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Study on gamma response function of EJ301 organic liquid
scintillator with GEANT4 and FLUKA "
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Abstract:
in height) organic liquid scintillator detector by means of gamma sources. The GEANT4 and FLUKA Monte Carlo

The gamma response function is required for energy calibration of EJ301 (5 ¢cm in diameter and 20 c¢cm

simulation packages were used to simulate the response function of the detector for standard 22Na, ®°Co, **"Cs
gamma sources. The simulated results showed a good agreement with experimental data by incorporating the energy
resolution function to simulation codes. The energy resolution and the position of the maximum Compton electron
energy were obtained by comparing measured light output distribution with simulated one. The energy resolution
of the detector varied from 21.2% to 12.4% for electrons in the energy region from 0.341 MeV to 1.12 MeV. The
accurate position of the maximum Compton electron energy was determined at the position 81% of maximum height
of Compton edges distribution. In addition, the relation of the electron energy calibration and the effective neutron
detection thresholds were described in detail. The present results indicated that both packages were suited for

studying the gamma response function of EJ301 detector.
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1 Introduction

Organic liquid scintillator EJ301 (equivalent to
BC501A, NE213) is widely used in many nuclear physics
studies involving neutrons, because of its superior time
resolution, excellent n-y discrimination properties and
high neutron detection efficiency. The response of an or-
ganic liquid scintillator [1, 2] is dependent upon the spe-
cific ionization of the detected particles. The gamma rays
and neutrons can be detected by producing recoil elec-
trons or recoil nuclei within the scintillator material. The
response of the organic liquid scintillator to particle en-
ergies is nonlinear except for electrons. The electron en-
ergy calibration of the organic liquid scintillator detector
with standard gamma sources [3—6] is very important not
only for estimation of effective neutron detection thresh-
olds and determining the accurate neutron detection ef-
ficiency, but also for unfolding the measured pulse height
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spectrum. There are different methods [3-11] for how to
associate measured pulse height spectrum with energies
by using standard gamma sources. A typical method
is the threshold to be evaluated from the peak energy
and the Compton edge of standard gamma source. How-
ever these positions depend on the detector character-
istics, such as energy resolution. In many applications,
these characteristics are ignored and the results are dif-
ferent even for similar detectors. It has been shown that
the most convenient and useful method is given by the
Monte Carlo method in which the position of the Comp-
ton edge is precisely determined by comparing a mea-
sured with a calculated one. The accuracy of any Monte
Carlo simulation must be accompanied by validation of
the codes against experimental data, and by compari-
son between different packages. The GEANT4 [12, 13]
and FLUKA [14, 15] are well-established Monte Carlo
simulation packages in nuclear and particle physics, and
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can be used to simulate the response function and the
efficiency of detector [16-18].

In this paper, the light output of EJ301 organic lig-
uid scintillator detector for standard gamma sources was
simulated by GEANT4 and FLUKA Monte Carlo sim-
ulation packages and folded properly with the energy
resolution function of the detector. The simulated re-
sults were compared with experimental data for stan-
dard ?2Na, %°Co, 3"Cs gamma sources. The energy res-
olution of the detector and the accurate position of the
maximum Compton electron energy were obtained by
comparing measured light output distribution with sim-
ulated results. The method of electron energy calibration
of EJ301 detector by means of gamma rays was described
in detail. In addition, the relation of the electron energy
calibration and the effective neutron detection thresholds
of the detector will be discussed.

2 Experiment

In the present work, the gamma response functions
of EJ301 organic liquid scintillator were measured with
standard ?2Na, %°Co and '3"Cs gamma sources. The
purpose of the experiment was to relate light output
distribution to the actual energy loss to the integrated
charge measured by the photo-multiplier pulses, using
the Compton edges. Standard gamma sources were
mounted on the center of the entrance window of a cylin-
drical (5 cm in diameter and 20 cm in height) EJ301
scintillator. The gamma rays emitted from source were
detected by EJ301 scintillator coupled to an ET 9813KB
photo-multiplier tube(PMT).
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Fig. 1. Experimental setup and electronics setup
of gamma response measurement.

The layout of experimental setup and electronics
setup are shown in Fig. 1. The anode pulses from the
PMT of the EJ301 neutron detector were branched into
two by signal dividers. The electronic charges of the one
branch were recorded by the Phillips 7166 QDC. The
other one was sent to ORTEC CF8000 (constant fraction
discriminator) and ORTEC GG8020 (gate generator) for
a common gate of QDC. The light output data was col-
lected on an event-by-event basis using a CAMAC-based
online data acquisition system. The light output distri-
butions of standard ?2Na, °Co and **”Cs gamma sources
were obtained. Background was measured and extracted
in the offline data analysis.

Data analysis was done using the ROOT packages de-
veloped at CERN, which was an object-oriented frame-
work used worldwide for data analysis.

3 Simulation

The gamma response functions of EJ301 (5 cm in di-
ameter, 20 cm in height) organic liquid scintillator detec-
tor with standard ?2Na, ®°Co and *"Cs gamma sources
have been studied with GEANT4.9.5 and FLUKA-2011
Monte Carlo simulation packages. In this simulation, a
simple model of the detector was used for the EJ301 or-
ganic liquid scintillator with Al-capsules. Material com-
ponents of the EJ301 scintillator were H and C (ratio of
atoms is 1.212, density of the scintillator is 0.874 g/cm?®).
The scintillator was filled into a 5 cm in diameter and
20 cm in height cylindrical vessel with 0.5 mm thick alu-
minum. The light pipe and PMT were ignored.

3.1 GEANT4 Monte Carlo simulation

In this section GEANT4 simulation is described.
The standard electro-magnetic physics and new data
set GAEMLOW.6.23 were used in this simulation. No
production thresholds were applied for electrons and
positrons. All possible processes of light production in-
side the detector, resolution function of the detector and
light response of Compton electrons were considered.
The scintillation light output from the electrons was due
to the gamma rays interacting with the materials of the
detector. Energy deposition of electrons was recorded
step by step for every event and was converted into the
light output by the following formula [1, 2, 8-10]

L=a(E.~E,), (1)

where L is the light output in MeVee, E, is the electron
energy in MeV, Ej is a parameter due to the nonlinear
relation at lower energies and « is the light output scal-
ing parameter. a=1 and Fy,=0 are used in the present
work.

To compare the simulated light output with the ex-
perimental data, the energy resolution function of the
detector was taken into account by Gaussian-broadening
on light output L with resolution width AL. As shown
in Fig. 2, the GEANT4 simulated result is in good agree-
ment with the respective experimental data for the stan-
dard ??Na, %°Co and '*"Cs gamma sources. In Fig. 2,
the black solid circle is the experimental data, red open
circle is the GEANT4 simulated result and green solid
line is FLUKA simulated result.

3.2 FLUKA simulation

In this paper, FLUKA [14, 15] Monte Carlo simulated
results were compared to the experimental data and the
GEANT4 simulated results. FLUKA can simulate with
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high accuracy the interaction and propagation in mat-
ter of about 60 different particles, including photons and
electrons from 1 keV to thousands of TeV. One of the
best features of FLUKA is the implementation and im-
provement of sound and modern physical models and it
cannot be influenced by the user. Some processes and
parameters such as cutoff energies can be changed by
enabling or disabling the corresponding card. The card
BEAM defines the particle energy (or momentum) and
the card BEAMPOS defines the starting position and di-
rection of the particle beams. These two commands can
be used also to define particle beams having a simple an-
gular or energy (or momentum) distribution (Gaussian
or rectangular).
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Fig. 2. (color online) Comparison of the experi-
mental light output with the GEANT4, FLUKA
simulation results. The black solid circle is
the experimental data, red open circle is the
GEANT4 simulated result and green solid line is
the FLUKA simulated result.

The FLUKA simulation was carried out for a detailed
description of an ideal experimental set-up. The detec-
tor geometry was simulated according to the character-
istics discussed above. The energy resolution function of
the detector was incorporated by considering a Gaus-
sian energy spread AFE of the beam on BEAM card.
Particle energy loss was recorded by EVENTBIN card
and converted into light output by Birks law [1] of the
TCQUENCH card. The results of FLUKA simulation
are compared with GEANT4 results and experimental
data, as shown in Fig. 2. Although by comparison it
is shown that results of simulation agree well with the
experimental data around the Compton edge, there are
some discrepancies at lower pulse-height (also mentioned
in [19, 20]). These discrepancies might be caused by: (a)

the effects of surrounding materials like holders are not
included in FLUKA simulation code; (b) the effect of set-
ting lower thresholds for photon and electron transport
in FLUKA simulation code; (c¢) the edge (or wall) effect,
which is not well considered in FLUKA simulation code,
etc.
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Fig. 3. (color online) Simulated Compton electron
spectrum from a '*7Cs source (red dashed line)
and the same spectrum folded with resolutions
18.1% (blue solid line).

4 Results and discussion

4.1 Energy resolution of detector

The gamma source geometry, the position of the
source, the size of the detector and the detector walls,
and the resolution function of the detector system
strongly affected the shape of the light output distribu-
tion of the detector. The resolution function of the de-
tector can be described by the formula [3-6, 18, 21, 22]:

2 2
AL_ BT 2)

L L L?
This formula describes light output resolution of the de-
tector due to various effects. The first term « describes
the locus-dependent light transmission from the scintil-
lator to the photocathode and limits the resolution of
the detector system at high pulse heights; the statistical
variation of the light production, attenuation, conver-
sion of photon-electron and electron amplification was
described by the second term f[; the third term ~ is due
to the noise contributions from PMT (dark current) and

electronic system.

The resolution parameters for any particular detec-

tor setup must be determined either experimentally by
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means of mono-energetic photon and neutron sources or
theoretical estimates [3]. In this work, the value of the
parameters «, 3, v have been obtained by comparing the
simulation spectrum of gamma sources with the respec-
tive experimental data. « = 0.05, 0 =0.12, v = 0.002
are the best parameters for standard ??Na, %°Co and
137Cs gamma sources. Fig. 3 shows a GEANT4 sim-
ulated Compton electron spectrum with *7Cs gamma
source and the same spectrum folded with the energy
resolution of 18.1%. The observed large difference indi-
cates that the simulated spectrum has to be folded with
energy resolution of the detector for comparison with ex-
perimental data. In Fig. 4, relations for the energy reso-
lution of the detector as a function of the electron energy
are given. The black solid circle is the experimental data
and the red solid line is the result of fitting experimental
data by quartic polynomial.
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Fig. 4. (color online) Energy resolution of 5 cm

diameter, 20 cm thick EJ301 organic liquid scin-
tillator detector as a function of the electron en-
ergy. The black solid circle is the experimental
data and the red solid line is the result of fitting
experimental data by quartic polynomial.

4.2 Position of the Compton edge

The light output distribution of gamma rays for the
organic liquid scintillator are mainly due to Compton
scattered electrons, because the photo-peak cross sec-
tion is very small for photon energies E<3 MeV [3, 5, 6].
The maximum energy of Compton recoil electron (E.) is
determined by a theoretical formula

2F,

= 3
mec?+2F, 3)

In Table 1, the position of maximum of the Comp-
ton edges energy F...., half height of maximum of the
Compton edges energy E /> and maximum of the Comp-
ton electron energy E, for standard 2?Na, ®*Co and *"Cs
gamma source is shown.

Because of the difference of experimental method, de-
tector size and detector casing, the location of gamma
source relative to the detector and the resolution of de-
tector, different positions of the maximum energy of

c

Compton recoil electron were reported in different pa-
pers. In the past, many authors assumed the half-height
of the Compton electron distribution to be the location
of maximum of Compton electron energy [3-6]. Also,
many papers [3-11] have shown the results that the po-
sition of the Compton edge (F.) occurs at 72%, 89%+7%,
75% and 66% of the Compton edges distribution. In
this work, the accurate position of the Compton edges is
determined by comparing measured light output distri-
bution with simulated results. As shown in Fig. 5, the
position of the Compton edge is corresponding to 81% of
the maximum height of the Compton edges distribution.
This result is consistent with the literature [4, 5, 8].

Table 1. FEy, Ec, Emax, 1,2 of different gamma sources.
source E, /MeV E./MeV Emax/MeV Ey/o /MeV
22Na 0.511 0.341 0.298 0.396
137Cg 0.662 0.477 0.438 0.509
60Co 1.17 0.963 0.928 1.11
22Na, 1.27 1.06 1.01 1.11
50Co 1.33 1.12 1.08 1.15
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Fig. 5. (color online) The channel numbers are

linearly related to the deposited electron energy
through calibration points corresponding to 81%
of the maximum of the Compton edges.

4.3 Energy calibration of detector

In this paper, the electron energy calibration of EJ301
organic liquid scintillator detector is obtained with re-
lating the accurate position of the measured Compton
edge to the maximum energy of the Compton recoil elec-
tron for standard ??Na, °Co and '*"Cs gamma sources.
As discussed above, the accurate position of the Comp-
ton edge is determined by comparing measured light
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output distribution with simulated spectrum properly
folded with the energy resolution of the detector. As
shown in Fig. 6, the red solid line is the result of exper-
imental data (the black solid circle) fitted by the first-
order polynomial, it can be expressed by Eq. (4), where
by =0.038+0.046, by =1.493+4.058¢—5. Eq. (4) is the
electron response function of EJ301 organic liquid scin-
tillator detector. The experimental error was included in
the experimental data.

L(E.)=by+b, E.. (4)
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Fig. 6. (color online) Energy calibration of 5 cm

diameter, 20cm thick EJ301 organic liquid scin-
tillator detector. The red solid line is the result
of experimental data (the black solid circle) fitted
by the first-order polynomial.

4.4 Neutron detection threshold

In the simulation of efficiency of neutron detector, the
effective neutron detection threshold (the average recoil
proton energy which produces just enough light in the
scintillator to be detectable at a given experimental dis-
crimination level) must be known accurately [3, 7, 21].
It’s well known that neutron detection efficiency is pro-
portional to (1—Ey,/E,), with E, being the neutron en-
ergy and Fy, being the threshold. When neutron energy
is less than 2F,,,, the relative error of detection efficiency
increases rapidly with the reduction of neutron energy.
The effective neutron detection threshold of the scintilla-
tor detector can be obtained by means of electron energy
calibration of the detector [3-7, 23] and taking the equiv-
alent proton energy (the energy of protons producing
the same amount of light) from the proton to electron
response. The light output from the charged particles

produced in the scintillator detector due to interaction
of neutrons can be estimated by Birks’s law [1, 24] and
Cecil’s description [18, 25]. In Cecil’s description, the
total light output for proton of energy E, is given by
Eq. (5), where a,=0.83, a,=2.82, a3=0.25, a,=0.93.

L(E,)=a,E,—ay(1—e~ 35", (5)

From Eqgs. (4) and (5), the relation of proton response
and electron response of the scintillator is obtained, as
shown in Eq. (6).

_ By —ax(1—e~"") b, (6)
by '

For example, the total energy peak produced by the
662 keV gamma rays from a '3”Cs corresponds to roughly
2.44 MeV protons. This is slightly different from refer-
ence [2, 3]. Such difference is mostly because a different
method of energy calibration of detector and experimen-
tal setup has been used.

E.

5 Summary

The gamma response function of EJ301 (5 ¢cm in di-
ameter and 20 cm in height) organic liquid scintillator de-
tector was simulated using GEANT4 and FLUKA Monte
Carlo simulation packages and compared with the re-
spective experimental data for the standard ??Na, %°Co
and '*"Cs gamma sources. It’s found that simulated re-
sults agree well with experimental data by considering
the energy resolution function of the detector to simu-
lation codes. The best resolution parameters (o= 0.05,
B=0.12, v=0.002) of the energy resolution function of
the detector were obtained with 22Na, ®°Co and ¥"Cs
gamma sources. For the electron energy calibration of
the detector, the accurate position of the Compton edge
was determined at the position 81% of maximum height
of Compton edges distribution by comparing measured
light output distribution with simulated results. As
shown in Fig. 6, the light output is linearly related to
the deposited electron energy for EJ301 detector. The
relation of proton response and electron response was
also obtained by using electron energy calibration and
the proton response of Cecil’s description. It indicated
that the electron energy calibration of the detector has
played a very important role in determination of accu-
rate effective neutron detection thresholds. The present
results verified that both packages were suited for study-
ing the gamma response function of EJ301 detector.
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