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A B S T R A C T

The longitudinal response uniformity of the rectangular-shaped plastic scintillators used in a thermal neutron
imaging system proposed by Ghal-Eh and Green in 2016 is vital for its precise measurements in quality
assurance studies of boron neutron capture therapy (BNCT). The MCNPX-PHOTRACK hybrid code has been
used to model the response of rectangular plastic scintillator of partially painted surface in order to reduce as
much as possible the longitudinal non-uniformity which usually exist in large and/or long scintillators. The
results show that the optimum uniformity corresponds to fully-polished surface which coincides with FLUKA
light transport simulations.

1. Introduction

The radiation detection by organic scintillators is based on the
production of light photons as a result of molecular de-excitations
following the radiation interactions with scintillator material. Having
experienced several attenuations inside the scintillator volume and re-
flections at the boundaries, the light photons are collected by electronic
photosensitive devices, such as a photomultiplier tube (PMT), and they
are eventually transformed into electrical pulses. Such a mechanism
makes the scintillator response dependent on a number of factors, such
as optical characteristics of the scintillator (e.g., attenuation coefficient,
refractive index, etc.), presence of different shapes of lightguide as well
as the boundary surface types (i.e., polished, painted or metalized), and
so on. Furthermore, since photons, depending on their production site,
travel different paths until they reach the PMT, the scintillator response
may also depend on the location of radiation exposure to the detector.

Therefore, in addition to incident particle transport one has to
carefully take into account the detailed scintillation light transport.
This can be undertaken either with dedicated light-transport codes (e.g.,
PHOTRACK [1] and PHOTON [2]) or the light-transport capabilities of
general-purpose codes (e.g., FLUKA [3] and GEANT4 [4]).

Long scintillators are widely used in different applications, from nu-
clear level gauges [5] to muon detections [6] and nuclear calorimetry
measurements [7], where in some cases the longitudinal uniformity
is a necessary feature. However, in the present study, as an imaging
application of long scintillators, the light transport simulation is un-
dertaken for a 2 × 2 × 20 cm3 rectangular NE102 plastic scintillator,
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which represents one of seven horizontal scintillators that are sup-
posed to be used in the proposed thermal neutron imaging system.
The radiation source is a beam of 2.22 MeV gamma-rays generated
through 1H(nth, 𝛾)2H reaction when thermal neutrons interact with
hydrogen nuclei in the small water phantom (14 × 15 × 20 cm3) in
pre-treatment BNCT facility. The scintillator response has been simu-
lated as follows. The incident radiation energies deposited at different
locations inside the scintillator volume have been calculated with
the PTRAC card of the MCNPX code (Version 2.6.0, with ENDF/B-
VII cross section library) [8], before using the rectangular version of
light transport code, PHOTRACK, to calculate the scintillator response.
This PHOTRACK code version has been improved by precise wall
effect incorporation and then verified. Since the transmissions of light
photons in the detector volume eliminates the response uniformity
at different longitudinal gamma-ray exposure locations, it has been
decided to use the well-known paint removal technique [9] to minimize
the response non-uniformity along the scintillator length. Moreover, the
light transport capability of FLUKA code has been used to compare with
the MCNPX-PHOTRACK results.

2. Materials and methods

2.1. Thermal neutron imaging system

The development of a reliable and real-time measurement tool for
thermal neutron flux mapping inside a water phantom is an extremely
important issue in clinical applications of BNCT within the framework
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Fig. 1. The detection system consists of seven horizontal and ten vertical scintillators,
thick lead collimator blocks (1), rectangular water phantom (2), thin cadmium sheets
(3) and seventeen PMTs [10].

of pre-treatment quality assurance. In 2016, the conceptual design of
an instrument consisting of 17 commercial NE102 plastic scintillators
and PMTs together with some shielding/collimator materials of special
geometry was proposed [10] as illustrated in Fig. 1. Although the
preliminary thermal neutron flux image constructed using the responses
of the proposed detection system satisfactorily coincided with the
MCNPX neutron flux data, a set of modifications have to be undertaken
in order to provide a practical prototype. One of the most important
modifications is to include the light transport inside the rectangular
scintillators of the detection system which was ignored in previously
published simulations.

The incorporation of light transport is necessary to undertake es-
pecially in large-sized scintillators as an important step forward in
modeling what actually occurs in reality. The size of large scintillators
causes most optical photons to undergo considerable light attenuation
and numerous reflections at the boundaries before reaching the PMT,
which results in a wide range of light collection efficiencies for the light
generation points.

It is notable that any non-uniformity of the light collection efficiency
along the scintillator cell will disturb the 2D thermal neutron image
of the proposed system which then requires a complicated calibration
procedure to reproduce the correct thermal neutron flux.

On the other hand, some studies show that the surface covering can
greatly affect the light collection efficiency [11] where the response
uniformity can be improved by removal of the reflective paint near the
PMT window and resulting in better energy resolution [9].

2.2. MCNPX-PHOTRACK hybrid code

The simulation of light transport in scintillators using the MCNPX-
PHOTRACK hybrid code is basically performed in two stages as it
follows. The geometry, materials and source specifications are intro-
duced in the MCNPX input file before using the PTRAC card in which all
required event types are filtered and reported in a general and compre-
hensive output file. In PTRAC output file, the details of every particle
history are recorded in an event-by-event phase space. A robust post-
processing program is normally required to extract the coordinates of
interaction points within the scintillator cell and also the corresponding
deposition energies for all histories from output file. Next, both location
and energy information are fed into PHOTRACK, where an appropriate
number of optical photons, i.e., proportional to the deposited energy,
with isotropic directions are generated and then followed through many
boundary crossings, surface reflections/transmission and attenuations.
Eventually, the fraction of scintillation lights arrived at the photocath-
ode surface (i.e., the light collection efficiency) for every interaction

points is calculated by taking average on the final weights of individual
optical photons. The scintillator response is calculated by multiplying
the light collection efficiency to the generated light. Since, the gamma-
rays may undergo several deposition energy events, the lights obtained
from various interactions in a gamma-ray history are finally summed
up to calculate the simulation equivalent of detector pulse-height.

Note should be taken that the following assumptions may be made
in simulation studies of scintillators: (1) It is well known that the scintil-
lation light is produced during the interactions of charged particles with
scintillator medium along their tracks. Since the secondary-electron
range is very short in most applications where plastic scintillator is
exposed to low-energy gamma-rays, PHOTRACK assumes that all op-
tical photons are produced at the interaction point. (2) The scintillator
response can be simply calculated through the multiplication of scin-
tillation light, which is linearly proportional to the deposition energy
[12], and the light collection efficiency. This means that the distribu-
tion of scintillation light (dN/dL) produced in the plastic scintillator
when exposed to gamma-rays is similar to the deposition energy dis-
tribution (dN/dE), except in an energy-to-light conversion coefficient.
One may expect that the whole light spectrum moves to lower am-
plitudes, where the horizontal axis should be simply calibrated with
measurement data to obtain the final response. The light values are
represented in MeVee, or MeV electron equivalent, which is a scintilla-
tion light that is produced when an electron deposit 1 MeV of its kinetic
energy within the scintillator cell.

The light transport code, PHOTRACK, was first introduced in 2004
for the optical photon modeling in cylindrical scintillators with and
without lightguide [1]. The simulation results of PHOTRACK code have
been verified by many experimental and simulation data of cylindri-
cal scintillators in the last 15 years, as summarized in the follow-
ing: Light transport simulations [1], scintillator timing aspects [13],
MCNPX-PHOTRACK [14] and spectroscopic aspects [15].

The rectangular geometries were also developed in recent version
of PHOTRACK code which is necessary for proposed imaging sys-
tem simulations, where the light-boundary contact points, in a more
complicated algorithm compared to the cylindrical case, are deter-
mined through intersecting the optical photon lines and six different
scintillator/lightguide faces.

2.2.1. Electron escape from scintillator or wall effect
Since the ranges of secondary electrons are relatively small when

the scintillator is exposed to low-energy gamma-rays, it is generally
assumed that the gamma-rays deposit their whole energy losses at
the interaction sites. However, this assumption is not applicable when
either energetic electrons are produced or the interaction site is near to
the scintillator surface, where part of the energy may be undeposited
within the scintillator.

Basically, the scintillation light production, and consequently, the
detector response may be altered if this so-called wall effect is not
considered. Clearly, larger gamma-ray energies result in fast secondary
electrons which increases the surface escape probability. As seen in
Fig. 2, the influence of wall effect on deposition energy distribution
is illustrated for two different incident gamma-ray energies. The effect
is enhanced with increasing gamma-ray energies from 0.662 MeV
(Fig. 2(a)) to 2.22 MeV (Fig. 2(b)). As one may expect, switching off
the electron transport, or equivalently, ignoring the wall effect is not
negligible for gamma-rays of higher energies (Fig. 2(b)).

It has been decided to run MCNPX code with PTRAC card in Type P
E (i.e., photon-electron tracking and deposition information) in order
to investigate the wall effect. Now, in addition to the information
regarding the interaction coordinates and energy transferred to the
electrons at these points, the electron energy that is taken outside the
boundaries can also be calculated. Therefore, one may consider the
wall effect by subtracting this energy from the energy deposited at the
interaction site. Another advantage of tracking the secondary electrons
is that it takes into account the energy deposition events in which
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Fig. 2. Deposition energy spectra calculated with MCNPX code for a 2 × 2 × 20
cm3 NE102 scintillator when the lateral surface is exposed to (a) 0.662 MeV and (b)
2.22 MeV gamma-rays, with and without electron transport. The peak around 1.2 MeV
corresponds to gamma-ray double-escape events.

the gamma-rays interact with the surrounding materials before the
resulting electrons enter the scintillator cell. The PTRAC output usually
becomes a huge and rather complicated file due to the numerous and
successive electron collisions, which requires a precise reader/post-
processing program. Having developed a new reader program, the
deposition energy spectrum for a plastic scintillator when exposed to
2.22 MeV gamma-rays has been calculated from the PTRAC output file
(Fig. 3).

2.2.2. Verification of PHOTRACK code for rectangular geometry
In order to verify the PHOTRACK code in rectangular geometries,

the studies undertaken by Safari et al. [16] were chosen, where the
simulation results of OPTIX code were compared with both the semi-
analytical formula of Keil [17] and also the simulation performed by
Belmont-Moreno and Menchaca-Rocha [18]. In their studies, the optical
photons were homogeneously produced in a 1 cm3 symmetric rectan-
gular scintillator in which light attenuation was ignored. As shown in
Fig. 4, the relative light collection was plotted versus the scintillator
refractive index. The comparison exhibits that PHOTRACK and all
three sets of data are in excellent agreement, which confirmed the
precision of tracking algorithm in rectangular geometry implemented
in PHOTRACK.

Fig. 3. Deposition energy spectra calculated from both PTRAC output file and F8 tally
for a 2 × 2 × 20 cm3 NE102 scintillator when exposed to 2.22 MeV gamma-rays.

Fig. 4. Comparison on relative light collections calculated for a symmetric rectangular
scintillator versus the refractive index for PHOTRACK, OPTIX [16], Keil [17] and
Belmont-Moreno and Menchaca-Rocha [18] data.

In another investigation, the measurements were carried out with
4.16 × 4.16 × 5.47 cm3 rectangular NE102 plastic scintillator with
two surface types (i.e., polished and teflon-wrapped (well equivalent to
painted surface)), attached to an XP2020 PHOTONIS photomultiplier
tube (PMT) and surrounded by a light-tight aluminum housing. The
measurements were performed with 1𝜇Ci 137Cs gamma-ray source.

The detector responses calculated with MCNPX-PHOTRACK hybrid
code and convoluted with a Gaussian broadening function to include
the PMT contribution are compared with corresponding measured data
(Fig. 5(a) and (b)), when the scintillator surface is either polished or
painted (or equivalently, teflon-wrapped), respectively.

2.3. Light transport simulation with FLUKA

The general-purpose code, FLUKA, is capable to perform the gen-
eration and transport of optical photons. This feature together with
ionizing radiation transport capability can be used in a full-simulation
of detector response. Therefore, unlike simulations with dedicated light
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Fig. 5. Pulse height spectra simulated with MCNPX-PHOTRACK hybrid code and the
corresponding experimental data for a plastic scintillator exposed to 137Cs gamma source
when the surface is (a) polished and (b) painted (Z represents the longitudinal distance
from the PMT).

transport codes such as PHOTRACK and OPTIX, which require depo-
sition energy information as input data, FLUKA has an advantage to
provide the user with a complete radio-optical simulation package.

In FLUKA, the optical photons are introduced by enabling OPT-
PROD and OPT-PROP cards in FLUKA user graphical interface called
flair. Several user-routines related to optical photons can also be uti-
lized to define optical features in a more flexible details. The optical
photon production in specified materials is activated by OPT-PROD
card and it can be adjusted in terms of wavelength, frequency or
energy. Another pre-set data in OPT-PROD card is fraction which is
a portion of deposition energy that is converted into light which has to
be determined by experimental light yield values. Having assumed that
all scintillation photons are produced with the same wavelength, and
according to the definition of light yield which is the number of optical
photons per 1 MeV deposition energy, the fraction can be calculated
via the relation, fraction = light yield (photons/MeV)×optical photon
energy (MeV).

The optical properties of the materials that contribute to the light
transport problem (i.e., refractive index, absorption and diffusion coef-
ficients), the corresponding wavelength-dependencies and also the sur-
face boundary conditions are defined by the user either in OPT-PROP
card or in related user-routines.

Fig. 6. Deposition energy versus light distributions for a 2 × 2 × 20 cm3 NE102
scintillator.

Finally, the detector response or the distribution of frequency counts
taken over the optical photon energies of all those crossing the PMT
window for every primary gamma-ray is calculated.

3. Results and discussion

3.1. Light-transport incorporated response

Having undertaken several corrections and necessary modifications,
the final rectangular-geometry version of PHOTRACK code has been
successfully developed for the light transport simulations. Fig. 6 shows
the simulated detector response when it is exposed to a beam of
2.22 MeV gamma-rays, before and after incorporating the light trans-
port simulation. The response without the light transport simulation is
the deposition energy distribution in the scintillator sensitive volume
that was calculated by tally F8 (i.e., pulse-height tally) of the MCNPX
code. The incorporation of light transport simulation has significant
effects on the detector response which can be specifically summarized
as moving the pulse-heights to lower amplitudes and a Gaussian broad-
ening. These effects are due to the loss of optical photons during the
transport and also the statistical nature of the process.

The use of the FLUKA code in calculating the scintillator response
in similar conditions resulted in a fairly identical response to the
MCNPX-PHOTRACK code, as shown in Fig. 7.

3.2. Uniformity of scintillator response

The measurement setup in thermal neutron imaging system is such
that each scintillator is longitudinally irradiated with 2.22 MeV gamma-
rays. In the preliminary simulations [10], the deposition energy distri-
bution was considered as the scintillator response, which was uniform
for different longitudinal irradiations (Fig. 8). The light transport incor-
poration to the scintillator response will alter the response uniformity,
such that the simulated scintillator response is completely different for
various irradiated heights (Fig. 9).

As discussed earlier, the appropriate thermal neutron image in
the proposed system requires all scintillators to have uniform lon-
gitudinal response. Since this uniformity corresponds to less diverse
optical photon histories, it generally results in an improved detection
resolution.

In this study, it has been decided to use the well known removal
technique where in a fully painted scintillator, the light escape proba-
bility near the PMT is gradually increased by removing the reflective
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Fig. 7. Simulated response of a 2 × 2 × 20 cm3 NE102 scintillator exposed to an
isotropic 2.22 MeV gamma ray source calculated with MCNPX-PHOTRACK hybrid code
and FLUKA.

Fig. 8. Deposition energy spectra of a simulated 2 × 2 × 20 cm3 NE102 scintillator
when irradiated with 2.22 MeV gamma-ray beam at different lateral heights (Z
represents the longitudinal distance from the PMT).

paint near the PMT window. This causes the scintillator response when
irradiated near the PMT end becomes more similar to the responses far
from it.

Following the above removal technique, it was decided to remove
1 cm of paint at each stage, starting from fully pained up to fully
polished surface, when the irradiation of 20-cm length scintillator by a
beam of 2.22 MeV gamma-rays was simulated. Therefore, there would
be 21 different surface- and 10 irradiation conditions, as shown in
Fig. 10.

Since the organic scintillators do not represent photopeak in their
spectra, the Compton edge energy is generally considered as a good
measure to compare the scintillator responses in different irradiation
conditions for each surface covering.

The 2D and 3D illustrations of Compton edge for the light-transport-
incorporated simulated response of plastic scintillator as a function of

Fig. 9. Simulated light response spectra of a 2 × 2 × 20 cm3 fully-painted NE102
scintillator when irradiated with 2.22 MeV gamma-ray beam at different lateral heights
(Z represents the longitudinal distance from the PMT).

Fig. 10. The sketch of a long rectangular scintillator (20% of reflective paint is
removed at the PMT window located at Z = 0) and different irradiation conditions.

both irradiation point and unpainted surface percentage is plotted in
Fig. 11(a) and (b), respectively. The maximum uniformity of Compton
edge is seen for larger polished (i.e., unpainted) percentages.

In another comparison, the relative standard deviations of Compton
edges simulated for different longitudinal irradiation heights have been
calculated for different polished percentages and plotted in Fig. 12.
The data confirms that when the scintillator surface is fully polished,
the least diversity of Compton edge values is achieved which is cor-
responding to the best available detection resolution and longitudinal
uniformity.

The responses of the fully-polished NE102 plastic scintillator when
exposed to 2.22 MeV gamma-rays have been modeled in a set of
separate simulations with MCNPX-PHOTRACK and FLUKA codes. As it
can be seen in Fig. 13(a) and (b), both MCNPX-PHOTRACK and FLUKA
codes agree that in fully-polished case, the scintillator response for a
large portion of scintillator length remains uniform, except the region
very near to the PMT window (i.e., Z = 1 cm in Fig. 13(a) and (b)).

The important conclusion that can be drawn is that if plastic scin-
tillators of 2 cm longer lengths are used in thermal neutron imaging
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Fig. 11. A (a) 2D, and (b) 3D illustrations of Compton edge energy versus the
irradiation heights and polished percentages. In these simulations the 2 × 2 × 20 cm3

NE102 scintillator is irradiated with 2.22 MeV gamma-ray beam.

Fig. 12. Relative standard deviation of Compton edge energy simulated for ten
irradiation heights in different polished percentage (from 0 to 100) of scintillator
surfaces.

system, one may expect that all 17 scintillators exhibit uniform lon-
gitudinal responses when exposed to collimated beams of gamma-ray
incident from the water phantom.

Fig. 13. (a) MCNPX-PHOTRACK and (b) FLUKA simulated response functions for the
best longitudinal uniformity obtained in the fully polished situation (Z represents the
longitudinal distance from the PMT).

To this purpose, two plastic scintillators have been chosen, one from
ten vertical- and one from seven horizontal detectors of the imaging
system, however, all lengths are 2 cm larger at the PMT side. As it can
be seen in Fig. 14(a) and (b), an excellent longitudinal uniformity exists
among the two selected sets of scintillators.

4. Conclusions

The conceptual design of a thermal neutron imaging system con-
sisting of 17 long plastic scintillators was introduced in [10]. A more
accurate and comprehensive simulation of the detection setup requires
the optical photon in addition to ionizing radiation transport. A com-
mon problem associated with large and/or long scintillators is that
their responses are highly dependent on the irradiation location due to
large light losses that usually occur during several attenuations inside
the scintillator volume and reflections at the boundaries. In order to
resolve this problem, a paint removal technique was proposed. The
result confirmed that in fully-polished scintillator case, the detector
response to gamma-rays incident on entire lateral area, except near the
PMT window, is almost uniform, resulting in an optimum pulse-height
resolution, which is in line with previously published works [19,20]. It
was anticipated that all 17 scintillators could exhibit uniform longitu-
dinal responses when exposed to collimated gamma-rays incident from
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Fig. 14. Simulated responses of (a) 2 × 2 × 16 cm3 and (b) 2 × 2 × 22 cm3

NE102 scintillators when longitudinally irradiated with mono-energetic gamma rays.
The detection setup is such that the first 2 cm of scintillators lengths from PMT end
are left unirradiated (Z represents the longitudinal distance from the PMT).

the water phantom if scintillators of about 2 cm longer length from the
PMT end are used.
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