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a b s t r a c t

The NE102 plastic scintillator response to 137Cs gamma rays and NE213 liquid scintillator response to
both mono-energetic and 241Am–Be neutrons have been modeled using FLUKA's EVENTBIN and
MCNPX's PTRAC cards. The comparison made in different energy regions confirms that the overall
difference is less than 6%.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

The responses of organic scintillators are basically achievable
either with stand-alone codes (e.g., SCINFUL [1], O5S [2], etc.) or
with general-purpose codes (e.g., MCNPX [3], FLUKA [4], GEANT4
[5]). Although the first group is more user-friendly, their use is
limited to a specific geometry, material and conditions. The second
group codes can be utilized in variety of simulation problems but
they normally require a good knowledge of the general-purpose
code as well as an efficient post-processing program. The results
of the second group are highly dependent on the cross-section
libraries of the general-purpose code, hence, some differences may
be seen between their results and both simulations and experi-
mental studies.

The main purpose of the present study is to simulate the response
of the scintillation detectors to neutrons and gamma-rays, however,
since the MCNPX code does not model the optical photon transport
and it has been decided not to use the light transport capabilities of
FLUKA code, both the MCNPX and FLUKA codes have been chosen
to transport the incident neutrons, gamma-rays, neutron-induced
charged particles and fast electrons, whilst the light transport code

PHOTRACK [6] has been incorporated through a post-processing
FORTRAN program to produce the scintillator response.

2. Simulation studies

2.1. Deposition energy calculations with FLUKA and MCNPX

The organic scintillators and the radiation sources used in this
study have been listed in Table 1. The FLUKA cards BEAM and
BEAMPOS and the FORTRAN file SOURCE are responsible for intro-
ducing the energy type, position/direction and the energy spec-
trum of source particles, respectively. The FLUKA card EVENTBIN is
used for partitioning the scintillator cell into a number of small
voxels whose sizes must be comparable to the average mean free
paths of the particles of interest in order to have an appropriate
deposition energy estimate. Following the calculations of electron
and proton ranges in scintillators, it has been decided to use 1000
and 512,000 voxels in NE102 and NE213 scintillators, respectively,
which are corresponding to the ranges of highest-energy Compton
electrons and recoiled protons as a result of 137Cs gamma rays and
Am–Be neutrons. The EVENTBIN output provides the user with the
coordinates and deposition energies of every single source parti-
cle. Since the scintillation light produced as a result of neutron
interaction with carbon nuclei is negligible when the neutron
energy does not exceed 11 MeV [7], only the deposition energies of
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recoiled protons are taken. The scintillation light for the EVENTBIN
data can be calculated using TCQUENCH card, which uses well-
known Birks formula [8] for its calculations.

In the MCNPX code, the PTRAC card is capable of recording the
coordinates and deposition energies of secondary charged parti-
cles. However, one has to extract the deposition energy data from
the PTRAC card (normally by a post-processing program) as well as
using energy-to-light conversion formulas (e.g., [9] and [10]) in
order to calculate the scintillation light.

A comparison between the deposition energies calculated with
MCNPX PTRAC and FLUKA EVENTBIN cards and also the subtrac-
tion plot for an NE102 scintillator exposed to 137Cs gamma rays
have been illustrated in Fig. 1. The plot shows the maximum
agreement at the Compton edge. Fig. 2 also shows the comparison
of the two codes in generating the energy distributions for NE213
scintillator exposed to mono-energetic (1, 3, 5, 7, 9 and 10 MeV)
neutrons. The overall agreement between simulated NE213 scin-
tillator responses with FLUKA and MCNPX codes is excellent
however some discrepancies exist at lower light outputs (i.e., the
region normally dominated by the scintillation lights of heavy
charged particles such as carbon nuclei).

The total light outputs (area under the scintillator response
shown in Fig. 2) calculated with FLUKA EVENTBIN and MCNPX
PTRAC card have been compared in Table 2. From the good overall
agreement one may conclude that the neutron interaction cross-
sections are almost the same for these two codes in the neutron
energy region shown in Fig. 2.

3. Light transport simulation with PHOTRACK

Having calculated the deposition energies and scintillation
light, the full simulation of scintillator response requires a light
transport modeling. The light transport simulation is extremely
important when using large-sized scintillators, different shapes/
sizes of lightguides and different painting configurations. Here, the
Monte Carlo code, PHOTRACK [11], has been used for the light
transport simulation part in the framework of a post-processing
program [12]. PHOTRACK considers the wavelength dependencies,
lightguide geometries, spatial variation of photocathode quantum
efficiency, etc. The electronic noise and dynode chain contribu-
tions in the scintillator response which result in an extra broad-
ening can be also included by convolving a random Gaussian
broadening function [13].

4. Experimental studies

In order to verify the simulation studies of Section 2, an NE102
plastic scintillator of 5.08 cm diameter by 5.08 cm high cylinder
attached to an XP202 PHOTONIS photomultiplier tube is exposed
to a 12 mCi 137Cs gamma ray source. Also, an NE213 scintillator of
the same size and photomultiplier tube but with and without a
5 cm long plexiglass lightguide is exposed to 100 mCi Am–Be

Table 1
Scintillator sizes/types and radiation sources of the present study.

Scintillator
type

Scintillator size Radiation

NE102
(plastic)

5.08 cm diameter by 5.08 cm
high cylinder

137Cs gamma
rays

NE213
(liquid)

4.65 cm diameter by 4.60 cm
high cylinder

Mono-energetic
neutrons

5.08 cm diameter by 5.08 cm
high cylinder

241Am–Be
neutrons
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Fig. 1. The energy distribution of deposition energies calculated with MCNPX
PTRAC and FLUKA EVENTBIN cards and the subtraction plot for an NE102
scintillator exposed to 137Cs gamma rays.
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Fig. 2. Response of an NE213 scintillator when exposed to mono-energetic
neutrons generated with FLUKA EVENTBIN and MCNPX PTRAC. The energy–to–
light conversion factors are taken from the work of Verbinski et al. [9].

Table 2
The comparison between the NE213 scintillator total light outputs calculated with
FLUKA EVENTBIN and MCNPX PTRAC cards for different neutron energies.

Neutron energy (MeV) Total light output difference (%)

1 5.18
3 1.52
5 1.01
7 4.32
9 6.89

10 10.65
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source. The neutron source is far enough from the surrounding
wall such that the backscattering effects are negligible.

Since almost all isotopic neutron sources emit gamma rays as
well, one has to perform appropriate neutron-gamma discrimina-
tion (here, by using a zero-crossing method) in order to obtain
pure neutron response. In this study, the neutron-gamma discri-
mination is undertaken by anode pulse, which simultaneously
enters PSD and CFD modules. In PSD modules [14], the anode
pulse becomes multipolar resulting in several zero-crossings.
Every zero-crossing event generates a fast signal that is eventually
fed into a TAC (time-to-amplitude convertor) module. The dynode
output is amplified through the pre-amplifier and spectroscopy
amplifier modules for required amplifications and shapings and
then it is, simultaneously with the TAC output, fed into a similar
ADC. The spectrum given by a multiparameter analyzer can now
demonstrate both the pulse-height (i.e., energy) and the timing
characteristics (i.e., particle type; neutrons or gamma-rays). The
energy calibration is made by 1274 keV 22Na gamma-rays to deter-
mine the variation of bias against the energy. The Compton edge of
these gamma-rays is around 1061 keV, which is corresponding
to 89% of the maximum count at the descending slope of the
continuum.

The pure neutron response of an NE213 scintillator when
exposed to Am–Be source and corresponding light-transport
incorporated FLUKA and MCNPX simulations (using ISO 8529-1
Am–Be neutron spectrum (ISO, 2001 [15])) have been illustrated
in Fig. 3. A small extra broadening has been added through a
FORTRAN post–processing program using subroutine gasdev
(introduced in [16]) to the simulation spectra for better matching
with measured one. The broadening function used in this study
has been previously measured by Green et al. [17], where for light
values Lo0.3 MeVee and L40.3 MeVee, the broadening function
varies as 16.22/L0.21 and 12.98/L0.44, respectively.

5. Results and discussion

The measured response function of a 5.08 cm by 5.08 cm
cylindrical scintillator attached to 5.08 cm long polished lightguide
when exposed to Am–Be neutron source has been compared with
the corresponding simulation data generated with MCNPX-
PHOTRACK and FLUKA-PHOTRACK hybrid codes in Fig. 3. Fig. 4
also illustrates a comparison between experimental data [9],
SCINFUL results (as discussed in [12]) and two different hybrid
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Fig. 3. The measured response of NE213 scintillator attached to 5 cm polished
lightguide exposed to Am–Be source and corresponding light-transport incorpo-
rated FLUKA and MCNPX simulations.
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Fig. 4. NE213 responses to 7.073 MeV neutrons generated with light-transport
incorporated codes (FLUKA, MCNPX and SCINFUL) and measurement data.
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Fig. 5. The relative difference between experimental and FLUKA-PHOTRACK
simulation data for a 2 inch by 2 inch right cylindrical NE213 scintillator exposed
to an Am–Be source.
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Fig. 6. The relative difference between experimental and MCNPX-PHOTRACK
simulation data for a 2 inch by 2 inch right cylindrical NE213 scintillator exposed
to an Am–Be source.
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codes (FLUKA-PHOTRACK and MCNPX-PHOTRACK codes) resp-
onses for an NE213 scintillator when exposed to mono-energetic
7.073 MeV neutrons. The results confirm that all three codes are in
a relatively good agreement except in low-pulse-height region. It
is well-understood that higher pulse-height region corresponds
to recoiled protons whilst the lower region may correspond to
12C(n,α), 12C(n,3α) and recoiled carbon nuclei [7]. Therefore, any
difference in low amplitude region may be connected either to
different cross-section libraries of neutron interactions for this
energy region or the algorithms used for neutron interactions
modeling.

In Figs. 5 and 6, the relative differences for the results of two
hybrid codes, MCNPX-PHOTRACK and FLUKA-PHOTRACK, together
with the measured response for a two-inch right cylinder NE213
scintillator when exposed to Am–Be neutrons have been shown for
different energy regions. The ratio ε is defined as Nexp�Nsimul

� �
=Nexp ,

where Nexp and Nsimul are the experimental and simulation counts for
an energy interval, respectively.

The areas under the responses generated with light transport
incorporated MCNPX and FLUKA codes compared with the corre-
sponding measured data have been listed in Table 3. The maximum
relative difference is less that 6%. As discussed earlier in this section,
this differencemay be corresponded to different cross-section libraries.

6. Concluding remarks

The event-by-event tracking feature of both MCNPX PTRAC and
FLUKA EVENTBIN can be used to generate the responses of scintillation
detectors to neutrons and gamma-rays. The scintillator response is
obtained through the calculations of deposition energies left by
neutron- and gamma-induced charged particles and the scintillation
lights given by light curves (i.e., deposition energy-to-light conversion
formulas). The scintillator responses generated with both MCNPX and

FLUKA codes represents promising agreements with experimental
data, except small discrepancies at low amplitudes.
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Table 3
The comparison between the areas under the Monte Carlo-generated and experimental responses of an NE213 scintillator when exposed to mono-energetic and Am–Be
neutrons.

Neutron Source Detector Deviation from experimental data (%)

FLUKA-PHOTRACK MCNPX-PHOTRACK SCINFUL

Mono-energetic (7.073 MeV) NE213 Scintillator 5.08 cm by 5.08 cm w/o lightguide 5.85 1.78 3.46

Am–Be NE213 Scintillator 5.08 cm by 5.08 cm w/o lightguide 5.78 3.2 –

NE213 Scintillator 5.08 cm by 5.08 cm w/ 5 cm lightguide 5.94 2.31 –
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