mostly on 7Li) is nearly one order of magnitude greater than the ones for

(n,p) and (n,↵) reactions on 35Cl, for neutrons with energies between 1 MeV

and 10 MeV (see Fig. 1).

In the following, we show the ability of the CLLB scintillator to detect

and discriminate (using a digital pulse shape discrimination technique) be-

4

Electronic copy available at: https://ssrn.com/abstract=4118249



2 4 6 8 10 12 14

Neutron energy (MeV)

2−10

1−10

1
C

ro
ss

 s
ec

tio
n 

(b
)

Li(n,elastic)7

Li(n,elastic)6

Cl(n,p)35

)αCl(n,35

Figure 1: Neutron cross sections of relevant reactions for fast neutron detection. Data

obtained using the NNDC ENDF database (ENDF/B-VII.1, http://www.nndc.bnl.gov,

2022.)

tween gamma-rays, thermal neutrons and also fast neutrons. By performing

coincidence measurements, combined with Monte Carlo simulations, we are

able to estimate the light output function of 7Li ions in the CLLB crystal. Us-

ing the light output function it is possible to determine the intrinsic neutron

e�ciency in the 1-10 MeV energy range. Finally, we present an interesting

application in the field of nuclear security and nuclear safeguards.

2. Experimental set-up

A 2”⇥2” cylindrical CLLB scintillation detector is used (Saint Gobain

Crystals, https://www.crystals.saint-gobain.com/radiation-detection-scintillators/crystal-

scintillators/cllb, last time seen on May 2022). The main physical properties
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of this scintillator are: density 4.2 g/cm3, light yield 40000 ph/MeV, hygro-

scopic, wavelength of maximum emission 420 nm. The scintillator is coupled

to a 2” diameter Hamamatsu photomultiplier (PMT model R6231) using a

Hamamatsu E1198-27-Y004 active voltage divider.

Bias voltage is applied using a CAEN V6533 VME HV Power Supply

Module. A CAEN V2718 VME-PCI Optical Link Bridge is used to configure

the HV power supply unit and the digitizer. A CAEN A3818 PCI Express

CONET2 Controller installed on a PC is used to control the acquisition sys-

tem (by means of optical fiber connections using the CAEN CONET2 pro-

tocol). The PMT signals are acquired by a CAEN V1730 fast digitizer (500

MSamples/s, 14-bit ADC resolution and Digital Constant Fraction Discrim-

inator, DCFD, embedded in the firmware for precise timing measurements).

The installed firmware (Digital Pulse Processing for Charge Integration and

Pulse Shape Discrimination, DPP-PSD) can pre-process data determining

the pulses timestamps and integrating them over two gates, in order to per-

form particle discrimination using the so-called double integration method

(Pino et al., 2014). The ABCD (Acquisition and Broadcast of Collected

Data) software, (Fontana et al., 2017, 2018, 2020), released as an open-source

project1s used for data acquisition and electronic control.

In this work the pulse shape parameter (PSP) is computed as: PSP =

Qshort/Qlong, where Qshort is the integral of the signal over a short window

(w1), including the fast rise time region and part of the fastest decay compo-

nent of the pulse, and Qlong is the integral of the signal over a long window

1i
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(w2), encompassing the total pulse (used to estimate the energy deposited be-

cause it is proportional to the total light yield by the event). It is important

to remark that using this convention it is expected to get larger PSP values

for faster signals. The Figure of Merit (FoM), defined as FoM = �/(�n+��),

was computed by analyzing the PSP distribution, where � is the di↵erence

between the two mean PSP values of the neutron and gamma PSP distribu-

tions and �n + �� is the sum of the Full Width at Half Maximum (FWHM)

values (Cester et al., 2013).

As first, the energy calibration of our detector is done, using a set of

gamma calibration sources (137Cs, 22Na, 60Co, 133Ba). Then, we perform

measurements employing an Am-Be source (neutron emission rate ⇠ 2 ⇥

105 s�1), which provided a combined neutron/gamma radiation field. The

gamma sources are positioned in front of the detector face at 0.25 m. In

single mode, the pulse shape analysis is the only way to discriminate be-

tween di↵erent incoming radiations. Indeed, coincidence measurements can

provide further information to discriminate and recognize particles. For that

reason we perform measurements in coincidence mode at the Van de Graa↵

accelerator at Legnaro National Laboratories (Legnaro, Italy) and using a

252Cf source (with a continuous neutron spectrum, neutron emission rate at

the time of the experiments ⇠ 5 ⇥ 104 ± 20 % s�1). In Fig. 2 the experi-

mental set-up used for the measurements at the accelerator facility is given.

The mono-energetic neutrons are obtained by impinging a proton beam into

a 7LiF target (700 µg/cm2 thick). The proton beam has a repetition rate

of 3 MHz and a width of 2 ns, the proton beam energy is 5.5 MeV, thus

the energy of the neutrons emitted at 0� is 3.8 MeV. The CLLB detector is
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Figure 2: Experimental set-up at the CN accelerator facility (LNL, Italy).

placed in front of the 7LiF target at a distance of 0.9 m. The coincidence

events are tagged by measuring the gamma flash, produced by the protons

impinging the target, with a 1” LaBr3:Ce scintillation detector, positioned

close to the target. Coincidences events are filtered on board by the CAEN

V1730 digitizer. The experimental set-up using the 252Cf source is similar to

the one shown in Fig. 2. In this case, the 252Cf replaces the 7LiF target, and

the events are tagged using the prompt fission gamma-rays (⇠ 9 gamma-rays

per fission are emitted by the 252Cf).

3. Results

3.1. Measurement in single mode using Am-Be

In Fig. 3a the 2D plot (pulse shape parameter versus the total light

output in MeV electron equivalent) is presented, corresponding to the mea-

surement using the Am-Be source moderated with 8 cm of polyethylene (four
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blocks of 10 cm ⇥ 20 cm ⇥ 2 cm attached to the front-face of the detector).

In this experimental condition, the gamma-ray and neutron capture on 6Li

induced events are easily recognized, as indicated in the figure. But, we rec-

ognize another cluster of events, populating an area having a low energy (<

1 MeVee) and an average PSP value of 0.82. This PSP region corresponds to

particles with higher stopping power (PSP values ⇠ 0.8 are associated to al-

pha or alpha/tritium events from the intrinsic alpha background and neutron

captures on 6Li, respectively). By performing a test without the polyethy-

lene moderator, see Fig. 3b the neutron capture cluster becomes less intense,

as expected, because the thermal neutron field is strongly reduced, but the

new cluster of events becomes more visible. It is important to note that the

acquisition time in both measurements is the same. Taking into account that

without the polyethylene moderator the neutron field consists mainly of fast

neutrons (mean energy ⇠ 4.2 MeV), we can ascribe the new events to fast

neutron induced signals. Taking into account the events with light output

lower than 1 MeVee, see Fig. 3c, we obtained a FoM = (1.1 ± 0.1) for fast

neutron/gamma-ray discrimination. Considering that the Li content in the

CLLB crystal is significant (10 % mol), the origin of the fast neutron events

can be explained by the elastic scattering of the neutrons with the lithium

nuclei (mostly 7Li because the lithium in the CLLB crystal has natural abun-

dance, i.e. 92.4 % 7Li and 7.6 % 6Li). Note that the maximum fraction of

kinetic energy transferred from a neutron to a 7Li nucleus is around 44 %

(backscattering reaction). In order to further study the fast neutron events ,

in the next section we report the results of the measurements in coincidence

mode.
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Figure 3: (a) 2D plot (pulse shape parameter against the light output) of the measurement

using the Am-Be source moderated with 8 cm of polyethylene. (b) 2D plot using the

Am-Be source nude. Both measurements lasted 10 minutes. (c) Pulse shape parameter

distribution considering the events with light output values lower than 1 MeVee, FoM =

(1.1 ± 0.1).
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3.2. Measurement in coincidence mode

By performing coincidence measurements with the CLLB scintillation

detector in a combined fast neutron/gamma-ray radiation field, it is possible

to better recognize and discriminate the type of particle that induced the

events. Fig. 4 reports the results obtained performing measurements with

the 252Cf source (first row), continuous fast neutron spectrum, and at the

Van de Graa↵ accelerator facility (second row), with mono-energetic fast

neutrons. Specifically, the 2D plots are given in Fig. 4a and 4d, respectively

for the two experiment setups. Fig. 4b and 4e show the time of flight spectra

considering only the events with PSP values greater than 0.793 (see dashed

lines in Fig. 4a and 4d). As it can be seen, in both time of flight spectra the

�� � coincidence peak can be recognized (�t ⇠ 3 ns). As far as the neutron

parts, in the case of the 252Cf, a continuous �-n coincidence distribution

can be seen, while, in the case of the Van de Graa↵ measurements a �-n

coincidence peak is found (�t = 33.4 ns, which corresponds to the time of

flight of 3.8 MeV neutrons in 0.9 m flight path). The time resolution of the

CLLB detector, �t = 1.9 ns, has been measured and reported in (Pino et al.,

2021). Finally, Fig. 4c and 4f show the 2D plots considering only the events

tagged as fast neutron induced events (�-n coincidences in the range defined

by the dashed lines in Fig. 4b and 4e). It is important to note that the

selection in the time of flight spectrum of the measurement performed with

the 252Cf source includes neutrons from 1 to 10 MeV. As it can be observed,

the position in the 2D plots of these events agrees with the hypothesis stated

in the previous section. So, it has been successfully proved that this kind of

events corresponds to fast neutrons interactions.
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Figure 4: (a) 2D plot corresponding to the acquisition in coincidence mode with the 252Cf,

(b) time of flight spectrum of the events over the red dashed line on (a), (c) 2D plot of

the events tagged as fast neutrons from the selection in (b). (d), (e) and (f) are similar

than (a), (b) and (c) but with the measurements at the CN accelerator.

3.3. Monte Carlo simulations

In order to estimate the light output function associated to lithium ions

and the intrinsic fast neutron detection e�ciency of the CLLB scintillation

detector, we perform Monte Carlo simulations using the toolkit Geant4 v10.7

(Allison et al., 2016). In the code, the neutrons are emitted at 0.9 m from

the front face of the detector, and they are emitted in a cone towards the

detector face. The initial energy of the neutrons is sampled from the well-

known spontaneous fission neutron spectrum, in the case of the 252Cf source

(Al-Adili et al., 2020), or it is defined as a constant value (mono-energetic

neutrons) for the experimental set-up of the Van de Graa↵ accelerator. A

maximum of 107 primary neutrons are simulated during each run. The exper-

imental set-up (detailed composition and geometry of the CLLB scintillation
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detector, etc.) is reproduced in the G4VUserDetectorConstruction class.

The neutron transport is managed with the high precision neutron model for

low energy neutrons (< 20 MeV) included on the QGSP BERT HP physics

list. With the use of the G4Step and G4Track classes (implemented on the

G4UserSteppingAction class), it is possible to track the history of each event

(primary and secondary particles) during each step, and for example, to ac-

cess to the type of occured interaction , secondary particles created, kinetic

energy of the particles, deposited energy in the volume of interest, etc.

3.3.1. Light output of lithium ions in the CLLB crystal

To determine the light output associated to lithium ions of the CLLB

scintillation detector, the first step is to identify the creation of Li ions (both

6Li and 7Li) by means of elastic scattering of fast neutrons, and then, to save

the kinetic energy of the recoil Li ions resulting after each neutron history. It

is important to remark that more than one recoil Li ion can be created by only

one neutron, so, these multiple scattering interactions are taken into account

in our calculations. Once the simulation is done, the kinetic energies (in MeV)

are converted into a light output (in MeVee), and taking into account that

brilliant inorganic scintillators (such as elpasolite and halide scintillators)

have very good light yield proportionality (Shirwadkar et al., 2011; Hull et al.,

2019), the energy range of interest is not so wide (recoil Li ions from 0 to

4 MeV), and that similar inorganic scintillators show small deviations from

linearity (Mart́ınez-Dávalos et al., 1997; Cazzaniga et al., 2016; Dell’Aquila

et al., 2019), the selected light output function is linear, i.e. dL
dE = . So, we

are considering that the quenching e↵ect is negligible in the examined energy

range. dL
dE is the amount of light produced per unit of energy released by the
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Li ions in the CLLB crystal, and  is known as the scintillation e�ciency,

that has been fitted by comparing the experimental and simulation results.

In Fig. 5 the total kinetic energy distributions of the recoil 6Li and 7Li ions

are reported for each case. The scintillation e�ciency, , was optimized, and

it was obtained  = (0.36±0.02). The comparison between the experimental

and simulation results is given in Fig. 6b and 6c. As it can be observed,

a good agreement between experimental and simulation results is obtained.

The experimental data used for the comparison is obtained from Fig. 4c and

4f (projections over the light output axis of the 2D plots).
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Figure 5: Monte Carlo simulations of the total kinetic energy of the Li ion recoils produced

by a mono-energetic (En = 3.8 MeV) and a continuous neutron energy spectrum (252Cf).
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(a)

(b)

Figure 6: Comparison between simulation and experimental results using the data acquired

using (a) mono-energetic neutrons (CN accelerator) and (b) the 252Cf source.
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3.3.2. Neutron detection e�ciency

Using the light output function to Li ions reported in the previous section,

it is possible to estimate the intrinsic neutron detection e�ciency of the CLLB

scintillation detector. In this case, mono-energetic neutrons are simulated

from 1 MeV to 10 MeV in steps of 0.5 MeV. Some of the simulated responses

(pulse height spectra) are given in Fig. 7a. By integrating these responses

(over a determined threshold value), the intrinsic e�ciency values can be

obtained as a function of the energy of the incident neutron. The e�ciency

results are shown in Fig. 7b, having used a threshold value of 0.1 MeVee.

The neutron e�ciency starts to be significant (> 1 %) for neutrons with

energy > 1 MeV, then, for neutrons with energy greater than 2 MeV, and up

to 10 MeV, it shows a slight variation (between 1.5 and 2 %). It is important

to note that the fast neutron e�ciency exhibited by the CLLB scintillation

detector exceeds by a factor of two the value reported for a CLYC-7 detector

(fast neutron detection based on 35Cl (n,p) and (n,↵) reactions) (Mentana

et al., 2016).

3.4. Application: source recognition

In order to illustrate the CLLB potential deployment in homeland secu-

rity and nuclear safeguards applications, we perform a set of measurements

with two di↵erent neutron sources, 252Cf and Am-Be, shielded with several

centimeters (from 0 to 8 cm) of polyethylene. As an example, Fig. 8a shows

a 2D plot corresponding to the measurement with the 252Cf source shielded

with 4 cm of polyethylene. We can observe three cluster of events, identified

and tagged as: gamma-ray, neutron captures or thermal neutrons and fast

neutrons. We define the variable f as the ratio of neutron capture to fast
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(a)

(b)

Figure 7: (a) Simulated responses (pulse height spectra) corresponding to mono-energetic

neutrons of 2, 4, 6, 8 and 10 MeV. (b) Intrinsic neutron detection e�ciency as a function

of the energy of the incident neutron setting a threshold of 0.1 MeVee.
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neutron counts (f = Ncaptures/Nfast). Looking at the correlation plot be-

tween f and the polyethylene thickness, we obtain the results shown in Fig.

8c. Both set of data show a linear behaviour (y = a · x + b). The ordinates

(b) are close to zero for both neutron sources, and the slope associated to the

252Cf source is ⇠ 7 times higher than the one corresponding to the Am-Be.

It means that it is possible to recognize and estimate the thickness of the

neutron source shielding using only the number of counts associated to neu-

tron capture and fast neutron events, together with the well known gamma

spectra ability. In our experimental test, the shielding is polyethylene, but

these results can be easily extended to other shielding material.

In Fig. 8b gamma spectra, for 252Cf and Am-Be, are shown, selecting

only the events tagged as gamma events according to the previous definition

of the zones in the 2D plot (see Fig. 8a). It can be seen that the two

spectra show characteristics easily recognizable. In particular, the 252Cf is a

continuous and smooth spectrum (except from the 1.47 MeV peak associated

to the internal background of the CLLB crystal, 138La decay). The Am-Be

gamma spectrum has two unique features: the gamma line at 4.44 MeV,

coming from the de-excitation of the first state of 12C, 9Be(↵,n)12C reaction,

(the single and double escape peaks are also visible), and the 59.5 keV (0.06

MeV) gamma line emitted after the 241Am decay.

4. Conclusions

In this work, we report a strong evidence of the fast neutron detection

capability exhibited by a 2”⇥2” CLLB scintillation detector. Besides, we

prove that it is possible to discriminate these fast neutron-induced events
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Figure 8: Ratio of neutron capture to fast neutron counts (Ncaptures/Nfast) as a function
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from the gamma-ray and thermal neutron events, by performing digital pulse

shape discrimination analysis. We conduct measurements with an Am-Be

source, unshielded and shielded, in order to study the response of the CLLB

detector, to fast neutrons, gamma-rays and thermal neutrons, in single ac-

quisition mode. In this case, we obtained a Figure of Merit ⇠ 1.1 for fast

neutron/gamma-ray discrimination.

Moreover, we conduct measurements in coincidence mode, both with a

mono-energetic pulsed neutron source, at the Van de Graa↵ accelerator at

the Legnaro National Laboratories (INFN-LNL, Legnaro-Italy), and with

a continuous neutron spectrum (using a 252Cf source). These coincidences

measurements are needed to combine the PSD and ToF techniques to better

discriminate the contributions of fast neutrons and gamma-rays. We are able

to demonstrate the fast neutron detection capability of the CLLB detector.

Combining the experimental results (in coincidence mode) and the the Monte

Carlo simulation (GEANT4) results, it is possible to explain the mechanism

of the the fast neutrons detection capability, i.e. the elastic scattering with

7Li nuclei. Besides, the light output function of 7Li ions in the CLLB crystal

is determined. It is supposed that the light yield per unit of energy released

by the 7Li ions in the CLLB crystal is constant (dL/dE = ). The best value

obtained for  is (0.36 ± 0.02).

Using this light output function, the intrinsic fast neutron detection ef-

ficiency is estimated by Monte Carlo simulation. It is obtained that for

neutrons between 2 MeV and 10 MeV there is a slight variation of the e�-

ciency (1.5-2%). Finally, as an application of these excellent results in the

homeland security and nuclear safeguards fields, we report a method to rec-
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ognize a neutron source using only the number of counts associated to fast

neutrons and thermal neutron captures on 6Li.
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