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� Light output resolution function of BC501A and BC537 detectors were derived.

� The γ-ray response matrices of two scintillator detector were simulated and validated.
� The γ-ray efficiency was simulated for four different energy thresholds below 7 MeV.
� A comparative study of detectors performance in different disciplines was performed.
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a b s t r a c t

Two 2″�2″ liquid scintillator detectors BC537 and BC501A have been characterized for their responses
and efficiencies to γ-ray detection. Light output resolution and response functions were derived by least-
squares minimization of a simulated response function, fitted to experimental data. The γ-ray response
matrix and detection efficiency were simulated with Monte Carlo (MC) methods and validated. For
photon energies below 2.4 MeVee, the resolution, as well as the efficiency, of BC501A is better than
BC537 scintillator. The situation is reversed when the energy is higher than 2.4 MeVee. BC537 has higher
γ-ray detection efficiency than BC501A if the impinging photon energy is more than 2 MeV due to dif-
ferent ratios of C to H/D atoms.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Neutron fields coexist with ambient γ-ray background with
energies up to 10 MeV, produced mainly by the interaction of
neutrons with structural materials of the experimental setup.
Photon detectors should be insensitive to neutrons, or dis-
criminate against neutron-induced events, e.g. by means of an
appropriate threshold or pulse shape discrimination (PSD). For γ-
ray dosimetry or spectroscopy, NaI (Tl), LaBr3:Ce3þ , BGO and HPGe
detectors are often used if the neutron-induced events can be
eliminated or corrected. However, the application of these photon
spectrometers is limited in the case of mixed neutron/photon (n/γ)
fields. This is because appropriate experimental methods are not
available, and the corrections for detector-related effects
hysics and Chemistry, China
ng 621900, China.
(“response matrices”) are generally not known for these detectors.
Additionally, for the HPGe detectors the neutron radiation damage
is a serious issue prohibiting the extensive usage of the detectors
in presence of strong neutron fields (Borrel et al., 1999), especially
for the P-type Ge version.

Organic liquid scintillator detectors such as BC501A/NE213/
EJ301 (molecular formula: C6H4(CH3)2, density: 0.874 g/cm3) offer
excellent pulse shape discrimination abilities, which can be used
to measure neutrons and photons in mixed n/γ fields. Although
these organic scintillators were originally specified for neutron
spectrometry only (Mendell and Korff, 1963), some investigations
have shown that these detectors are also well suited for photon
spectrometry in a wide energy range (Goldberg et al., 1987; Ya-
mamoto et al., 1989; Goldberg et al., 1990). BC537 (molecular
formula: C6D6, density: 0.93 g/cm3) detectors are composed of
deuteride benzene, also providing good PSD ability against n/γ
discrimination accompanied with low neutron sensitivity (Borella
et al., 2007), and can be used to measure photons. The interaction
of impinging photons to the scintillator material can be done
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Table 1
Parameters of γ-ray sources.

Sources Eγ/MeV EC/MeVee Activity/kBq

241Am 0.059 0.011 41.1
137Cs 0.662 0.478 23.0
22Na 1.274 1.062 19.0

0.511 0.341
54Mn 0.835 0.639 35.4

0.811 0.617
58Co 0.898 0.699 27.8
88Y 1.836 1.612 22.5
24Na 1.368 1.153 31.6

2.754 2.52
198Au 0.412 0.254 19.7
51Cr 0.321 0.179 16.8
241Am-Be 4.43 4.198 1100
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through the photoelectric effect, Compton scattering and pair
production (when Eγ⪢1.2 MeV). For neutron detection, the domi-
nant mechanism is the energy transfer of neutrons by scattering to
hydrogen and deuterium atoms. The total neutron cross section
ratio is about 1–1.5 for hydrogen to deuterium in the energy range
1–5 MeV, and it is 3–5 when the neutron energy is below 1 MeV.
For the inelastic scattering of neutrons in the energy range of 5–
20 MeV, the ratio of the total cross section varies between 1–1.25.
As such, the BC537 detectors have much lower neutron detection
efficiency, which changes with the neutron energy. Furthermore,
the recoiling deuterium ions have a much lower energy than the
recoiling protons for the same incident energy. This is because the
deuterium mass is twice that of hydrogen, and this can lead to a
lower neutron efficiency and light output for BC537 detectors. In
contrast, BC537 detectors have advantages in measuring photons
in n/γ mixed fields.

The responses of the incident particles on liquid scintillator
detector are mainly determined as a function of the volume and
shape of the liquid scintillator, and structure of the chamber. Re-
flector material and the photomultiplier tube (PMT) can also affect
the response functions. The response matrix of the detector should
be determined through a combination of experimental and Monte
Carlo (MC) simulations.

The plan of the paper is as follows. The experimental setup for
both detectors BC501A and BC537, as well as the electronic circuit,
are described in Section 2. Four characteristic functions, including
those for pulse shape, figure of merit (FoM), light output and re-
solution are introduced in Section 3. In Section 4, the measure-
ments, the simulations and the spectra unfolding procedure are
described. The conclusions of the present work are presented in
Section 5.
2. Detector assembly and data acquisition

Two liquid scintillator detectors, BC537 and BC501A, were
fabricated by Saint-Gobain for the studies described in this paper.
Both detectors are 5.08 cm in diameter and length. The BC501A
liquid scintillator (ratio of H:C atoms: 1.212) was coupled to a
Photonics XP2020 PMT, with a high voltage of �1600 V applied.
The BC537 liquid scintillator (ratio of H:C atoms: 0.99) was cou-
pled to an Electron Tube 9807B photomultiplier tube, with a high
Fig. 1. Photos of BC537/BC5
voltage of �1150 V applied. Both BC537 and BC501A detectors
have the same number of electrons per cubic centimeter (www.
detectors.saint-gobain.com). The scintillators of the BC537 and
BC501A detectors are shown in Fig. 1. The detector volume of the
BC501A is fully filled with liquid scintillator without any gas
bubble, while the BC537 detector has a gas bubble. The liquid
scintillator volume ratio (VBC537/VBC510A) is 0.895. Both of the de-
tectors are placed horizontally in the experiments and simulations.

A number of calibrated γ-ray sources (point-like sources: 241Am,
137Cs, 22Na, 54Mn and 58Co; disk-like sources activated by neu-
trons: 88Y, 24Na, 198Au and 51Cr), as well as the 241Am-Be neutron
source (shown in Table 1), were used to determine the light output
functions and the light resolution functions. 241Am-Be neutron
sources also emit γ-rays via the reaction Be(α,n)12mC, where the α
particle is emitted from the decay of 241Am. It will emit 4.43 MeV
γ-rays when 12mC decays from the excited state to the ground
level. In order to obtain an approximately parallel γ-ray beam, a
lead collimator with thickness of 5 cm and diameter of 2″ was
placed at the central axis between the source and the detector. The
distance between the collimator and the detector is 5 cm, and the
distance between the radioactive source and the front face of the
detector is 15 cm. To measure the γ-rays in the mixed n/γ field of
241Am-Be, an electronic circuit (see Fig. 2) with a PSD function
based on the zero-crossing method was used.
01A liquid scintillators.
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Fig. 2. Schematic of electronic circuit (all of the electronic modules are fabricated by ORTEC).
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3. Characteristic functions

3.1. Pulse shape analysis and figure of merit

The shape and height of pulse are two dominant parameters to
describe the resolutions of neutron and photon detection. Pulse
shapes measured by the electronic circuit are a convolution of the
exponential decay spectrum produced by the scintillator and the
response functions of the photomultiplier and back-end electro-
nics. An equation including three exponential functions can ac-
curately model the pulse shape, as described by Eq. (1) (Marrone
et al., 2002):

P f fe e e e 1s
t t t t t t t t

1 2
s l0 0 0 0= ( − ) + ( − ) ( )θ λ θ λ− ( − ) − ( − ) − ( − ) − ( − )

Where Ps is represent pulse shape, t0 is reference time, θ, λs,
and λl, are three exponential decay constants, f1 and f2 are nor-
malization parameters. For a specific detector, different values of
f1/f2 represent pulse shapes produced by different particles. Pulse
shapes produced by Eq. (1) with different particles are shown in
Fig. 3. NIM modules can be used to differentiate pulse shapes in
the B-district, or the ratio of B-district to A-district, as shown in
Fig. 3. The rise time, zero-crossing, and charge comparison
methods are all considered.

Neutron and photon peaks can be always identified based on the
n/γ discrimination spectrum. The FoM represents the resolution of
Fig. 3. n/γ pulse shape generated by Eq. (1).
neutrons and photons, as defined in Eq. (2) (Yousefi et al., 2009):

DFoM / FWHM FWHM 2nn= ( + ) ( )γγ

In the above equation, the terms FWHMn and FWHMγ corre-
spond to the full width at half maximum of the distributions at-
tributed to neutrons and γ-rays, respectively. Dnγ refers to the
distance between the two peaks. The measured neutron and γ-ray
pulse shape spectrum of 241Am-Be are shown in Fig. 4, which has a
FoM of 1.5.

3.2. Light output functions

For modeling the scintillator detectors, determinations of the
light output function L(E) and the pulse height resolution function
dL/L(E) are of first important and strongly depends on the type of
the interacting particle. The linear scale of the pulse height spec-
trum is usually calibrated in terms of electron energy if the photon
energy lies in the energy range 40 keVoEγo1.6 MeV. The posi-
tion of the Compton edge (PC) and its equivalent electron energy
(EC) follow a linear relationship (Klein and Neumann, 2002):

P G E E 3C C 0= ( − ) ( )

Where G is the calibration factor to convert the channel to the
equivalent electron energy. The light output is Lγ∝(EC�E0), and the
energy offset E0 compensates for the non-linearity of the light
Fig. 4. n/γ discrimination of 241Am-Be neutron source for the BC501A scintillator as
resulted by implementing the zero-crossing method.



Fig. 5. Light output of BC501A generated by γ-rays.
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output due to quenching effects at low electron energies. For the
proton, the relationship of light output Lp and energy Ep can be
parameterized as L a E a a E1 expp

a
1 2 3 4= − ( − ( − )) when the en-

ergy is in the range of 1 MeVoEpo300 MeV (Cecil et al., 1979).
Eq. (3) can be approximated as Lp¼a0þa1Eþa2E

2 when the energy
is in the range of 5 MeVoEpo17 MeV, where the parameters ai
(i¼1 to 4) are experimentally determined and depend on the type
of recoil particle (Aksoy et al., 1994).

3.3. Light output resolution functions

The light output resolution function is given by Eq. (4) (Klein
and Neumann, 2002):

dL
L L L 4

2
2 2

2
α β γ= + +

( )

In Eq. (4) that the factor α corresponds to the position de-
pendence of light transmission within the scintillator volume. The
factor β represents the statistical variation of the photoelectron
production mechanism and multiplication. The factor γ corres-
ponds to the electronic noise of the detector signal, which can be
ignored in practice.

A linear relationship can be determined between the light
output L and the equivalent electron energy E, and thus the light
output resolution function can be expressed as
ΔE2¼α2(E�E0)2þ(β/λ)2(E�E0)þ(γ/λ)2. This can be simplified to
ΔE2Eα2E2þ(β/λ)2Eþ(γ/λ)2 when the photon energy is much
greater than 5 keV. Eq. (5) is used to represent the energy re-
solution in the MCNP code (X-5 Monte Carlo Team, 2003):

E a b E cEFWHM 52= Δ = + + ( )

Eqs. (4) and (5) are not absolutely equivalent, so the parameters
a, b and c cannot be expressed in terms of α, β and γ with ana-
lytical expressions, but there are approximate numerical results.
For the same experimental data, similar results and two different
parameter sets can be obtained through Eqs. (4) and (5),
respectively.

The Gaussian distributions for the central energy E0 can be
given as kH Eexp /21

2 0
2 2ρ σ= ( − (( − ) ))

π σ
, where H is channel, k is

the conversion coefficient between channel and equivalent elec-
tron energy, and E0 is the energy of Compton edge. The relation-
ship between the FWHM and s is FWHM 2 2 ln 2 σ= (Glimore,
2008). Thus, s and E have a relationship as shown in Eq. (6):

a b E cE
1

2 2 ln 2 6
2σ = ( + + )

( )

The comparison between the measured Compton spectrum
Nexp(Hi) and the simulated Compton spectrum NMC(Hi) depends on
two parameters, the conversion factor G and the overall resolution
s of the scintillator-PMT and electronics chain. These parameters
can be extracted from fitting to the spectrum measured experi-
mentally. To evaluate the parameters G and s, an iterative chi-
squared minimization procedure is used, where χ2 is defined in Eq.
(7):

N H N H

7i

i

H

2 exp MC i
2

exp
2

i

∑χ
σ

=
( ( ) − ( ))

( )( )

Where Nexp(Hi) is the counts in the ith energy bin excluding the
background of the experimental spectrum; NMC(Hi) is the corre-
sponding spectrum simulated by MC; and Hexp iσ ( ) is the statistic
error on the counts in the ith energy bin. After obtaining some
groups of relationships (more than three) between the resolution

Eiσ and the energy Ei, the best fitting parameters a, b and c (or α, β
and γ) can be obtained with a Least-Squares-Fit of the entire ex-
perimental data. So, the light output resolution function and the
energy resolution function can be expressed by the parameters
accurately in the entire energy range.
4. Experimental measurement and simulation

4.1. Light output functions and γ-ray response

Light output functions of the BC501A and BC537 detectors were
determined by using different γ-rays with energies up to
4.43 MeV. The resulting light output functions are shown in
Figs. 5 and 6. The lines represent linear fits to the experimental
data. For the BC501A/BC537 detectors, the energy offset (E0) values
are 3.58 keV and 2.0 keV, and the factors G are 233 channel/MeVee
and 258 channel/MeVee, respectively.

The BC537 and BC501A liquid scintillators consist of carbon,
hydrogen and deuterium that have low atomic numbers (Z). High
energy photons cannot entirely deposit their energy since the
photoelectric cross section is proportional to Z5. Therefore, in the
measured spectra by these liquid scintillator detectors, the full
energy photo peak is not formed. Accordingly, the recoil electron
spectrum has to be used to reconstruct the energy of the detected
photons.

γ-Ray response functions of BC501A and BC537 have been
measured for 13 γ-rays emitted by ten radio sources listed in Ta-
ble 1, where energies of all γ-rays are in the range of 59.6 keV to
4.43 MeV. The measured recoil electron spectrum is broader than
the simulated spectrum due to noise and statistic fluctuations. To
account for these effects, the method introduced in Section 3.3
was used to broaden the simulated spectrum to match the mea-
sured spectrum. Some representative spectra of BC537 are shown
in Fig. 7.

The full energy peak for 59.6 keV γ-ray can be measured if the
gain is amplified by a factor of 10, as shown in Fig. 7(a). The ex-
perimental data are fitted with a Gaussian distribution function,
where the central position of the peak represents the γ-ray energy,
while the FWHM of the peak represents the energy resolution. The
experimental and simulated spectra of 662 keV photons emitted
by a 137Cs radionuclide source are shown in Fig. 7(b). Lmax and LC
are positions of the maximum probability and the Compton edge,
while L1/2 is the location of half-maximum intensity. The simula-
tion agrees well with the experiment above 0.2 MeVee, the



Fig. 6. Light output of BC537 produced by γ-rays.
Fig. 8. Light output resolution function of BC537.
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discrepancy below 0.2 MeVee is due to the contribution of scatter
of the experimental data. Results from 2.75 MeV and 4.43 MeV γ-
rays are shown in Fig. 7(c) and (d), respectively. The model also
agrees well with the observation in the energy range ESEoEoL1/2,
where ESE represents the peak energy of the single escaping
electron pair. The discrepancy beyond the location of L1/2 is due to
the summing effect of the recoil electron and the second recoil
Fig. 7. Four experimental and simulated electron recoil spectra of B
electron that were generated by the scattered γ-rays.

4.2. Energy resolution and the Compton edge

The recoil electron energy is maximal when back scattering
occurs, and can be expressed by E E m c E/ /2 1emax

2
0

2= (( ) + )γ γ . This
C537. (a) 59.6 keV, (b) 662 keV, (c) 2754 keV, and (d) 4.43 MeV.



Fig. 11. Light output resolution of BC537 vs. ratios of (LC�Lmax)/LC, (LC�L1/2)/LC,
and( L1/2�Lmax)/LC.
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corresponds to the Compton edge energy. The energy calibration
needs to confirm the exact Compton edge in the recoil electron
spectrum. Generally, MC (The ICARUS Collaboration, 1998; Matei
et al., 2012) and γ-γ coincidence methods (Smith et al., 1968; Konx
and Miller, 1972; Jie et al., 2010) are used to identify the Compton
edge. The recoil electron spectrum has a roughly Gaussian shape
and can be obtained using the γ–γ coincidence method, but it
requires photons with high energy and high intensity. Therefore,
MC methods are more commonly used to predict the Compton
edge and energy resolution.

The energy resolutions and Compton edges of BC537 and
BC501A were obtained according to the experimental data for 13
γ-rays listed in Table 1 and compared with the corresponding
Monte Carlo calculations performed within the present work. The
measured light output resolution function for BC537 is shown in
Fig. 8, where the curve represents the best fitting to Eq. (4). The
values of the parameters α, β and γ are 3.13%, 9.926% and
8.06�10�6%, respectively. The primary influence factor β agrees
with the previous results of the BC501A detector (β¼10.2%, (The
ICARUS Collaboration, 1998); β¼10.3%, (Jie et al., 2010). The energy
resolution function of BC537 is shown in Fig. 9, where the fitted
curve represents the best fitting to Eq. (5) with parameter a, b and
c are �0.008, 0.117 and 0.083, respectively. Fig. 10 shows the in-
tensity ratio of LC to Lmax, for BC537, which is (0.7570.02) and
Fig. 9. Energy resolution function of BC537.

Fig. 10. Ratios of LC/Lmax for BC537.

Fig. 12. Light output resolution function of BC501A.
closed to the results of NE213 (equal to BC501A) reported by
Dietze and Klein (1982). The relationship of the light output re-
solution and the ratios of (LC�Lmax)/LC, (LC�L1/2)/LC and
(L1/2�Lmax)/LC are shown in Fig. 11.

For the BC501A liquid scintillator detector, the light output
resolution function and energy resolution function are shown in
Fig. 12 (α¼5.96%, β¼7.65%, γ¼0.49%) and Fig. 13 and 14
(a¼�0.001, b¼0.078, c¼0.608), respectively. The relationship
between the light output resolution and the ratios of (LC�Lmax)/LC,
(LC�L1/2)/LC and (L1/2�Lmax)/LC are shown in Fig. 15. These results
are roughly consistent with those of the BC537 detector. The
comparison of the fitted light output resolution functions below
7 MeVee is shown in Fig. 16. The resolution of the BC501A detector
is better than that of the BC537 detector for energy below
2.4 MeVee, and the results are reversed when the energy is above
2.4 MeVee. Fig. 14 shows the ratio of LC to Lmax for BC501A, which
is (0.7670.04) and is closed to the results of BC537.

Energy calibration results of LC, Lmax and Lmax/2 for the BC501A
detector are shown in Fig. 17. The results calibrated by LC show
that the offset is 3.85 keV and the factor G has an uncertainty of
0.7%, which is similar to the results of Klein and Neumann (2002).
For the position of Lmax is not easily recognizable, the results



Fig. 13. Energy resolution function of BC501A.

Fig. 14. Ratios of LC/Lmax for BC501A.

Fig. 15. Light output resolution of BC501A vs. (LC�Lmax)/LC, (LC�L1/2)/LC,
and(L1/2�Lmax)/LC.

Fig. 16. Light output resolution of BC537 and BC501A.

Fig. 17. Energy calibration for BC501A with LC, Lmax, and L1/2, respectively.
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calibrated by Lmax show an offset of 19.4 keV and have a relative
deviation of 3.6% with respect to the results calibrated by LC.

4.3. Simulation of response matrix

Detector response functions for BC537 and BC501A were si-
mulated using MCNP code, corresponding to a beam of incident
Fig. 18. γ-Ray response matrix of BC537.



Fig. 19. γ-Ray response matrix of BC501A.

Fig. 20. Efficiency curve for different energy threshold. (a) BC537, (b) BC501A.

Fig. 21. Efficiency ratio of BC537 to BC501A.

Fig. 22. Efficiency comparison of BC537 and BC501Awith full volume. (a) Efficiency
of BC501A and BC537, (b) efficiency ratio of BC537 to BC501A.
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parallel γ-rays with a radius of 2.54 cm. To include the broadening
factors described above, the parameters a, b and c described in
Section 4.1 are used as input to the MC. Finally, we obtain the
response matrix with 70�70 bins below 7 MeV, with a bin width
of 0.1 MeV. The response matrices are shown in Figs. 18 and 19,
where axes of X, Z and Y represent energy of the recoil electrons,
normalized intensity and the energy of the γ-rays, respectively.
4.4. Photon efficiency simulation

The efficiencies of the BC537 and BC501A detectors for various
energy thresholds were simulated by MCNP to investigate the
influence of liquid scintillator volume on the γ-ray detection



Fig. 23. Recoil electron spectra and the γ-ray spectra unfolded using the GRAVEL method. (a) 137Cs , (b) 88Y, (c) 24Na, and (d) 241Am-Be neutron source.
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efficiency. The efficiency curves of the BC537 and BC501A detec-
tors with four different energy thresholds are shown in Fig. 20.
They are roughly consistent with each other. A relative comparison
of the BC537 and BC501A detectors is shown in Fig. 21, where the
horizontal dotted line represents a liquid scintillator volume ratio
(VBC537/VBC510A) of 0.895. The efficiency deviation varies with en-
ergy threshold for energies below 0.8 MeV, but the efficiencies
approach to a number for energies above 0.8 MeV. The ratio varies
from 80% to 95% when the energy rises from 0.8 MeV to 7 MeV.

The simulated efficiencies of photons induced in BC537 and
BC501A detectors with energies below 7 MeV are shown in Fig. 22
(a). The BC501A detector has a higher efficiency if the photon
energy is below 2 MeV. Fig. 22(b) shows the deviation more
clearly. The four efficiency ratio curves are agree well with each
other for the energy range 1.7–2 MeV. But BC537 has a higher
efficiency than BC501A if the photon energy is above 2 MeV,
where there is a �12% deviation at 7 MeV. For the high-energy
photons, pair production is the main production mode. The pair
production cross section sp is proportional to the square of the
atomic number Z and the induced γ-ray energy Eγ (sp∝Z2Eγ; or
sp∝Z2lnEγ, if Eγ⪢m0c

2, m0 is electron rest mass). Since BC537 has a
higher atom ratio (C:D) than BC501A (C:H), the BC537 liquid
scintillator would have a higher effective atomic number Zeff,
which results in a higher pair production cross section than
BC501A for the high-energy impinging γ-rays.
4.5. Recoil electron spectrum unfolding

4.5.1. Principles of unfolding procedure
The relationship between the recoil spectrum and the γ-ray

spectrum could be expressed as E M H E E dE,e r∫Φ Φ( ) = ( ) ( ) . It also
could be transformed to a matrix equation Φe(E)¼M(H, E) Φγ(E),
where Φe(E) is the recoil electron spectrum, M(H, E) is the γ-ray
response matrix, and Φγ(E) is the γ-ray spectrum (Matzke, 2002).
Generally, there are many unfolding methods such as the matrix
inversion method, the least squares method (Stalmann, 1986), the
neural network method (Sharghi Ido et al., 2009; Ortiz-Rodríguez
et al., 2014), and GRAVEL methods (Chen et al., 2014), etc. The
GRAVEL iterative method was chosen to unfold the recoil electron
spectra in this paper.

GRAVEL is a modified version of the SAND-II method (McElory
et al., 1967). Given a discrete spectrum f i

J, it defines the next
iteration according to the Eq. (8) (Reginatto, 2003):

⎡

⎣

⎢
⎢
⎢
⎢⎢

⎡
⎣⎢

⎤
⎦⎥

⎤

⎦

⎥
⎥
⎥
⎥⎥

f f

W

W
exp

log

8

J N

R f

i
J 1

i
J

k ik

k ik
J

k

i ki i
J

=
∑

∑

( )

′+
∑ ‵ ‵

where, Nk is the number of events in the kth bin of the mea-
sured spectrum, sk is the estimate of the measurement un-
certainty, Rki′ is the response matrix, and
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W R f R f N/ /ik
J

ki i
J

ki i
J

k
2

k
2Σ σ= ( ′ )( )′ . The default spectrum f i

J is used for the
first iteration. This iterative procedure always leads to a non-ne-
gative spectrum that has a lowest χ2 value.

4.5.2. Unfolded spectra
Electron recoil spectra measured by the BC501A and BC537

detectors were unfolded based on the GRAVEL method with re-
sponse matrices as described in Section 4.3. The spectra con-
sidered include the γ-rays emitted by 137Cs, 24Na, 88Y and
241Am-Be radio sources. Electron recoil spectra measured by the
BC501A detector and the corresponding γ-ray spectra are shown
in Fig. 23.

The agreement between the unfolded and expected γ-ray
spectra is good when the statistic uncertainty of the recoil electron
spectrum is sufficient. The energy resolutions for the 0.662 MeV,
1.368 MeV and 4.43 MeV sources are 19.9%, 14.7% and 7.9%, re-
spectively. The FWHM for 0.662 MeV photons is 0.13 MeV, which
is wider than that of the energy bin (0.1 MeV). Based on the re-
solutions of the BC537 and BC501A detectors, the 0.1 MeV energy
bin is reasonable when the energies of the induced γ-rays are less
than 7 MeV.
5. Conclusions

In this work, the characterizations of BC537 and BC501A liquid
scintillators with dimensions of 2″�2″ are presented. The detec-
tors were characterized for their responses and efficiencies to
detect γ-rays using calibrated radionuclide γ-ray sources in the
energy range from 59.6 keV to 4.43 MeV. The ratios of LC to Lmax

for the two detectors were determined by Monte Carlo computa-
tion, and were determined to be (0.7570.02) and (0.7670.04) for
the BC537 and BC501A detectors, respectively. Light output re-
solution functions and energy resolution functions of the two
detectors were obtained using a least squares adjustment to ex-
perimental data using the simulated response. The results show
that the resolution of BC501A is better than BC537 if the energy is
below 2.4 MeVee, but the results are reversed if the energy is
above 2.4 MeVee. The detector response matrices for γ-rays were
derived, and validated by unfolding the γ-ray spectra using the
GRAVEL iterative method.

We have simulated the γ-ray detection efficiency at four energy
thresholds. For the same liquid scintillator with dimensions of
2″�2″, the BC501A detector has higher efficiency when the pho-
ton energy is below 2 MeV. For higher photon energies, the BC537
detector has higher efficiency, with a discrepancy of �12% at
7 MeV.

The results presented in this work indicate that the BC501A and
BC537 detectors are suitable for use in mixed n/γ fields, with an
energy range from tens of thousands of electron volts to a few
mega electron volts. It also provides a reference for readers in
selecting appropriate detector and calculating γ-ray response
matrix using the energy resolution parameters.
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