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a b s t r a c t

In this study, a new technique which uses Multi-Objective Genetic Algorithm method (NSGA-II) coupled
with a Monte-Carlo based reactor physics code (MCNP) was proposed to shape the beams of neutron
sources. The method was applied for the beam of Piercing Beam Port of the Istanbul Technical University
TRIGA Mark II Research and Training Reactor. The beamwas shaped according to the requirements of the
Boron Capture Neutron Therapy (BNCT) application as described by IAEA technical documents. A set of
optimized patterns, consisting of the spectrum shifter, filtering, and collimator sub-patterns, were ob-
tained. Epithermal neutrons were considered for BNCT.

With the optimized pattern, the epithermal neutron flux at the port exit is calculated as
4.17 ± 0.14 � 108 n$cm�2$s�1 with a current-to-flux ratio of 0.87 ± 0.03. Thermal and fast neutron fluxes
and photon flux are reduced by about 20, 3, and 200 times, respectively, when compared with the bare
port values. As a result, BNCT is applicable in this port as the desired neutron fluxes at the port exit are
obtained. The method suggested in this study provides promising results and is quite effective in shaping
the beam.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

There has been a growing endeavor to apply the Boron-Neutron
Capture Therapy (BNCT) to the beam ports of the research reactors.
The main problem for this and similar applications is the beam
shaping process (Sauerwein et al., 2012), since an unshaped inci-
dent beam of these beam ports is made up of a number of desired
and undesired flux (contamination) components (IAEA, 2001).
Some of these components are very lethal to the healthy cells. The
primary purpose in beam shaping is to minimize the unwanted
components of the incident beam.

One of the methods used to adjust the components of the
incident beam is to select the right beam port of the reactor. This is
just because each research reactor is designed to have a number of
beam ports (BPs) (radial, tangential, etc.), each of which is partic-
ularly arranged to provide a different spectrum. For instance, the
tangential BP(s) supplies higher thermal neutron flux while the
piercing BP(s) (PBP) is designed to give higher fast neutron flux.

Another solution is to shape the beam by using a series of

specific materials inside the BP, with different types and geometries
in different sequences, according to the specific requirements of the
applications. Typically, three separate methods are often used to
shape the beam: spectrum shifter, filtering, and collimation. Com-
binations of these materials, called patterns, have been used in
various facilities (Hawthorne et al., 2001). The main role of the
patterns is to eliminate the undesired parts of the incident beam
while maintaining the desired parts. Design of these patterns de-
pends strictly on the requisites and constraints of the selected
application.

The design process performed in various studies for research
reactors or other radiation sources by means of reactor physics
codes is mainly based on deciding the right thickness of the right
material(s) to be used in beam shaping (El Moussaoui et al., 2008;
Kasesaz et al., 2014; Liu et al., 1994; Matsumoto, 1996). In con-
ventional methods, each selected filter/moderator material is
placed separately in the BP and the optimum thickness is evaluated
by increasing the thickness of the material(s) step by step (Sweezy,
2002; Tiyapun, 1997). Furthermore, different methods such as the
Ubertally technique (Bleuel et al., 2000), which involves post-
processing of individual particle tallies in a Monte Carlo simula-
tion to reweight the fluxes to reflect a neutron or photon source, are* Corresponding author.
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used in optimizing the patterns. Yet, this type of the pattern search
problems needs to be regarded as an optimization problem as it
contains interdependent or independent objectives which would
be maximized and/or minimized. There is, therefore, a strong need
for a new method in shaping the beam.

The use of Multi-Objective Genetic Algorithm (MOGA) method
coupled with a Monte-Carlo based reactor physics code for beam
shaping is suggested in this study. The piercing beam port (PBP) of
the Istanbul Technical University (ITU) TRIGA Mark II Research and
Training Reactor (ITU-TRR) is modified by using the suggested
method for the BNCT application; combining the spectrum shifter,
filter, and collimator sub-patterns to achieve beam shaping.

In a separate study (Akan et al., 2015) using the radial BP of the
ITU-TRR, it was observed that BNCT is practically possible if the port
or others are properly modified. However, a different BP, called
piercing BP (PBP), is considered in this study to increase applica-
bility of BNCT. Themost important advantage of this port is that it is
directly connected to the reactor core and thus, the particles pro-
duced in the core region reach the BP without losing their energies
and being absorbed by the shielding blocks.

This study is a part of ongoing extensive neutronic research to
use the computer model of the ITU-TRR in nuclear applications
such as BNCT and NDT (Nondestructive testing). As a final step,
optimization calculations are performed by modifying the PBP of
the ITU-TRR for the BNCT.

2. Calculational steps, requirements for BNCT application,
implementation of Genetic Algorithm and Monte Carlo model

2.1. Calculational steps

First of all, a 3D full-core MC modeling of the ITU TRIGA Mark II
Research Reactor was developed by using MCNP5 (Türkmen and
Çolak, 2014b, 2013). The reactor model was validated and it was
compared with experimental and final safety report values. As the
neutron spectrum depends on fuel burnup, incoming neutron
spectrum of the PBP was obtained at the appropriate burn-up using
the latest core loading map (Türkmen et al., 2015; Türkmen and
Çolak, 2014a). To speed up the calculations the portion containing
the PBPmodel was discarded from the full reactormodel in the first
stage. All particles entering PBP in the full reactor model were
recorded and used in the second stage model comprising the PBP
where beam shaping was performed. The beam shaping was ach-
ieved using a pattern or a set of patterns formed by a combination
of spectrum shifter, filtering, and collimator sub-patterns. Pattern
materials were chosen based on favorable neutronic properties
which would help achieve the specific requirements of BNCT. The
proper pattern or the patterns were found using an optimization
technique: Non-dominated Sorting GA (NSGA-II) method. For this
purpose, a computer code which couples NSGA-II with MCNP6 was
prepared. Main computational steps of the study are depicted in
Fig. 1.

To reduce high computational error of MCNP results originating
from the nature of the deep penetration problem, pattern optimi-
zation was studied as optimization of three different sub-patterns,
spectrum shifter, filtering and collimator sub-patterns. Each sub-
pattern was separately optimized and the optimized sub-patterns
were combined to obtain the full pattern(s).

2.2. Requirements for BNCT application

2.2.1. Desired/undesired neutron beam characteristics
An incident beam generated in a research reactor core inevitably

contains thermal, epithermal and fast neutrons, and also photons.
Each has a destructive effect on the healthy cells. For example, fast

neutrons, with energies higher than 10 keV (up-to-20 MeV), cause
undesirable events such as producing high linear energy transfer
(LET) protons. Thermal neutrons lead to radiation damage to the
healthy cells located at the surface. Photons interact not only with
tumor tissue but also with a large volume of healthy tissue as they
have a wide energy range from several keV to MeV. Due to the
above mentioned reasons, it is important for an epithermal BNCT
treatment to eliminate thermal and fast neutrons, and photons
from the beam.

IAEA technical document on the neutron capture therapy (IAEA,
2001) states that epithermal neutron flux of >109 n cm�2 s�1 is
desired in the incident beam. An epithermal neutron flux of
>5 � 108 n cm�2 s�1 may also be used in irradiation but may cause
an increase in irradiation period of the patient. If the beam intensity
is very low, it may not be achievable to sustain the necessary boron
concentration in the tumor cells until the end of the total required
treatment time. This is because the tumor boron concentration is
closely related to the beam intensity. It should be noted that an
improved beam quality is crucial in performing the BNCT.

A well-adjusted beam of neutrons has a ratio of epithermal flux
to thermal flux of 20. Another important parameter for an incident
neutron beam is the ratio of neutron current to neutron flux at the
port exit. A desired ratio is 0.75 and above. As the value increases,
the fraction of the particles traveling in the forward direction in-
creases and remains almost constant with the distance from the
port. A higher value limits the spread of the particles from the beam
center and prevents the undesired radiation damages to the
healthy tissues enclosing the tumor cells. Furthermore, a higher
value allows flexibility to the patient positioning along the beam
central far from the port exit without losing the availability/effi-
ciency of the beam intensity.

The last issue with the BNCT application is the determination of
size of the beam apertures. In present research facilities, adjustable
circular (and square) shape with a size ranging from 0 to 16 cm in
diameter for brain are opted. They are shaped considering the tu-
mor size and position.

Neutron beam characteristics, based on the information re-
ported by IAEA (IAEA, 2001) and Sauerwein et al. (2012), for the
epithermal BNCT application are tabulated in Table 1. This study is
carried out based on the requirements of BNCT reported in IAEA
technical report such as tumor type, boron agent and its concen-
tration, and irradiation condition.

2.2.2. Beam shaping methods
As mentioned above, spectrum shifter, filtering and collimation

methods have been developed and widely used to obtain a well-
shaped beam.

The role of the spectrum shifter in the beam design is to slow
down the fast neutrons into an appropriate energy, epithermal in
this study, suitable for the BNCT. However, final energy of the
particles can be thermal, as well. Filtering is used to eliminate the
undesired particles or parts or energies of the incident beamwhile
allowing the desired component of the beam. Collimation is used to
form a well-adjusted forward-directed beam of neutrons along the
beam central axes and to improve the neutron current to flux ratio
at the port exit. The decrease of whole body exposure for the pa-
tient is one of the important roles of the collimation. As discussed
above, it provides flexibility to the patient in positioning and pro-
vides an increased deep dose effect.

For beam shaping, spectrum shifter and/or filtering and/or
collimation methods are utilized depending on the application
requirements. IAEA (IAEA, 2001) suggests the use of spectrum
shifter and filtering methods together to get a better beam of
neutrons in research reactors.
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