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 A B S T R A C T

The dual-mode elpasolite scintillation material CLLBC (Cs2LiLaBr4.8Cl1.2:Ce) is capable of measuring both 
𝛾-rays and neutrons. The neutron detection capability spans from thermal energies up to about 10 MeV, 
making these detectors attractive options for studying prompt fission neutron spectra (PFNS). In this work, a 
comprehensive characterization of CLLBC detectors is performed. Three CLLBC detectors were characterized, 
in addition to three LaBr3:Ce and two LaBr3:Ce,Sr for comparison. For the best-performing CLLBC detector, 
the results indicate an energy resolution of 3.7% at 𝐸𝛾 = 662 keV and an intrinsic timing resolution of 
1.2 ns (FWHM) above 𝐸𝛾 = 1 MeV using 60Co. A 𝛾-neutron separation figure-of-merit of 2.7 is obtained 
by means of pulse-shape discrimination. Tagged neutron time-of-flight measurements were conducted using 
a 241Am9Be neutron source, by coincident detection of the 4.44 MeV 𝛾-ray and the neutron, to determine 
the intrinsic neutron detection efficiency between 2–6 MeV. Neutron detection efficiencies of about 0.2% for 
the 6Li(n,t)4He reaction and 1% for three types of (n,n′) reactions were obtained. Two of three investigated 
CLLBC detectors exhibit an energy peak asymmetry, resulting in worse performance, indicating scintillator 
quality issues and motivating further investigation. Future studies are anticipated using the 252Cf(sf) prompt 
fission neutron spectrum to determine neutron efficiencies for a wider range of neutron energies. Although 
observed in a previous study, neutron detection via 35Cl(n,p)35S was not identified in this work but is planned 
to be determined using quasi-monoenergetic neutrons generated at the JRC MONNET facility.
1. Introduction

Scintillation materials from the elpasolite crystal family were re-
cently developed and brought to market. One such scintillator is CLLBC 
(Cs2LiLaBr4.8Cl1.2∶Ce) [1] which is sensitive to 𝛾-rays and neutrons 
from thermal energies up to about 10 MeV. Like for some other elpaso-
lites [2–4], neutrons are mainly detected through reactions on 6Li and 
35Cl, which can be combined with pulse-shape discrimination (PSD) to 
separate the detection of neutrons from 𝛾-rays.

Another detection mechanism is through 𝛾-rays produced in the de-
tector following (n,n′) reactions induced by neutrons, an idea suggested 
by Oberstedt et al. [5] and developed further by Ebran et al. [6]. With 
LaBr3∶Ce detectors, the detection of neutrons down to about 170 keV 
is possible with this method [5,6], an energy inaccessible with standard 
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liquid scintillation detectors [7]. CLLBC contains the elements present 
in LaBr3∶Ce, thus allowing for this detection mechanism.

At the European Commission’s Joint Research Centre in Geel, Bel-
gium (JRC-Geel), a variety of scintillation detectors have been used 
for nuclear fission research for more than a decade. In particular, as 
requested by the Nuclear Energy Agency [8], these detectors have been 
used in the assessment of prompt fission 𝛾-ray energy spectra (PFGS) 
and average multiplicities from a variety of fission reactions [9–19].

Thanks to a wide energy range of neutron detection, PSD capabili-
ties, and a good energy resolution, the possibility of utilizing CLLBC de-
tectors for simultaneous 𝛾-ray and neutron measurements is attractive 
for fission research at JRC-Geel. Importantly, CLLBC appears suitable 
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Fig. 1. Cross sections of selected neutron detection reactions in CLLBC. Data is from 
ENDF/B-VIII.0 [20].

for determining prompt fission neutron spectra (PFNS) and how neu-
trons correlate with fission-fragment characteristics. The broad energy 
range for neutron sensitivity of CLLBC is crucial to capture the entire 
PFNS. Cross sections for reactions responsible for neutron detection in 
CLLBC are shown in Fig.  1.

However, only a few limited characterizations of CLLBC detectors 
can be found in literature [1,21–27] that do not measure neutron 
detection efficiencies and intrinsic timing resolutions, properties cru-
cial for neutron time-of-flight (ToF) applications. In the following, a 
comprehensive CLLBC characterization is reported, including pulse-
height calibration, energy resolution, intrinsic timing resolution, and 
the intrinsic detection efficiency for 𝛾-rays and neutrons. An 241Am9Be
neutron source was employed for tagged neutron ToF measurements to 
determine the neutron efficiency between 2–6 MeV. Obtained charac-
teristics are compared to those of LaBr3∶Ce detectors, which also were 
investigated here and in a previous study [28].

2. Experiment details

The detector characterization was performed using the VESPA (Ver-
satile Spectrometry Array) setup at JRC-Geel [19]. Three CLLBC detec-
tors of two sizes manufactured by SCIONIX [29] were characterized. 
Additionally, three LaBr3∶Ce and two LaBr3∶Ce,Sr detectors were in-
cluded for comparison and for tagging neutrons. The geometric details 
of the setup are shown to scale in Fig.  2 and presented in Table  1.

For 𝛾-ray response characterization, standard sources between 80 
keV and 6.13 MeV were used, covering the dynamical range typical 
for PFGS. For high-energy 𝛾-rays, escape peaks could also be utilized 
for some measurements. In some cases X-rays were used, extending 

Fig. 2. Detector setup used in this work, shown to scale.
2 
Table 1
Properties of detectors used in this work, including detector type, detector number 
# (when more than one of a type), sizes of detector crystals (diameter × length), 
identifiers (serial No.), distances to the 𝛾-ray or neutron source, and the bias voltages 
applied to the photomultipliers. 
 Detector # ø  ×  length serial No. dist. bias  
 type (mm × mm) (mm) (V)  
 CLLBC 1 38.1 × 38.1 S1AA7702 270 −810 
 CLLBC 2 38.1 × 38.1 S1AA7703 349 −760 
 CLLBC 3 50.8 × 50.8 S2AC1151a 650 790  
 LaBr3∶Ce 1 76.2 × 76.2 A14400 170 539  
 LaBr3∶Ce 2 76.2 × 76.2 A14401 170 539  
 LaBr3∶Ce 3 88.9 × 203.2 A11218 246 700  
 LaBr3∶Ce,Sr 1 50.8 × 76.2 A20321 170 626  
 LaBr3∶Ce,Sr 2 50.8 × 76.2 A20322 170 620  
a Owner: SCK CEN, Belgian Nuclear Research Center.

Table 2
Calibration sources used, their activity or neutron strength at the time of measurement, 
and energies of strong 𝛾- or X-ray emissions. 
 Isotope Activity/ 𝐸𝛾 or 𝐸X−ray (keV)  
 strength  
 60Co 18.7 kBq 1173, 1332  
 133Ba 21.3 kBq 81, 276, 303, 356, 384  
 137Cs 29.6 kBq 32, 662  
 152Eu 22.5 kBq 122, 245, 344, 411, 444, 779 
 964, 1112  
 207Bi 34.4 kBq 73, 570, 1064, 1770  
 232Th Unknown 238, 463, 511, 583, 727, 911 
 968, 2615  
 238Pu13C 6.5 ⋅ 104 n/s 6130  
 241Am9Be 3.0 ⋅ 103 n/s 60, 4439  
 241Am9Be 7.6 ⋅ 104 n/s 60, 4439  

the range down to 32 keV. For the neutron response characterization, 
238Pu13C and 241Am9Be radionuclide (𝛼,n) sources were used. All sources 
are listed in Table  2.

The data acquisition system (DAQ) was based on a CAEN DT5730SB
[30] digitizer with eight input channels, a 500 MS/s sampling rate, 
and a 14-bit precision. A personal computer was connected to the 
digitizer via an optical link and CAEN A4818 USB 3.0 adapter. The data 
acquisition framework ABCD [31] was utilized to handle waveform 
analysis. Each waveform was digitized and the following was recorded: 
input channel, full pulse integral by integrating the pulse, timestamp 
by using constant-fraction timing (CFD), and PSD parameter by taking 
the fraction of partial integrals. To calculate the PSD parameter, the 
integral of the first part of the pulse, 𝑄1, was compared to the integral 
of the last part of the pulse, 𝑄2, using the parameter PSD = 𝑄1∕𝑄2. This 
resulted in an ability to discriminate between the pulse shapes caused 
by different detection reactions. User-specified parameters used in the 
full pulse integral, CFD, and PSD algorithms were optimized to achieve 
the best energy resolution, time resolution, and PSD FoM (figure-of-
merit). An in-depth description of waveform analysis algorithms used 
in ABCD is discussed by Fontana et al. [32].

Waveform analysis was performed with ABCD for the majority 
of this detector characterization. However, to accommodate a higher 
count rate while avoiding any potential dead time losses when perform-
ing tagged-neutron ToF, the digitizer onboard FPGA (Field-
Programmable Gate Array) was used. Although the FPGA is less flexible 
in the specific analysis algorithms, it offers benefits in situations where 
the speed of the digitizer-PC connection is limiting. However, the FPGA 
used the formula PSD = 𝑄2∕(𝑄1 +𝑄2) and a different CFD algorithm.

3. Results and discussion

In this section, the results of the CLLBC detector characterization 
are presented and discussed.
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3.1. Energy calibration and resolution

Using the sources listed in Table  2, the full pulse integral was 
measured as a function of 𝛾-ray (or X-ray) energy 𝐸𝛾 from 32 keV 
to 6.1 MeV. This data is presented in Fig.  3 for the three CLLBC 
detectors. Least-square fitting was performed on the data with different 
calibration functions. A cubic function proved to fit sufficiently well 
and was selected for use. The residual of the cubic fit (𝐸𝛾 − 𝐸𝛾,f it) 
was divided by 𝐸𝛾 , allowing for direct comparison with the energy 
resolution. These residuals are shown in Fig.  3. Also shown is a function 
on the form 𝑎∕√𝐸𝛾 corresponding to the statistical contribution of an 
energy resolution of 𝑅FWHM = 3% at 𝐸𝛾 = 662 keV, for comparison. 
This resolution is, with some margin, representative of CLLBC detectors. 
Since the residuals all lie within the 𝑅FWHM = 3% region, the calibration 
is deemed appropriate.

The energy resolutions 𝑅FWHM of the CLLBC detectors were also 
investigated using the 𝛾-ray sources, except for the 4.44 MeV AmBe 
𝛾-ray as it is affected by Doppler broadening [33]. Acquired spectra 
were analyzed with InterSpec [34], where each peak was fit with a 
Gaussian on a linear background. The resulting FWHM (full-width-at-
half-maximum) was divided by 𝐸𝛾 , to obtain 𝑅FWHM for each peak. The 
results are shown in Fig.  4 for all CLLBC detectors and one LaBr3∶Ce
for comparison. Error bars were obtained from the Gaussian fitting of 
the peak. Also shown are fits on the form 

√

𝑎2 + 𝑏2𝐸𝛾∕𝐸𝛾 , as suggested 
by literature [35].

Values of 𝑅FWHM at 𝐸𝛾 = 662 keV are about 5.7%, 3.7%, and 
4.8% for CLLBC detectors 1–3. Out of the investigated CLLBC detectors, 
CLLBC 2 thus has a better resolution than 1 and 3. This difference is 
primarily explained by an energy peak asymmetry observed for detec-
tors 1 and 3. The asymmetry is illustrated by Fig.  5 and is probably a 
result of inhomogeneities in the crystal, such as in doping concentration 
or manufacturing defects. Nevertheless, the performance of the best-
performing CLLBC is similar to those previously measured by others 

Fig. 3. Top: calibration curve of the 𝛾-ray response of the CLLBC detectors. Bottom: 
residuals using a cubic calibration function compared to 𝑅FWHM ≤ 3%.
3 
Fig. 4. Energy resolution as a function of 𝛾-ray energy for the CLLBC detectors and 
one LaBr3∶Ce detector. Dashed lines are fit based on expected behavior.

Fig. 5. Peak at 𝐸𝛾 = 662 keV measured with CLLBC detectors, illustrating the 
asymmetry exhibited by two detectors. A Gaussian peak on a linear background is 
shown for comparison.

(3.0% [1], 4.1% [21], and 2.9% [22]). As measurements of PFGS and 
PFNS are the planned use case of these detectors, a large dynamic range 
of 𝐸𝛾 was prioritized over the best 𝑅FWHM. Compared to CLLBC, the 
LaBr3∶Ce detector featured a better 𝑅FWHM of 2.9% at 662 keV.

3.2. Detection efficiency for 𝛾 rays

Both absolute and intrinsic peak efficiencies were determined for 
the CLLBC detectors using selected intense 𝛾-ray peaks. Simulations 
were performed in Geant4 [36–38] for comparison and scaled with 
a constant to the measured data using least-squares fitting. Scaling 
was done to account for losses that had not been modeled. Dead time 
corrections were applied by fitting time interval distributions [39] and 
were found to be <5%. For some 𝛾-ray peaks, a background subtraction 
was performed. For the AmBe source, only the neutron emission rate 
was known. A 𝛾∕n ratio of 0.6 ± 0.1 was assumed, based on previous 
investigations [40]. The activity of the Th source was unknown, but to 
get data at 𝐸𝛾 = 2.6 MeV (208Tl, a daughter of 232Th), an interpolation 
of the efficiency at 𝐸𝛾 = 583 keV (208Tl) was first performed using data 
at 𝐸𝛾 = 570 keV (207Bi) and 𝐸𝛾 = 662 keV (137Cs). By multiplying the 
interpolated efficiency by the fraction of peak counts at 2.6 MeV to 
583 keV and the fraction of 208Tl 𝛾-ray intensity at 583 keV to 2.6 MeV, 
an estimate for the efficiency at 2.6 MeV was obtained. In all cases, 
uncertainties were propagated accordingly. Intrinsic peak efficiencies 
are shown in Fig.  6.

The intrinsic peak efficiency of the detectors is highest around 𝐸𝛾 =
100 keV. Below this absorption in the detector enclosure becomes sig-
nificant, and above this interactions through photoelectric absorption 



E. Arnqvist et al. Nuclear Inst. and Methods in Physics Research, A 1076 (2025) 170470 
Fig. 6. Intrinsic peak efficiencies as a function of 𝛾-ray energy of the CLLBC detectors. 
Dashed lines are from Geant4 simulations.

become less likely. Measured data agree well with Geant4 simulations 
over the whole 𝐸𝛾 range. Some difference is seen between the CLLBC 
detectors, even those of the same size. Interestingly, the detectors 
that exhibit asymmetry have lower efficiencies, which could either be 
caused directly by the same issue as the asymmetry or indirectly by the 
area calculations of asymmetric peaks. CLLBC 3 is 1∕3 larger than 1 and 
2, which is reflected in higher efficiencies at high 𝐸𝛾 .

3.3. Timing resolution

To determine intrinsic timing resolutions of the detectors, coinci-
dence measurements of a 60Co source were performed. Through coinci-
dent detection of the nearly simultaneously (<1 ps) emitted 1173 keV 
and 1332 keV 𝛾-rays in two detectors, the combined timing resolution 
was obtained for the detector pair (A and B) as the FWHM of the 
time difference distribution, 𝜎AB. This is related to the intrinsic timing 
resolutions of the detectors A and B as 𝜎2AB = 𝜎2A + 𝜎2B [28]. For each 
combination of detectors (8 detectors, 28 unique pairs), pairwise timing 
resolutions were determined, and an overdetermined system of linear 
equations was formed. Uncertainty-weighted least squares fitting was 
then performed to obtain intrinsic timing resolutions for all of the 
detectors.

Traditionally, an assumption of two detectors having the same 
intrinsic timing resolution has to be made to solve the system of 
equations and obtain intrinsic timing resolutions [28]. However, the 
method employed here has benefits in situations where the assumption 
of identical detectors cannot be made and may be useful for future 
applications.

An energy cut was imposed to remove detection events below a 
threshold 𝐸𝛾,cut . The main purpose of this was to remove contributions 
from Compton scattering between detectors, which worsens the timing 
resolution. The intrinsic timing resolutions of the CLLBC detectors are 
4 
Fig. 7. Intrinsic FWHM timing resolutions as a function of lower 𝛾-ray energy cut 
for the CLLBC detectors, when measuring 60Co. Corresponding results for a LaBr3∶Ce
detector are shown for comparison.

presented in Fig.  7 as a function of 𝐸𝛾,cut . Results for a LaBr3∶Ce
detector is shown for comparison.

Results show that the intrinsic timing resolution improves with 
higher 𝐸𝛾,cut , as Compton scattered gammas are excluded and there 
is an approximate dependence of FWHM ∝ 1∕

√

𝐸𝛾,cut [28]. For 60Co, 
the values obtained at 𝐸𝛾,cut = 1 MeV are thus seen as the most 
accurate. The timing resolutions of the CLLBC detectors are at best 
about 1.2 ns, but the two detectors exhibiting peak asymmetry perform 
slightly worse, at around 1.6–1.7 ns. This timing resolution is good, but 
the LaBr3∶Ce detector performs better at less than 500 ps. Especially 
at low 𝐸𝛾,cut , the better LaBr3∶Ce performance is clear compared to 
CLLBC. A summary of all 𝛾-ray detection characteristics is shown in 
Table  3.

3.4. Response to neutrons

The response of the CLLBC detectors to neutrons is presented and 
discussed in this section.

3.4.1. Thermal-neutron detection via the 6Li(n,t) reaction
The thermal-neutron cross section of 6Li(n,t) is very large, making 

this a suitable detection channel for low-energy neutrons. To study the 
PSD capabilities of CLLBC for the separation of 𝛾-rays and neutrons 
through the 6Li(n,t) reaction, a 238Pu13C neutron source was measured. 
The PuC source was not moderated but a significant low-energy neutron 
flux was still emitted and further thermalized from neutron scattering 
in the environment. To determine the 𝛾-neutron peak separation, a FoM 
was used, which was defined as 

FoM𝛾n =
|

|

|

𝑋𝛾 −𝑋n
|

|

| , (1)

FWHM𝛾 + FWHMn
Table 3
Summary of 𝛾-ray characteristics of CLLBC and LaBr3 detectors, including energy resolutions 𝑅FWHM, intrinsic FWHM timing resolutions 𝛥𝑡 for 60Co, and absolute 
peak detection efficiencies at 𝐸𝛾 = 4.4 MeV. 
 Detector # serial No. 𝑅FWHM at 𝐸𝛾 = 662 keV (%): 𝛥𝑡 at 𝐸𝛾,cut = 1 MeV (ps): 𝜖𝛾,abs × 103 at  
 type Measured Specified From [28] Measured From [28] 𝐸𝛾 = 4.4 MeV  
 CLLBC 1 S1AA7702 5.68 ± 0.02 3.4 – 1576 ± 8 – 0.013 ± 0.005 
 CLLBC 2 S1AA7703 3.68 ± 0.02 3.2 – 1177 ± 8 – 0.009 ± 0.003 
 CLLBC 3 S2AC1151 4.84 ± 0.01 3.3 – 1726 ± 7 – 0.042 ± 0.015 
 LaBr3∶Ce 1 A14400 2.92 ± 0.01 3.0 3.0 485 ± 4 562 ± 8 0.96 ± 0.33  
 LaBr3∶Ce 2 A14401 3.01 ± 0.01 2.7 3.0 487 ± 4 562 ± 8 0.92 ± 0.32  
 LaBr3∶Ce 3 A11218 3.34 ± 0.01 2.7 3.5 865 ± 3 823 ± 10 1.33 ± 0.46  
 LaBr3∶Ce,Sr 1 A20321 2.32 ± 0.01 2.10 – 478 ± 4 – 0.30 ± 0.10  
 LaBr3∶Ce,Sr 2 A20322 2.37 ± 0.01 2.15 – 458 ± 4 – 0.31 ± 0.11  
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Fig. 8. PSD parameter vs. energy histogram from a measurement of a PuC source with 
CLLBC detector 2. Note that the energy is 𝛾-equivalent and in units of keVee (electron 
equivalent). Projections of the data are shown on both the energy and PSD axis. The 
FoM for 𝛾-neutron and neutron-𝛼 separation are shown, for neutron detection through 
the 6Li(n,t) reaction. Waveform analysis was performed with ABCD.

where 𝑋 denotes the peak positions and FWHM refers to the widths at 
peak positions. The PSD parameter FoM for 𝛾-neutron and neutron-𝛼
separation was investigated. Fig.  8 shows a PSD-energy histogram for 
one of the CLLBC detectors with accompanying FoM values.

The PSD-energy histogram shows a band over the whole energy 
range corresponding to 𝛾-rays, that widens in PSD range at low ener-
gies. A few islands above the 𝛾-ray band are from 𝛼-particles from 227Ac
and daughters, a known contaminant of La-containing scintillators [23,
41]. An island from neutron detection via 6Li(n,t) is observed at about 
3.2 MeVee. Note the unit of MeVee (MeV electron equivalent), as the 
calibration was done with 𝛾-rays but neutrons are measured.

Obtained results indicate FoM𝛾n values of 2.73 ± 0.02, 2.44 ± 0.02, 
and 2.19 ± 0.02 for CLLBC detectors 1–3. Interestingly, the best 𝛾-
neutron separation is obtained with a detector that exhibited energy 
peak asymmetry. The FoM𝛾n values are on par with those previously 
found in literature, ranging from 1.7 [1] to 3.2 [22]. Furthermore, 
FoMn𝛼 values of 0.75 ± 0.02, 0.67 ± 0.05, and 0.61 ± 0.06 were obtained 
for CLLBC 1–3.

A peak at 1436 keV from the naturally abundant but radioactive 
lanthanum isotope 138La is also observed, as La is present in CLLBC.

3.4.2. Fast-neutron detection via the 6Li(n,t) reaction
An 241Am9Be source was used to supply neutrons. The main reac-

tions responsible for neutron production are

𝛼 + 9Be → 12C + n (𝑄 = 5.70 MeV)

𝛼 + 9Be → 12C∗(1st) + n (𝑄 = 1.26 MeV)

𝛼 + 9Be → 12C∗(2nd) + n (𝑄 = −1.95 MeV).

Here, 12C∗(1st) de-excites through emission of a 4.44 MeV 𝛾-ray, with a 
half-life of about 42 fs. The five LaBr3 detectors shown in Fig.  2 were 
used to trigger on the 4.44 MeV 𝛾-ray, while the CLLBC detectors were 
used to detect the neutron. A measurement was conducted for nearly 
13 days on an AmBe source with strength 7.6 × 104 n/s.

For each coincident detection, 8 values were recorded: channels 
A and B, energy A and B, PSD A and B, and timestamps A and B. 
Interesting data could be filtered by applying suitable cuts to this data. 
The time difference between coincident detections was recorded and 
5 
used to determine the neutron ToF. In turn, the ToF was used to 
calculate the neutron kinetic energy according to 

𝐸n = 𝑚n𝑐
2
⎛

⎜

⎜

⎝

1
√

1 −
( 𝐿
𝑐 ⋅ ToF

)2
−1⎞

⎟

⎟

⎠

, (2)

where 𝑚n is the neutron mass and 𝐿 is the neutron flight distance. 
This AmBe tagged-neutron ToF technique supplies neutrons between 
2–6 MeV and has been used before [42,43]. Fig.  9 shows the PSD-
energy histograms of a CLLBC detector when triggering on the 4.44 MeV
𝛾-ray with all five LaBr3 detectors and when neutrons with certain 
ToF equivalent energies 𝐸n are selected. Note that to accommodate a 
higher count rate, PSD was performed with the digitizer onboard FPGA, 
essentially resulting in a flipped PSD axis with respect to what was 
presented previously.

In Fig.  9, the 6Li(n,t) island is present at a PSD parameter value of 
about 0.14. Although not clearly visible as separate islands, the reac-
tions 35Cl(n,p) and 35Cl(n,𝛼) produce signatures in the same region and 
occur above a few MeV (see cross sections in Fig.  1). The contribution 
of these reactions is not well understood in this energy range and needs 
further study.

Cuts were performed in energy, time, and PSD parameter to select 
events corresponding to detections via 6Li(n,t), with small unavoidable 
contributions from 35Cl(n,p) and 35Cl(n,𝛼). The intrinsic neutron detec-
tion efficiency was calculated with the help of the partial AmBe neutron 
spectrum in [44] corresponding to the 4.44 MeV 𝛾-ray coincident 
emission.

The results in Fig.  10 indicate an intrinsic neutron detection ef-
ficiency of about 0.002 (0.2%) in the region 2–6 MeV for all three 

Fig. 9. PSD parameter vs. energy response of a CLLBC detector to neutrons in different 
energy ranges, based on an AmBe measurement. Results are for detector CLLBC (3). 
Waveform analysis was done with the FPGA.
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Fig. 10. Intrinsic neutron detection efficiency for the CLLBC detectors using the 
reaction 6Li(n,t).

detectors using the reaction 6Li(n,t). A higher efficiency is obtained 
at around 2 MeV, which is attributed to scattered neutrons. Scattered 
neutrons have longer flight distances than expected, decreasing the ToF 
equivalent energy (see Eq.  (2)).

3.4.3. Fast-neutron detection via (n,n′) reactions
A fast neutron can interact with a nucleus in the detector material 

through an inelastic scattering (n,n′), exciting the nucleus. When the 
nucleus de-excites, it may emit a 𝛾-ray of a characteristic energy that 
can be detected by the detector itself. For CLLBC detectors, peaks from 
these reactions are visible in the coincident data, as illustrated by Fig. 
11. A threshold was imposed to remove 60 keV 𝛾-rays from the AmBe 
source, but differences in the exact threshold value resulted in some 
peaks being cut off at low 𝐸𝛾 for CLLBC 3.

The primary origins of the 𝛾-rays are marked in Fig.  11 and cor-
respond to excited states from (n,n′) reactions on Br and La in the 
detector. There is also a small unmarked contribution to the 276.0 keV 
peak from 79Br∗(3rd) at 261.3 keV. Cuts on the data were performed for 
each of the three peaks. The corresponding intrinsic neutron detection 
efficiencies are presented in Fig.  12.

The intrinsic neutron detection efficiencies of the (n,n′) reactions are 
about 0.01 (1%), which is larger than for 6Li(n,t). This agrees with 
the cross sections in Fig.  1 between 2–6 MeV. Again, the efficiency 
is increased at lower energies due to neutron scattering. Furthermore, 

Fig. 11. Energy (𝛾-equivalent) deposited in the CLLBC detector from the tagged-
neutron ToF measurement. Peaks corresponding to states produced from (n,n′) reactions 
are labeled.
6 
139La∗(1st) has a non-negligible half-life of about 1.5 ns, making the 
ToF appear larger and thus 𝐸n smaller (see Eq.  (2)). This displaces the 
spectrum to lower neutron energies, making the low-energy efficiency 
appear larger than it should be.

4. Conclusions and outlook

This work has characterized the 𝛾-ray and neutron response of three 
CLLBC detectors. Results show 𝛾-ray energy resolutions of 3.7%, 4.8%, 
and 5.7%. The lowest measured resolution is comparable to previously 
reported performance for CLLBC [1,21,22], while the other cases are 
affected by scintillator quality issues. The measured intrinsic 𝛾-ray de-
tection efficiencies agree well with Geant4 simulations. Intrinsic FWHM 
timing resolutions of 1.2 ns, 1.6 ns, and 1.7 ns are obtained, using 60Co
and applying a low-energy threshold of 𝐸𝛾 = 1 MeV. Intrinsic neutron 
detection efficiencies in the region 2–6 MeV are approximately 0.2% 
for the reaction 6Li(n,t) and 1% for three types of (n,n′) reactions.

Two of the three CLLBC detectors exhibited an energy peak asymme-
try, resulting in worse performance, indicating scintillator quality issues 
and motivating further investigation. The scintillator region causing 
the asymmetry could be probed by using a collimated 𝛾-ray source 
and scanning across the scintillator volume. It is also suggested to 
investigate whether the asymmetry is reflected by the shape of the 
waveform, which could be used to reduce the asymmetry by selecting 
a different pulse integration region.

In this work, the neutron detection reaction 6Li(n,t) and three types 
of (n,n′) followed by 𝛾-ray emission were employed. Although previous 
work identified the reaction 35Cl(n,p) in CLLBC [1], this signature was 
not observed clearly in this work due to the use of non-monoenergetic 
neutrons. Using tagged AmBe neutrons of 𝐸n = 2–6 MeV, this signature 
is spread out over an energy range, making identification difficult and 
possibly resulting in overlaps with other signatures. Measurements with 
quasi-monoenergetic neutrons produced at the JRC-Geel MONNET [45] 
accelerator facility are planned, which would facilitate searching for 
this signature. Another reaction of interest is 35Cl(n,𝛼), which has 
a comparable cross section and has been observed in the elpasolite 
scintillator CLYC before [4,46].

To measure the intrinsic neutron detection efficiency over a wider 
neutron energy range, measurements with a 252Cf(sf) neutron source 
are suggested. By utilizing the whole PFNS and triggering on a fission 
fragment in an ionization chamber, the ToF equivalent energy could 
be utilized in a similar way to the AmBe source. In particular, with 
neutrons below 1 MeV, the 6Li(n,t) cross section is large, allowing for 
better statistics.

Alternatively, by tagging on 60 keV 𝛾-rays from 241Am, the whole 
AmBe spectrum becomes available. However, in such cases one needs 
to consider the self-absorption of 𝛾-rays in the source when determining 
the efficiency, something that can be neglected for the 4.44 MeV 𝛾-ray.

In conclusion, CLLBC is suitable for applications, where both 𝛾-ray 
and neutron detection capabilities are needed. Through PSD and ToF 
techniques, 𝛾-ray and neutron detections can be discriminated.
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