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ABSTRACT

DESIGN OF PIERCING BEAM PORT OF ITU TRIGA MARK 11
RESEARCH REACTOR FOR BNCT APPLICATION

Mehmet TURKMEN

Doctor of Philosophy, Department of Nuclear Engineering

Supervisor: Associate Prof. Dr. Sule ERGUN

July 2015, 110 Pages

Main aim of this study is to design the piercing beam port (PBP) of Istanbul Technical
University TRIGA Mark Il Research and Training Reactor (ITU-TRR) for the purpose of
nuclear applications. The nuclear application interested in this study is the Boron-Neutron
Capture Therapy method (BNCT). As a neutron source, fission neutrons supplied by the ITU-
TRR core are used. Availability of the incident beam of the PBP for the BNCT application is
investigated. Beam shaping based on the requirements of the application is carried out by
employing the Genetic Algorithm (GA) method coupled with a Monte Carlo-based reactor
physics code.

For this purpose, first, a three-dimensional full-core model of the considered reactor was
carried out using MCNP5/6 as a reactor physics code. The reactor model was validated with
the design values given in the Safety Analysis Report (SAR). Following the validation, the
reactor was re-modeled using the latest reactor operation sequence taken from the reactor log-
book. Burnup effect on the incoming particle spectrum of the interested BP was investigated
using the considered reactor operation sequence. Thereby, a burnup analysis was initiated for
the recent core configuration. Hot-full power condition was used in the burnup calculations
and PBP calculations. The temperature-dependent cross-section libraries required for the
reactor physics code were produced using the NJOY code.

At the current burnup level of the reactor, particles (neutron and photon) which enter into the
interested BP from the reactor core were recorded into a source file and used as a
neutron/photon source in later calculations. To reduce the computational time of Monte Carlo



(MC) calculations, the BP was discarded from the full-core model and separately modeled. To
achieve the desired flux values that the BNCT requires, the design calculations were focused
on searching a number of proper patterns formed by a combination of filtering, spectrum shifter
and collimator materials without changing core configuration or BP location inside the reactor.
For this purpose, a computer code which uses Non-dominated Sorting GA (NSGA-2) method
coupled with MCNP generating the optimized patterns was prepared. The optimization
objectives are the maximization of epithermal neutron flux and minimization of the other fluxes
in the incident beam as low as possible. To reduce high computational uncertainties due to the
nature of deep penetration problem, optimization process was carried out in three steps as the
spectrum shifter, filtering and collimator patterns. That is, each part was optimized separately.
Once the optimization process is over, all the sub-patterns were recombined to obtain the final
pattern. Optimization results were compared with the bare port results. The obtained results
were discussed from the viewpoint of feasibility of BNCT in the BP.

Results of the MC model of the reactor well agree with the design parameters given in the SAR.
On the other hand, it was observed that burnup level of the reactor has a significant effect on
the incident beam of the BP. The PBP has a thermal neutron flux of 5.88 +0.01 x108n cm? s’
1 an epithermal neutron flux of 2.70 +0.01 x108 n cm s, a fast neutron flux of 5.75 +0.01
x108n cm? st and a photon fluence of 1.87 +0.01 x10°y cm s at the port exit when the port
is bare. When an optimized pattern is used inside the port, epithermal neutron flux is calculated
to be 4.17 +0.14 x108 n cm2 s with a current-to-flux ratio of 0.87 +0.03. Furthermore, thermal
and fast neutron fluxes, and photon fluence are reduced by about 20, 3 and 200 times,
respectively. Therefore, it is evident that the BNCT is applicable in the PBP, by supplying the
desired neutron fluxes at the port exit. The results show that the method which couples the GA
with the MC method works well for this kind of optimization problem. To sum up, the beam
shaping method suggested in this study is independent from user experiences and can readily
be implemented into any incident beam of a considered research reactor (even for other neutron
sources) for a desired nuclear application.

Keywords: ITU TRIGA Mark I, BNCT, Piercing Beam Port, Monte Carlo Method, Genetic
Algorithm, Optimization, Neutron Flux



OZET

ITU TRIGA MARK II ARASTIRMA REAKTORU DELICI ISINLAMA
KANALININ BNCT UYGULAMASI ICIN TASARIMI

Mehmet TURKMEN

Doktora, Nuikleer Enerji Miihendisligi Boliimii

Tez Damismani: Doc. Dr. Sule ERGUN

Temmuz 2015, 110 Sayfa

Bu calismanin temel amaci, nilkleer uygulamalar icin Istanbul Teknik Universitesi TRIGA
Mark II Arastirma ve Egitim Reaktorinin (ITU-TRR) delici isinlama kanalinin yeniden
tasarlanmasidir. Bu ¢alismada, ilgilenilen nlikleer uygulama Boron-N&tron Yakalama Terapisi
(BNCT)’ dir. Notron kaynagi olarak, ITU-TRR korundan tedarik edilen fisyon ndétronlari
kullanilmaktadir. Bahsedilen uygulama i¢in porta gelen nétron demetinin kullanilabilirligi
incelenmektedir. BNCT uygulamasinin gereksinimleri temel alinarak yapilan demet
sekillendirme islemi, Monte-Carlo tabanli reaktor fizigi kodu ile birlestirilmis Genetik
Algoritma (GA) kodu kullanilarak gerceklestirilmektedir.

Bu amagcla, ilk olarak, ilgilenilen reaktérin Ug¢-boyutlu tam-kor bir modeli, MCNP5/6
kullanilarak gerceklestirilmistir. Reaktér modelinin dogrulugu, Givenlik Analizi Raporunda
(GAR) verilen tasarim degerleri ile kontrol edilmistir. Daha sonra, reaktor, reaktor kayit
defterinden alinan son isletme kaydi kullanilarak modellenmistir. Reaktoriin yakit yanma
oraninin, ilgilenilen 1g1nlama portuna gelen pargacik spektrumuna olan etkisi incelenmistir. Bu
nedenle, mevcut reaktor kor vyiikleme dlzeni igin bir yakit yanma orani analizi
gerceklestirilmistir. Yakit yanma orani ve 1sinlama kanali hesaplamalarinda sicak-tam glg¢
durumu kullanilmistir. Reaktor fizigi kodunun gereksinim duydugu sicaklik-bagimli tesir-
kesiti kiitiiphaneleri NJOY kodu kullanilarak tiretilmistir.

Reaktoriin giincel yakit yanma oraninda, reaktor korundan ilgilenilen 1s1nlama kanalina gelen
parcaciklar (ndtron ve foton), bir kaynak dosyasmna kaydedilmis ve daha sonraki
hesaplamalarda  nétron/foton  kaynagi olarak  kullanilmistir.  Monte-Carlo  (MC)



hesaplamalarinin hesaplama zamanini azaltmak i¢in ilgilenilen 1s1nlama kanali, reaktér tam-
kor modelinden ayr1 olarak tekrar modellenmistir. BNCT i¢in 6nerilen aki degerlerine ulagsmak
icin, disiliniilen tasarim, mevcut kor diizeni ve mevcut 1sinlama kanalinin reaktor igindeki
pozisyonu degistirilmeksizin, 1sinlama kanalina yerlestirilmek iizere, spektrum kaydirici,
stizgec ve kolimator malzemelerden olusan uygun bir malzeme dizisinin arastirilmasidir. Bu
amagla, MCNP ile birlestirilmis Non-dominated Sorting GA (NSGA-2) metodu kullanan ve
malzeme sirasini optimize eden bir bilgisayar kodu hazirlanmistir. Optimizasyon amaglari,
gelen demetin epitermal ntron akisinin miimkiin oldugunca en yiiksek diizeye ¢ekilmesi, diger
akilarin ise miimkiin oldugunca en alt diizeye g¢ekilmesidir. Derin delme problemlerinin
dogasindan kaynaklanan yiiksek hesaplama belirsizliklerini azaltmak amaciyla, optimizasyon
islemi, spektrum kaydirici, siizge¢ ve kolimator olarak iic adimda gerceklestirilmistir. Her
parca ayr1 olarak optimize edilmistir. Optimizasyon isleminden sonra, biitiin parcalar tekrar
birlestirilerek nihai malzeme sirasi elde edilmistir. Optimizasyon sonuglari 1ginlama kanalinin
ciplak durum sonuglar ile kiyaslanmistir. Sonuglar, ilgilenilen 1sinlama kanalinda BNCT nin
uygulanabilirligi agisindan irdelenmistir.

Reaktorin MC model sonuglari, GAR’da verilen tasarim degerleri ile uyum igerisindedir.
Diger taraftan, reaktoriin yakit yanma orani, 1sinlama kanalina gelen demet iizerinde olduk¢a
etkili oldugu gézlemlenmistir. Isinlama kanali bos durumda iken, delici 1sinlama kanali (kanal
¢ikisinda), 2,70 0,01 x108n cm s lik epitermal ndtron akisina, 5,88 +0,01 X108 n cm2 st lik
termal notron akisina, 5,75 0,01 X108 n cm™ s lik hizli n6tron akisina ve 1,87 +0,01 x10° Y
cm s ik foton akisina sahiptir. Isinlama kanalinda optimize edilmis uygun bir malzeme dizisi
kullanildiginda ise epitermal ndtron aki degeri ve nétron akiminin akiya orani, sirasiyla 4,17
+0,14 x108 n cm s ve 0,87 +0.03 olarak hesaplanmaktadir. Ayrica, gelen demetin termal ve
hizli nétron akilart ve ayrica foton aki Kirlilikleri, ¢iplak isinlama kanali sonuglarina gore
sirastyla 20, 3 ve 200 kat asagi cekilebilmektedir. Dolayisiyla, BNCT yonteminin, kanal
cikisinda Onerilen minimum nétron aki degerlerine ulasilarak, delici 1sinlama kanalinda
uygulanabilir oldugu ortaya konulmustur. Sonuglar, MC yontemi ile birlestirilmis GA
yonteminin bu tur problemlerin ¢6zim igin kullaniminin ¢ok uygun oldugunu géstermektedir.
Ozetle, bu calismada Onerilen demet sekillendirme ydntemi, kullanici deneyiminden
bagimsizdir ve herhangi bir arastirma reaktoriiniin (hatta diger nétron kaynaklari i¢in) gelen
nétron demetine ilgilenilen bir nikleer uygulama i¢in kolaylikla uygulanabilir.

Anahtar Kelimeler: ITU TRIGA Mark II, BNCT, Delici Isinlama Portu, Monte Carlo
Yontemi, Genetik Algoritma, Optimizasyon, Notron Akist
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1. INTRODUCTION

In this study, a design study to shape the incident beam of the piercing beam port (PBP) of
Istanbul Technical University TRIGA Mark Il Research and Training Reactor (ITU-TRR) for
the Boron-Neutron Capture Therapy method (BNCT) application is performed. In this manner,
optimum material sequence and geometry to be placed into the PBP are investigated using

spectrum shifter, filtering and collimation methods.

1.1 Purpose of This Study

The main issue in applying the BNCT in an irradiation facility is the beam shaping. This is
because an unshaped incident beam has a number of desired and undesired flux (contamination)
components. Some of them are very lethal for the healthy cells. Hence, primary purpose in
shaping is to reduce these unwanted components of the incident beam as low as possible.

The shaping process depends on the kind of neutron source that is utilized. Thus, for the BNCT
application, as the neutron source, ITU-TRR is considered. ITU-TRR is intentionally selected
due to not only providing necessary neutron flux spectrum but also due to easy modification.
However, the key parameter in choosing the proper reactor is flux-to-power ratio since it has a
close relationship with the irradiation time and the reactor power. A lower power with a shorter
irradiation time is desired in these types of reactors. In this manner, the selected reactor, ITU-
TRR, with a full power of 250 kW and a peak neutron flux of ~10** n cm2 s at the core center,

is suitable.

The BNCT is examined in the piercing beam port (BP) of the considered reactor by means of
the epithermal neutrons. The reason is that a separate study [1] performed in the radial BP of
the interested reactor shows that the BNCT is practically possible if the port (and the others) is
modified properly. However, for the sake of increasing the applicability of BNCT, a different
BP, named PBP, is utilized in this study.

Each research reactor is designed to have a number of BPs (radial, tangential, etc.). In the
course of construction process, each BP is particularly located inside the reactor to provide a
different spectrum. For instance, the tangential BP supplies a higher thermal neutron flux than
the PBP which is designed to give a higher fast neutron flux. Due to the mentioned
characteristics of the BPs, in this study, the PBP is preferred for the BNCT.

Besides the construction, the incident beam of the BPs is, also, re-designed during the
experiments to meet the specific requirements. The modifications are carried out by placing a

number of materials with different shape, geometry and sequence into the BP. Typically, there
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are three employed methods, as spectrum shifter, filtering and collimation, to shape the beam.
A combination of these materials are called as the pattern. The main role of the patterns is to
eliminate the undesired part of the incident beam while the desired part of the incident beam is
retained.

The design process follows the estimation of application-dependent bounds (or constraints)
such as minimum epithermal flux required for the irradiation of cancerous cells and then
determination of possible filtering, spectrum shifter and collimator materials (e.g. PE, Fluental,
Al). In the earlier studies performed, this process is based on the experiences of the researches,
trial and error method, and the results of the previous studies. Yet, these types of the problems
(pattern search) are optimization problems as the problem contains several objectives to be
maximized/minimized. Therefore, in this study, a new method, which is free from the user
experience, is suggested to shape the beam. The proposed method bases on the use of GA
coupled with a Monte-Carlo based reactor physics code to investigate the proper material

sequence.

In this study, to obtain the desired flux values that the BNCT requires, the pattern generation
is performed using a Multi-Objective Genetic Algorithm (MOGA) computer code, namely
Non-dominated Sorting Method (NSGA-2 method). However, it should be noted that the type
of the optimization problem determines which solution method(s) is the most suitable for the
analyses. For example, the stochastic methods are superior, not the best, in the area of in-core
nuclear fuel management calculations than the mathematical optimization methods like
(non)linear and quadratic methods. Therefore, as a stochastic method, the GA is chosen since
it imitates the way the nature does (behaves) to get more diverse and better generations, and
works well for the pattern search problems. Furthermore, the patterns are obtained using
NSGA-2 method as a MOGA since the pattern search problems have more than one (multiple)
objective to be optimized, and these objectives require optimization all at once. Also, the
selected genetic algorithm (GA) method has been used frequently in the similar problems. It is

a well-efficient, well-proven and fast GA method.

A Monte-Carlo (MC) based calculation is carried out in this study since the simulation models

are mainly used to investigate the possible modifications/changes in the current designs of

reactors without an experiment is performed. Further, experiments require a great deal of time,

a number of staff/researchers and lots of expenditure; thus, the simulations are very proper for

modeling process. Among the modelling methods, MC method offers great opportunities such

as modeling the reactor in detail, use of the stochastic method for the transport of particles in
2



the medium and tallying the particles in any considered region. Therefore, the reactor is

modelled by employing the MC method.

The last but equally important thing is that the particle spectrum in the BP strictly depends on
the burnup level of the reactor. Thus, a burnup calculation is carried out to calculate up-to-date

burnup level of the reactor.

In summary, the main aim of this study is to design the PBP of ITU-TRR for the purpose of
nuclear applications. The nuclear application interested in this study is the Boron-Neutron
Capture Therapy method (BNCT). As the neutron source, fission neutrons supplied by the ITU-
TRR core are used. Availability of the incident beam of the PBP is investigated. Beam shaping
based on the requirements of BNCT application is carried out by employing GA method
coupled with an MC-based reactor physics code. The technique suggested in this study is
unique since the GA method coupled with MCNP has not been considered in searching the
pattern for the considered nuclear application and also the interested research reactor has not,
yet, been used for the nuclear applications. Also, burnup effect on the incident beam has not

been studied thus far.

1.2 Outline of the Thesis

To achieve the primary purpose described in Section 1.1, first of all, a 3D full-core MC model
of the ITU TRIGA Mark Il research reactor was carried out by utilizing a reactor physics code.
For that purpose, MCNP5/6 code was selected.

After validation and testing process of the reactor model in cold-zero power condition (CZP),
the reactor state was changed to hot-full power condition (HFP) in the model. This is done
since the BNCT experiments require higher particle flux(es). The highest flux is produced
when the reactor is at the full-power. The neutronics feedbacks mechanisms (e.g., density
correction, Doppler broadening) at full-power were included into the reactor model. For all the

materials, temperature-dependent cross-sections were produced using NJOY.

Later, burnup effect on the incoming neutron spectrum for the PBP was investigated. For the
current core map of the reactor, a burnup analysis was performed by using the information of
positions of the CRs of reactor operation sequence selected from the log-book. The up-to-date

burnup level of the reactor was calculated.

Under the calculated up-to-date burnup condition, the particles entering into the PBP were
written into a source file. Next, the PBP was separately modeled once again, discarding the

reactor core.



First, the particle fluxes were calculated while the BP was empty. Following the estimation of
nuclear application (i.e., BNCT), requirements were searched. The modifications were focused
on searching a number of proper material and geometry sequence (patterns) formed by the

combination of filtering, spectrum shifter and collimator materials.

For this purpose, a computer code which uses Non-dominated Sorting GA (NSGA-2) method

coupled with MCNP generating the optimized patterns was prepared.

In order to reduce high computational uncertainties due to nature of the deep penetration
problem, optimization process was carried out in three steps as optimizing the spectrum shifter,
filtering and collimator patterns. For each sub-pattern, a number of most proper
materials/isotopes were determined by taking the neutronic properties of the materials into

account.

Each part was optimized separately. After the optimization process, all the sub-patterns were

recombined to obtain the final pattern.

Main computational steps are outlined below. A computational flow diagram is, also, presented
in Fig. 1.1.

i.  Develop a computer model for the ITU-TRR with a MC based reactor physics code in
CZP.
ii.  Validate the reactor model using SAR/experimental values.
iii.  Simulate the reactor in HFP and include the feedbacks.
iv.  Generate temperature-dependent neutron cross-section libraries using NJOY.

v.  Calculate up-to-date burnup level of the reactor core.

vi.  Investigate the burnup effect on the incoming particle fluxes of the PBP.
vii.  Obtain the burnup-dependent incoming particle spectrum in the PBP.
viii.  Create a source file for the PBP.

iX.  Model the BP alone.
X.  Obtain particle fluxes when the port is bare.
xi.  Estimate the application-dependent requirements/constraints for the BNCT.
xii.  Examine the most appropriate materials suitable for BNCT.
xiii.  Use an optimization method to find the proper patterns.
xiv.  Prepare a GA code coupled with MCNP.
Xv.  Obtain the available patterns for the BNCP in the PBP.



The thesis is arranged in the following way. The rest of this chapter includes the summary of
the literature review. Chapter 2 describes the general design characteristics of ITU-TRR.
Chapter 3 gives details of MC modeling of the core and the BP of ITU-TRR. Chapter 4 defines
the fundamentals and the requirements of BNCT application. Chapter 5 provides detailed
information about the optimization process. Chapter 6 provides results of optimization study

for PBP and discusses the calculated results for the feasibility of BNCT.
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Fig. 1.1 Computational flow diagram of the thesis
1.3 Literature Review
The fundamentals of the BNCT were proposed by Locker [2] in the late of 1930s. The first
BNCT experiment was performed on the tumors of the mice in 1940 by Kruger [3]. After the
first experiment, many pioneering studies have been performed in USA ([4], [5]), Japan ([6],
[7]) and Europe ([8], [9]).

An important issue for the BNCT application is the use of high intensity thermal or epithermal
(even fast) neutron sources, depending on the tumor location. Thermal neutrons are superior to
epithermal neutrons for treating the tumors near the surface [10]. Contrarily, use of the
epithermal neutrons seems to be more convenient for deep tissue tumors such as head and neck

cancers and glioblastoma multiform (GBM) [11].

For this purpose, modified research reactors (linear accelerators as well) are being considered
as alternative thermal and epithermal neutron sources for BNCT. The use of research reactors
5



gives suitable excellent beam values both in intensity and quality, and this enables the reactors

to be a neutron source for BNCT purpose [12].

In particular, TRIGA MARK 11 research reactors have been modified for BNCT application in
some countries such as the TRIGA reactor of the University of Mainz, Germany [13], the
Finnish BNCT facility (FiR1) at the University of Helsinki, Finland [14], and Tsing Hua open-
pool reactor (THOR) in Taiwan [15]. Successful BNCT clinical trials for GBM patients have
been achieved by different research groups [16]. Parallel to experimental studies, Kyiv [17]and
Musashi [7] reactors were modelled for the BNCT using the MC method.

There have been some recent academic and clinical studies in BNCT that use neutron beams
generated by the research reactors. For instance, dose distributions in the lungs of a rat model
irradiated in the thermal column of the TRIGA reactor in Pavia were calculated to test the
potential use of BNCT. Simulation of the rat model was performed by MCNP [18]. In addition,
a theoretical model and a MC code simulating radiation-induced cell death based on the link
between lethal chromosome aberrations (dicentrics, rings and large deletions) were presented
[19]. Later, upon successful use of the same reactor in the treatment of hepatic colorectal
metastases, basic requirements and parameter optimization for the BNCT of extracorporeal
irradiated and auto-transplanted organs were searched [20]. Several core configurations were
considered, and core calculations with MCNP were performed to increase the beam intensity
for BNCT in THOR [21]. Moreover, neutron spectra were measured in HFR and THOR BNCT
beams [22]. One year later, a different method that uses indirect neutron radiography,
instrumental neutron activation analysis, the cadmium difference method, and the unfolding
technique was suggested to estimate the angular and spatial distributions of the thermal neutron
source strength [23]. Moreover, performance of the source description of the THOR BNCT
beam was performed using different measurement techniques in different phantoms [24]. In
the LENA reactor, microdosimetric spectrum measurements in the thermal neutron irradiation
facility were performed to characterize the BNCT radiation field [25]. For the purpose of
BNCT in Finland, a beam model was defined for patient treatment planning and dosimetric
calculations by using the mixed neutron photon beam of the FiR 1 reactor. The model was
validated with activation foil measurements [26]. The TRIGA Mainz research reactor was used
for the excorporal treatment of organs in BNCT to estimate the irradiation field in the thermal
column [27]. Meanwhile, the same reactor was used for the treatment of liver metastases. The
calculations were performed using the MCNP and ATTILA codes [28]. Recently, thermal
column of the reactor was used for the dosimetric feasibility studies [29]. The neutron spectra
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of radial and tangential BPs were measured in the TRIGA Mark 111 nuclear reactor in Mexico
loaded with highly enriched uranium fuel [30]. An arrangement for the BNCT facility for tumor
treatment was prepared by modeling the geometry and material composition of
filtering/collimator similar to the beam tube configuration of the Massachusetts Institute of
Technology Research Reactor (MITR) [31]. In the Oregon State TRIGA Reactor (OSTR), the
neutron spectra of various experimental facilities were calculated by MCNP and measured
experimentally. The results of low enriched U fuel were compared with those of highly
enriched U fuel [32].

Modification of the research reactors for BNCT is mainly on the use of proper beam shaping
materials inside the beam ports. Optimization processes are performed by changing the
thickness of the beam shaping materials. Tiyapun [33] designed filter and moderator assemblies
for the tangential beam port of the OSTR. In the study, MCNP was used to simulate a model
of the reactor core and neutron irradiation facilities. Each selected filter/moderator material
was placed into the BP separately and optimum thickness of the material was evaluated by
increasing the thickness step by step. Similar to Tiyapun [33], Sweezy [34] proposed a filter
and collimator system for boron neutron enhanced fast neutron therapy using MCNPX. In
contrast to them, to optimize the beam shaping assemblies, Bleuel [35] used a different
optimization method named Ubertally technique, which involves post-processing of individual
particle tallies in a Monte Carlo simulation to reweight the fluxes to reflect a neutron or photon
source. The literature review showed that there has not been a study which uses GA method to

optimize the beam shaping materials.

In Turkey, the BNCT studies mostly cover the development and synthesis of boron carrier
compounds [36]. Use of the research reactors constructed in the Turkey for the BNCT purposes
has not been under consideration until 2014. Nowadays, there is an important attempt to utilize
the ITU-TRR in treating the patients with BNCT method. In this manner, this study would give

a significant contribution to the advancement of BNCT method in Turkey.



2. ITU TRIGA MARK Il RESEARCH REACTOR

All information provided under this section is based on the Safety Analysis Report (SAR) [37]
of ITU-TRR.

2.1 General Design Parameters of the Reactor

ITU-TRR, commissioned and became critical in 1979, was founded to operate under Nuclear
Energy Institute of Istanbul Technical University (ITU), Istanbul, Turkey. It is a pool-type
reactor, cooled by light-water, moderated by light-water and graphite, and reflected by a ring
shaped graphite assembly. It operates with natural convective cooling by reactor pool water.
The reactor generates a nominal power of 250 kW at full-power in a steady-state operation.
The pulsed power operation is performed by step reactivity insertion when the reactor is at a
power level of 1 kW at start-up. Maximum licensed peak power for the pulse experiment is
limited to about 1200 MW. The reactor core components are illustrated in Fig. 2.1 for vertical

view and Fig. 2.2 for radial view. The summary of geometry and material parameters of the
reactor core components are listed in Table 2.1.

| POIP
; AR
1 4y 3o 6.6 M
= L
= b2 ?3M :
=N ALbMINUM
— 2 /HOJSUNG pal 3TM
'..zu-' L B BORAL
=== A Al HEAVY CONCRETE
. REFLECTOPN | coRe f ~”” DGOR ONTRACK
: /// . DOOR PLUG
| _l_l

coucnsn-f ,::.-' L

6.6M
&

Fig. 2.1 The reactor core components of ITU-TRR (Vertical View)



RADIAL BEAMPORT
RADIAL PIERCING —

BEAM PORT ALUMINUM CASING
BORAL PLATE
s ¥ _THERMAL
0 /‘ COLUMN

- (A7 Al DOOR

o Do o A

:..' N =/ i, o / B ‘

GRAPHITE ] \\4’\\\ 1
REFLECTOR DANERN
NN/ -
SN
. R -:. 1

! NN 3 THERMAL

) o0 ; COLUMN

DOORPLUG

CURE ——— GRAPHITE
THERMAL
COLUMN
TANGENTIAL
BEAMPORT

REACTOR TANK

Fig. 2.2 The reactor core components of ITU-TRR (Radial View)



Table 2.1 Design parameters for ITU-TRR

Component Dimension (cm) Material
Core radius 21.80
Reactor tank
Radius 100 Anodized Aluminum
Thickness 0.635
Height 640
Grid plates Top / Bottom
Thickness 1.905 Anodized Aluminum
Hole diameter 1.905 / variable
Fuel element
Radius of zirconium rod 0.3175 Pure Zr
Fuel radius 1.8161 UZrH16 (20 w/o % 2U in8.5w/0 % U)
Fuel length 38.10
Cladding thickness 0.0508 SS-304 Stainless steel
Axial bottom reflector length  8.8138 Graphite
Axial top reflector length 8.7376
Total height 73.152
End-fittings length 5.936
Transient rod
Guide tube outer diameter 3.8 Aluminum
Guide tube thickness 0.3
Absorber length 38.1 B.C
Absorber diameter 1.66495
Cladding thickness 0.0508 6061-T6 Aluminum Alloy
Cladding length 41.275
Regulating and safety rod
Absorber length 38.1 B.C
Absorber diameter 1.50876
Cladding thickness 0.07112 6061-T6 Aluminum Alloy
Cladding length 41.275
Reflector
Thickness 30.48 Graphite
Height 55.88
Cladding thickness 1.05 Anodized Aluminum
Beam tubes
Radius 7.62 Barite Concrete
Thermal column
Cross-sectional area 122 x 122 Graphite
Depth 168

2.2 Fuel, Moderator and Control Rod Design
The core is composed of fuel elements, instrumented fuel elements, moderator elements,
control rods, a source element, a pneumatic system and a central thimble. The core

configuration is given in Fig. 2.3.
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GR : Graphite Fuel Element
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CT : Central Thimble

PS : Pneumatic Transfer System
RR : Regulating Rod
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A-B =4.054 cm
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A-D = 11.946 cm

A-E =15.816 cm
A-F = 19.888 cm

Fig. 2.3 Fuel-loading core map of ITU-TRR
Fuel-moderator elements comprise two parts: active part and moderator part. The active part
has an annular fuel region containing a solid homogeneous mixture of uranium-zirconium
hydride alloy (U-ZrHz16) and a pure zirconium rod at the center of the annular fuel region. The
length of the active part (or active core length) is limited to be 38.1 cm. The nominal hydrogen-
to-zirconium atom ratio is approximately 1.6. The solid fuel is made up of homogeneous
mixture of uranium-zirconium hydride matrix containing about 8.5 % (by weight) U enriched
to 20 % 2*°U. Zirconium rod has a radius of 0.3175 cm with a density of 6.52 g/cm?®. The
moderator part contains two blocks of graphite, one above and one below the active part, acting
as the top and bottom reflector for the core. The length of each graphite moderator region is
8.763 cm. The clad material made of stainless steel (type 304 SS) encases these two parts with
a thickness of 0.508 mm. Both ends of the clad carry stainless steel end fittings with triangular
spacers, which are attached to the grid plates. The overall length of the fuel element is 73.152

cm. General view of the fuel element is shown in Fig. 2.4.
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Fig. 2.4 TRIGA stainless steel clad fuel element with end fittings
An instrumented fuel-moderator element has three thermocouples embedded in the fuel. As
shown in Fig. 2.4, the sensing tips of the fuel element thermocouples are located about 0.762

cm from the vertical centerline.

The empty holes on the core layout may be loaded with graphite dummy elements to provide
additional moderation. These elements are all identical to fuel elements in dimensions and
fabrication except that the active part of the fuel element is replaced with a block of graphite

and also aluminum is used as the clad material.

Three different control rods are in use in the reactor core: safety, regulating and transient rods.
Drive units provide mechanical motion for the control rods. Only transient control rod moves
within hollow aluminum guide tubes. A control rod can be moved along the active core region
from zero to a maximum of 38.1 cm. Absorber material of control rods is manufactured from
boron carbide compacts (B4C) and enclosed by 6061-T6 aluminum alloy. They are aligned and
operate within perforated aluminum guide tubes. Each control rod is connected to a drive unit.

Operation of the transient rod drive is controlled from the reactor console.
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2.3 Fuel Density and H/Zr Atom Ratio
Standard TRIGA fuel contains 8.5 % U with an average *°U enrichment of 20 % inside
zirconium-hydride matrix. Density of the fuel directly depends on the hydrogen content, and it

can be calculated as follows [38]:
-1
p=£w—g+ﬂ] (Eq. 2.1)

where W, is uranium content of the matrix fuel in units of weight percent (%); pf,’ is density of

the uranium in room temperature with 19.9 g/cm?® and, Pz, Is the density of zirconium-

hydride matrix and can be expressed as follows [39]:

Pz, =1/(0.1541+0.0145x) for x < 1.6 (Eq. 2.2)

Pz, =11(0.1706+0.0042x) for x > 1,6 (Eg. 2.3)

where x is hydrogen-to-zirconium atom ratio (N1/Nz).

U-ZrHx fuel matrix has a nominal hydrogen-to-zirconium of 1.6; however, Simnad [39]
emphasizes that the value ranges from 1.5 to 1.7. On the other hand, this study uses H/Zr ratio
of 1.65 as the SAR does not indicate any certain value. Hence, fuel density is calculated to be
5.985 g/cm?.

2.4 Reactor Tank, Grid Plate and Reflector Assembly Design

A central thimble to conduct experiments and/or to irradiate small specimen is positioned to
the core center (the location where the maximum flux occurs). It is normally filled with water?;
however, this mass of water may be discharged in order to obtain a well-collimated beam of
neutrons. The thimble outer diameter is 3.81 cm that fits through the center hole between the

top and bottom grid plates.

A pneumatic transfer system in aluminum tubing is typically located in the outer ring of the

core, in particular in a region of high neutron flux, to produce short-lived radioisotopes. The

L In the report by the GA Technologies prepared for the USA-DOE [40], stainless steel standard fuel elements (%
8.5 U with 20% enrichment) has an H/Zr atom ratio of 1.7. Moreover, the nominal value provided by the GA in
the 1AEA report [41] is 1.60. In a different report [42], 1.60 is used in the research. Finally, in the studies
performed by El Bakkari [43], Bock and Villa [44], and also in TRIGLAYV [45] code, an atom ratio of 1.65 is used
for the same fuel type.

2 According to the SAR, reactivity effect of the central thimble that is filled with void is calculated to be -0.6 %
Ak/K.
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tube is filled with air and for the modelling purpose considered as air (or void)3. The outer

diameter of the tube is 3.175 cm.

The core is surrounded by a ring-shaped block of graphite that serves as a reflector for the
neutrons escaping from the core. The block is covered with leak-tight welded aluminum clad

to avoid corrosion due to water. It is radially 30.48 cm thick with a height of 55.88 cm.

A rotary specimen-rack* is embedded to the top of graphite reflector assembly in a well for

large-scale radioisotope production and, the activation and irradiation of small samples.

The top and bottom grid plates are fabricated from aluminum alloy (anodized aluminum),
which support the reactor core components and provide horizontal positioning to them. The
top grid plate is welded on the top of the reflector and nailed with stainless steel pins. The grid
plate holds 91 holes with a diameter of about 3.81 cm, distributed in five rings around the
central thimble. The bottom grid plate also contains 91 holes with varying diameters. Cooling
water passage through the top plate is provided by the differential area between a triangular
spacer block on top of the fuel element and the round hole in the grid. Small holes at various

positions in the top grid plate permit insertion of foils into the core to obtain flux data.

The reactor tank has a diameter of about 2 m with a thickness of 6.35 mm and a height of 6.40

m. Tank is fabricated with aluminum material and welded to obtain a leak-tight boundary.

2.5 Beam Ports and Thermal Column Design

Fig. 2.2 shows three BPs in the reactor: radial, tangential and piercing. The BPs are located at
the core perimeter in order to provide neutron flux and gamma beam for various irradiation
experiments. Each one is designed to function for a specified neutron spectrum. BPs are 7 cm
below from the core center due to the position of the rotary specimen-rack inside the graphite
reflector. Geometric properties of BPs are listed in Table 2.2.

Table 2.2 Geometric Properties of BPs

Name Diameter (cm) Total Length (cm)
Radial 15.24 t0 20.32 277
Piercing 15.24 t0 20.32 307
Tangential 15.24 t0 20.32 330

3 The use of void/air instead of water reported in the SAR accounts for an excess reactivity of -0.15 % Ak/k.
4 The filling material can be void/air or water; General Atomics [37] provides that the reactivity effect due to void
usage is -0.15 % Ak/k.
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All of the BPs are identical in diameter, but not in length. Piercing radial and tangential BP
begin from the inner surface of the graphite reflector and reach out the outer surface of the
reactor concrete shield by, in turn, passing through the section of graphite reflector, water and
concrete. In addition, the radial BP extends from the outer surface of the graphite reflector to
the outer surface of the reactor concrete shield. All of the BPs have an inner diameter of 15.24
cm with a 0.80 cm thick aluminum cladding. However, later, the diameter increases to 20.32

cm.

BPs normally filled with air are choked up with the wood-lead plug-ends until an experiment
is performed. In the experiments, plug-ends are removed, and specially designed

collimators/patterns are placed into the BP hole.
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3. MONTE-CARLO MODEL OF THE REACTOR
This section gives details of MC model of the core and the PBP of ITU-TRR.

3.1 Reactor Core

A 3-D full-core modelling of the reactor is performed using MCNP5 [46] (the code is detailed
in Section 3.6.1). The data used in the modelling for geometry, materials and neutronic
parameters is, in general, based on Safety Analysis Report for the TRIGA MARK 11 Reactor
[37]. To minimize the systematic and modelling errors emanating from uncertainties (e.g.,
assumptions, approaches and applied methods), all of the core components (referring to Section
2) are, practically, transferred to the MCNP. A full core calculation is performed since the

reactor is not symmetric. Radial (left) and vertical (right) view of the reactor in the MCNP

model are presented in Fig. 3.1.

Thermal
Column

Thermal
Column

Graphite
Block

Biological Shield:
Concrete

Biological Shield:
Concrete

Fig. 3.1 Radial (left) and vertical (right) view of the reactor core in the MCNP model
MC model incorporates neutron transport calculation with photon transport and photo-nuclear

reaction calculations. More, photon interactions are taken into account by using PHYS card.

For the low energy neutrons (<4 eV), thermal scattering behavior related with crystal structures
and chemical bounds is taken into consideration. Free gas approximation with regard to the
thermal motion of adjacent atoms is considered for H>O, Graphite, H in ZrH and Zr in ZrH.

The modeling is performed for CZP and HFP. The CZP is modeled to make only validation of
the reactor model while the HFP is modeled for the burnup calculation and BP design.
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3.1.1 Cold-Zero Power Condition
CZP (at low power) at the temperature of 23 °C (296 K) is taken into account for all the
materials inside the core; thus, the feedback effects on the neutronic computations are assumed

to be negligible. More, effect of burnup is not included due to the fresh core assumption.

The analyses are performed by using ENDF/B-VI1.0 [47], ENDF/B-V1.8 [48], JEFF-3.1 [49]
and JEFF-3.1.1 [50] libraries to observe the effect of the cross-section libraries assembled by
different compilers.

3.1.2 Hot-Full Power Condition
In the case of HFP, the reactor is assumed to operate at a power level of 250 kW at a steady-
state operating condition. Control rods are set to the positions where the considered operation

sequence is performed.

Feedback effects caused by a change in the density and cross-section of materials due to a
change in material temperatures are taken into account; however, they are assumed to be
invariant. For this purpose, average material temperatures are set to 380 K for the clad, 450 K
for the fuel, 540 K for pure zirconium rod, 310 K for water inside the core and 300 K for the
rest of structures, respectively. As the zirconium rod is located at the center of the fuel region,
average rod temperature nearly equals to maximum temperature of the fuel (to inner surface
temperature) and thus, naturally would be higher than that of the fuel. For that purpose, NJOY
module is used to generate the neutron cross-sections at the operating temperatures as well as

photo-atomic and photo-nuclear reaction libraries.

3.2 Temperature-dependent Cross-Section Generation

NJOY99 with an update 396 [51] [52] is used to generate the neutron cross-sections at the
specific material temperatures as well as photo-atomic and photo-nuclear reaction libraries.
Thermal scattering libraries are also produced for the water and graphite, and the zirconium
hydride fuel. A flow diagram of NJOY is presented in Fig. 3.2.
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Fig. 3.2 NJOY99 Flow Diagram
As the nuclear data processing code, NJOY is made up of a set of modules such as MODER,
RECORN, and BROADR. Each module (job details of the modules are given in Section 3.6.3)
performs a separate task to produce final form of the cross-sections. As the required input

parameters for each module are almost automatized by the code developers, default values of
the parameters, which are appropriate for most of the problems, are used. Yet, the code still
needs somewhat user knowledge to open the optional cards. Cross-sections can be generated
for any desired temperature/reaction/particle of the selected isotope(s). In brief, after a great
deal of straightforward calculation, the code produces ACE formatted files for the MCNP code
and several control plots to check the ACE files®. Evaluated Neutron Data Files (ENDFs)
primarily come from the updated ENDF/B-VII.1 library [53]; however, JEFF3.2 [54],
CENDLS3.1 [55], JENDL4.0 [56] and TENDL2013 [57] are used for the isotopes that are not

in the used library.

3.3 Burnup-Dependent Neutron Spectrum Calculation for the BP

The main aim of this step is to obtain a burnup-dependent incoming neutron/photon spectrum
for the BPs to be used in the subsequent calculations. Since the spectrum in the BPs strictly
depends on the burnup and the power level of the reactor, effect of burnup on the incoming
neutron spectrum of PBP is investigated. Therefore, the neutron and photon spectra are
obtained at the burnup level of the specific reactor operation sequence in order to include the

burnup effects into the simulation results.

5 The criticality test of the ACE libraries is carried out using the ‘International Handbook of Evaluated Criticality
Safety Benchmark Experiments (OECD-NEA ICSBEP)’.
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Burnup-dependent neutron spectrum is obtained by using the position of the CRs inside the
core. Criticality during a particular reactor operation is ensured by moving the CRs upward or
downward inside the core. However, the positions of the CRs inside the core are very peculiar
to the reactor operation sequence. This means that burnup values of the fuel elements can be
properly calculated using an MC based burnup-depletion code if the reactor is modeled at the
conditions similar to the considered operation sequence. Operational data contain the
information about not only the positions of the CRs, but also about the material temperatures,
reactor power history and the latest core map. According to the method, any operational data
(preferably the most recent) are defined in the MC model of the reactor. Subsequently, fuels
are burned using a burnup code until the excess reactivity® of the core becomes zero. Once the
excess reactivity falls down below zero, the reactor theoretically cannot maintain its criticality
and, finally shuts itself down.

The up-to-date burnup calculation is carried out using the reactor operation sequence of 1599
(# 1599) recorded into the ITU-TRR log-book in March 2013. During the operation, transient
and safety rods were set to 96.89 % and 94.89 % of their full positions, respectively. Position
of the regulating rod inside the core was not fixed during the operation in order to maintain
criticality; however, an average value of 83.83% is used in the MC calculation. An MCNP
representation of the reactor including reactor core, BPs, thermal column and, water and
graphite blocks is presented in Fig. 3.1. Core loading map used in the burnup calculations is
shown in Fig. 2.3.

It should be noted that photon calculation is not a necessity for a burnup calculation.

MONTEBURNS2 [58] [MCNP5 linked with ORIGENZ2.1], a fully-automated burnup
depletion code, is used to calculate the burnup of fuel elements. The code description is
presented in Section 3.6.2. The code requires four separate input files, MCNP,
MONTEBURNS, feed and cross-section input files. MCNP input file comes from the reactor
model generated in Section 3.1. MONTEBURNS input file is created; input parameters are set
to 9 for outer burn steps (outer iteration for convergence), 100 for internal burn steps (inner
iteration for convergence), no intermediate Kefr calculation (initial guess for subsequent steps)
due to no feed, and zero fractional importance to take all of the FPs into account. Simply, no
feed indicates that no fuel is loaded into the core during the burnup calculation. The justification

for that is that the reactor records show, thus far, no change in the recent reactor core

® The amount of surplus reactivity that is needed to compensate for decrease of fissile content and accumulation
of the FPs.
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configuration. Furthermore, if the fractional importance is set to zero in the input file, it means
that contribution of each FP calculated in the ORIGENZ2, even negligible ones, is to be
calculated by the code. For the contribution of only major FPs, the fractional importance should
be one. On one hand, ORIGENZ requires an initial cross-section library to initiate the burnup
calculation. Unlikely, an initial library for a TRIGA Mark Il has not been provided by Radiation
Safety Information Computational Center (RSICC); thus, the required library, entitled TRIGA,
is produced from a previous test run. For tally calculations, a total of 250 critical isotopes,
including FPs and actinides, are chosen. A feed input file is also prepared; the time steps are
selected to be 3 days (from user experience) for the FPs equilibrium and 20 days for the rest.
More, no feed or discharge from the reactor core during the irradiation is considered. The cross-
section input file contains a list of transmutation cross-sections for a total of 533 isotopes. Since
the power history is not represented accurately in the log book, the reactor is considered to be
operated at a constant power of 250 kW. However, constant power approach limits the accuracy
of fuel burnup calculation as the accumulation and depletion of the FPs directly depend on
power level of the reactor. The most important impact of this simplification is that the user is
obligated to make an assumption of FP equilibrium in burnup calculation. A computational
flow diagram of burnup calculation is shown in Fig. 3.3. The output of the code gives burnup
values as a function of core multiplication factor (or in terms of reactivity). For an accurate
burnup calculation, Non-Linear Reactivity Model (NLRM) [59] is employed. Therefore, a
second order curve fitting for the Eq. (1) is performed assuming a single-batch core. Using the

equation, burnup can be easily calculated by setting the fitted equation to zero [p(B) = 0].

p(B)=A,xB* +AxB+A (Eq. 3.1)

where A, [1/(MWh)?], A1 [L/MWH], Ao are the fitting constants, and B [MWh] is the specific

burnup.
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Fig. 3.3 Computational flow diagram for burnup calculations
3.4 Beam Ports
The BP calculations are carried out using MCNP6.1’ [60] code. Radial view of the PBP in the
MCNP model is presented in Fig. 3.4.

Therapy
room

Graphite
Block

Biological Shield:
Concrete

Fig. 3.4 Radial view of the PBP in the MCNP model

" Note that MCNP5 is the previous code used to analyze reactor model in this study. The reason why the code is
changed to a newer version is that the newest version of MCNP gets the solutions about 25 % faster than the
previous one, MCNP5.
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It is very important to note that the BP model is based on the values given in the SAR of the
reactor. Yet, the BP has undergone several changes as the time goes by. Unfortunately, the MC
model does not carry these modifications as well as the design changes, fabrication
uncertainties and material property differences.

In calculations, neutron and photon physics (without the bremsstrahlung effect) are taken into
account by using the PHYS card. In addition, low energy (less than 0.4 eV) interactions of

neutrons with atoms are modelled with S (a, B) approach for H20 and Graphite.

To reduce the computational time in the MC calculations, the criticality calculations are
discarded from the deep penetration transport calculations for the BPs. For this purpose, the
calculations are divided into two separate parts as the reactor core calculation (Eigen-value
problem) and BP calculations (deep penetration problem). First part covers only the criticality
calculation such as estimation of the effective multiplication factor, validation and testing of
the reactor model, and burnup-dependent neutron/photon spectrum. Furthermore, the first part
is used to create a source file to be used in the second part. For this purpose, a source surface
for the interested BP is defined, and all the particles that pass this surface are written into a
surface source file. The location of the source surface is illustrated in Fig. 3.4. The created
source file contains important information about the particles such as energy, position and
trajectories. In the second part, reactor core region is excluded from the BP model. That is, the
BP is modeled separately. All the calculations in the PBPs are performed by using the created

source file.

3.5 Input Parameters for the Reactor Physics Code

For reactor model validation and testing, MC calculations are performed by using 10000
neutrons per stage for 200 passive cycles and 1500 active cycle run about 15 million sampled
neutrons per calculation. The continuous energy .03c neutron cross-section sets are used in the

evaluation of reaction rates at 300 K and the standard .04p photon cross-section sets are used.

In HFP case of criticality calculations, one million neutrons per cycle with 100 passive and
1500 active cycles are used.

In the burnup calculations, KCODE criticality calculations use 10 000 neutrons per cycle with
50 passive and 500 active cycles. The provided neutron history yields a relative error of less
than 0.0007 for the core multiplication factor. Typically, sensitivity of the multiplication factor

for an accurate calculation should be less than 0.1 %.
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During the creation of surface source file for the PBP, the number of neutrons per cycle with
100 passive and 1600 active cycles is chosen so that it would yield a maximum relative error
of 0.00012 for the neutron fluxes. The neutron/photon/photo-atomic libraries used in the
calculations come from the continuous-energy ENDF/B-VII.1. For the BP materials, the

neutron cross-sections are used at the room temperature (300 K).

F2 surface flux tally (particles/cm?.s), F4 tally (particles/cm?.s) for flux averaged over a cell,
F5 detector tally® and FMESH (particles/cm?.s) for defining a mesh tally averaged over a mesh

cell are used for tally purposes.

In all calculations, the group energy boundaries are 0-0.625 eV for thermal, 0.625 eV-0.1 MeV
for epithermal and 0.1 eV-20 MeV for fast neutrons. For the neutron spectrum calculations,
number of energy groups are defined as 1195 for the particles. The group energy boundaries
are based on 238-group ENDF/B-V.

Output of tallies is converted to the flux values by multiplying with a constant of C (using tally

multiplier card):

B vx Px10°(W/MW)
1.602x107°(IIMeV) xk,, xQ

(Eq. 3.2)
where the average number of neutrons produced per fission, v, is 2.438; reactor power of P is
250 kw; effective multiplication factor, kerr, changes with the burnup, and average fission

energy produced from all fissionable material, Qave, is about 200 MeV.

SSW card is used to create the source file; SSR card is used to read the particles from the source
file. To lower the computational errors resulted from the nature of deep penetration problem, a
number of variance reduction techniques are implemented into the simulation. A combination
of Russian roulette for energy and weight, geometry splitting (IMP), energy splitting (ESPLT),
forced collision (FCL), energy/weight cutoff (CUT), population control (NPS), DXTRAN
sphere with cell contribution and point detector with detector contribution (PD) is used to
reduce the relative errors of neutron group fluxes in the BP to acceptable levels®. The source is
biased by defining an isotropic angular flux on the source. This option is useful for the point
detector and DXTRAN sphere.

8 Same unit with F2 tally.
% In a MC calculation, relative error must be less than 0.1 for a tally except detector tallies. Otherwise, it should
not be greater than 0.05 for the detector tallies.
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3.6 The Used Codes

3.6.1 MCNP5/6.1

MCNP5/6.1 is a general-purpose Monte Carlo N—Particle code that can be used for neutron,
photon, electron, or coupled neutron/photon/electron transport. It also has a capability of
calculating the multiplication factor for the critical systems. The code treats an arbitrary three-
dimensional configuration of materials in geometric cells bounded by first- and second-degree

surfaces and fourth-degree elliptical tori.

Point-wise cross-section data are used. For neutrons, all reactions given in a particular cross-
section evaluation (i.e., ENDF/B-VII.1) are accounted for. Thermal neutrons are simulated by
both the free gas and S (a, ) models. For photons, code accounts for the incoherent and the
coherent scattering, the possibility of fluorescent emission after photoelectric absorption,

absorption in pair production with local emission of annihilation radiation, and bremsstrahlung.
3.6.1.1 Cards Used for the Tally Purpose

In MCNP calculations, necessary computational outputs that the code users want to get are
obtained by using the tally cards provided by the code. For this purpose, the Fn cards are
defined together with the auxiliary cards. Not only the cards can be used separately but also
using a combination of those cards is possible. The used cards in this study are introduced
briefly as follows:

Tally Definition Unit

F1 Current integrated over a surface particles

F2 Flux averaged over a surface particles cm
F4 Flux averaged over a cell particles cm™
F5 Flux at a point detector particles cm
FMESH Flux averaged over a mesh cell particles cm

The F1 tally calculates current for which the particles cross a defined surface. It simply gives
the sum of the weights (W) of the particles; that is, there is no division by surface area.
Moreover, it is the sum of the partial currents across a surface (crossing in the positive and

negative directions to the surface). The tally can be expressed as in Eq. 3.3

Fl=1J =jdAjdEj dQneJ(r,,E,Q) (Eq. 3.3)
A E Ar

where n is the surface normal in outward direction at rs.
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The F2 tally calculates particle flux for the particles which cross a defined surface. The
contribution of each particle to the tally is W.|sec|/A if the particle has a weight of W and an
angle of & with surface normal, and the surface area is A. The flux depends on energy, space
and angular distribution; therefore, the tally is given as follows

F2=¢Z:%J;dA£dEidQ®(rs,E,Q) (Eq. 3.4)

The F4 tally calculates average particle flux within a defined cell. Each particle makes a
particular contribution of WT/V to the flux in the cell where the W is used to define the weight
of the particles, T is the track-length and V is the volume of the interested cell. Total

contribution to the tally can be found using following formula

Fa=4g, :lj.dVJ‘dEJ'dQCD(r,E,Q) (Eqg. 3.5)
V \Y E Ar

FMESH tally calculates the track length estimate of the particle flux averaged over a mesh cell.

This tally is very similar to F4 tally; but, in this case, an interested cell is divided into a number

of sub-cells.

The F5 tally estimates particle flux at a point in space in a deterministic way. It is a kind of
limiting case of F2 surface flux. Contributions to the point/ring detector come from the source
and collision events throughout the random walk. The contributions to the fluence at the

detector are given by

— W/u(E’ 95) e—y(E)l’
u(E)’

where E is the energy of the particle after collision and W is its weight. u (E, 6s) is the linear

(Eq. 3.6)

interaction coefficient per steradian for scattering angle 6s.
3.6.1.2 Variance Reduction Methods

For an acceptable MC calculation, sufficient precision is a must. However, computing time
directly depends on the interested sufficient/rational precision. Under this particular
circumstance, most users are forced to make a selection between precision and the run-time.
To solve the mentioned dilemma, a number of variance reduction methods have been
developed. Frequently used variance reduction techniques are shortly described below. Before

that, efficiency of the MC calculations have to be measured by using variance and computing
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time. In this manner, the Figure of Merit (FOM) perfectly shows if a problem is well-sampled

or not. The FOM is simply defined as

FOM =~ (Eq. 3.7)
ot
where o is the relative standard deviation of the mean, and t is the computational time for the

calculations.

Geometry Splitting/Russian Roulette: The method, simple and widely used variance
reduction technique, is based on defining an importance function on an interested surface/cell.
The method divides the geometry into cells, assigns an importance (I») to each cell and decides
which technique (splitting or roulette) is to be selected according to the ratio between cell m
and cell n. If the importance ratio (v=In/Im) between cell m (Im) and cell n (1) is greater than 1,
then particles split into v track. If the importance ratio is less than 1, then particles play Russian

roulette. Otherwise, particles are transported to next cell without employing variance reduction.

Time/Energy Cutoff: The time/energy cutoff provides user to define a problem-wide
time/energy interval. If the particles fall below a defined time/energy cutoff value, they are
killed. The most beneficial effect is to decrease the required time per history.

Energy Splitting/Roulette: This method is very similar to geometry splitting; but, in this case

energy of a particle is divided into the number of same particles.

3.6.2 MONTEBURNS2

MONTEBURNS2 [MCNP5 linked with ORIGEN2.1], a fully-automated burnup depletion
code, is used to calculate the burnup of fuel elements. The code requires four separate input
files, MCNP, MONTEBURNS, feed and cross-section input file. MONTEBURNS produces
large number of criticality and burnup results based on various material feed/removal
specifications, power(s), and time intervals. The program processes input defined by the user
that specifies the system geometry, initial material compositions, feed/removal specifications,
and other code-specific parameters. Various results from MCNP, ORIGEN2, and other
calculations are then output successively as the code runs. The principle function of
MONTEBURNS is to transfer one-group cross-section and flux values from MCNP to
ORIGEN2, and then transfer the resulting material compositions (after irradiation and/or
decay) from ORIGEN2 back to MCNP in a repeated, cyclic fashion. The basic requirement of
the code is that the users have a working MCNP input file and other input parameters; all
interaction with ORIGENZ and other calculations are performed by MONTEBURNS.
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3.6.3 NJOY

Nuclear Data Processing System, shortly called NJOY, produces point-wise and multi-group
cross-sections from Evaluated Nuclear Data for a variety of particle transport/diffusion codes
including MCNP. NJOY consists of a number of modules, each of which is coded to perform
a separate task; however, only the used modules are introduced related with the scope of this
study. As shown in Fig. 3.2, the modules used to produce ACE cross-section files consistent
with MCNP are MODER, RECORN, BROADR, THERMR, HEATR, PURR, GASPR and
ACER, respectively. In NJOY, MODER is used to convert binary-to-ASCII or ASCII-to-
binary mode; RECORN is used to reconstruct resonance cross-sections from resonance
parameters; BROADR is used to generate Doppler-broadened cross-sections; THERMR is
used to generate point-wise neutron scattering cross-sections in the thermal energy range;
HEATR is used to generates point-wise heat production cross-sections and radiation damage
energy production for the specified reactions; PURR is used to produce probability tables for
MCNP; GASPR is used to add gas production reactions; ACER is used to prepare libraries in
ACE format for MCNP. Apart from the mentioned modules, there are a number of distinct
modules used to verify the produced neutron cross-sections. ACER is capable of making a
series of consistency checks and produces several plot files for which VIEWR module prepares
the plot files as Postscript file. Furthermore, PLOTR is very useful when the generated cross-
sections are compared with the raw data of ENDF file.
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4. REQUIREMENTS FOR BNCT APPLICATION IN RESEARCH
REACTORS

4.1 Introduction to BNCT Application

Neutron Capture Therapy (NCT) is an experimental radiation technique based on the theory of
destroying the selectively targeted deep tumors with heavy charged particles created after
thermal neutron capture process of a particular isotope inside the tumor cells. The isotopes
suitable for the NCT are the specific atoms which have a huge thermal neutron capture cross-
section. The candidate materials such as 3He, 1°B, 1'Gd and **Cd are used as chemical agents
which are selectively taken up by the tumor cells. When °B, which has been widely used in
the world due to its chemical properties, is used for the purpose of NCT, the method is referred
to BNCT. Similarly, GANCT method uses *’Gd isotope instead of 1°B.

The benefit of the BNCT method is to destroy the tumor cells selectively which are fed with a
boron containing chemical compound, so-called boron delivery agents. The method works well

even the tumor cells spread out in the healthy tissue. The reaction °B (n, a) "Li is

2He(1.78MeV ) +] Li(1.01MeV )(6.3%)
5B+ (Eq. 4.1)
“He(1.47MeV ) +] Li"(0.84MeV )(93.7%)
N Li+y(0.48MeV)

The created heavy particles lose their energies within a cell, typically in less than 10 pum.
Stopping powers of alpha and lithium are 150 MeV/mm and 175 MeV/mm.

Depth and position of the tumor cells determine the energy of the source neutrons to be used
in BNCT. Superficial tumors are irradiated with thermal neutrons (< 0.4 eV) while the tumors
seated deeper than 8 cm are irradiated with the epithermal (0.4 eV < E < 10 keV) and fast
neutrons (> 10 keV). As the epithermal/fast neutrons penetrate deep into the tissue, they lose
their energies due to scattering and slow down to thermal energies at the tumor site. The
thermalized neutrons make absorption interaction with the tumors containing boron compound.

Such reaction, given in Eq. 4.1, produces a very high radiation dose in the cancerous cells.

It is important for BNCT to be successful that not only high energy neutron beams have to be
employed but also high tumor concentrations of °B and a high tumor to normal tissue ratio
must also be achieved. A well-efficient boron-included chemical agent development is one of

the key parameter for a successful BNCT.
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4.2 Desired/Undesired Neutron Beam Characteristics
One of the key aspects of beam (port) design is to maximize the desired epithermal neutrons.
Thus, the major objective in applying the BNCT is to increase the epithermal flux as high as

possible while all other radiation types in the incident beam are minimized.

IAEA technical document [61] reports that the range of dose from the epithermal flux
component is from 2.5 to 13 x 10 Gy cm? per epithermal neutron in existing facilities. A
target number is estimated to be 2 x 10 Gy cm? per epithermal neutron. Epithermal energy
range is in the range of 0.4-0.6 eV and 10 keV.

The studies performed earlier indicate that a minimum epithermal neutron flux of 10° n cm
st is desired in the incident beam. However, a lower epithermal neutron flux (> 5 x 108 n cm-
2571 can be used in irradiation; but, this situation would lead to an increase in irradiation period
(within a reasonable treatment time) of the patient. In addition to longer irradiation period,
sustaining the necessary boron concentration in the tumor cells till the end of the total required
irradiation time may not be achievable if the beam intensity is lower than the desired value.
This is because the tumor boron concentration completely depends on the used beam intensity.
Higher epithermal neutron flux (> 10° n cm™ s%) means much lower irradiation period.
However, it should be noted that besides high epithermal neutron flux, an improved beam
quality is crucial in performing the BNCT. The reason is that the beam has a number of
undesirable characteristics such as containing photon fluence and thermal neutron flux. In such

application, one should make a decision between a better quality and more intensity.

Energy range of the fast neutrons is assumed to be higher than 10 keV (up-to-20 MeV). A beam
of neutrons generated in a research reactor core inevitably contains fast neutron flux which has
a number of undesirable characteristics such as production of high LET (Linear Energy
Transfer) protons. These protons are very harmful for the healthy cells. Therefore, it is
important to reduce the fast neutron flux of the incident beam as low as possible for the BNCT

application.

Photons interact not only with tumor tissue but also with a large volume of healthy tissue as
they have a wide energy range of several keV to MeV. Therefore, it is important to eliminate
photon fluence from the beam as much as possible. Furthermore, there is somewhat gamma
dose contribution due to the neutron capture reaction of boron inside the patient. Although a
desired target value is 2 x 1073 Gy cm? per epithermal neutron, in existing facilities the value

changes from 1 to 13 x 10723 Gy cm? per epithermal neutron.
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To reduce radiation damage to the skin tissue as low as possible, thermal neutron contribution
of the incident beam needs to be minimized. 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 intended to be greater than 0.75. As the value
increases, fraction of the particles traveling in the forward direction (and thus depth dose)
increases and is kept almost constant with the distance from the port. A higher value limits
spread of the particles from the beam center and prevents the undesired irradiation damages to
the healthy tissues enclosing the tumor cells. Furthermore, a higher value allows somewhat
flexibility to the patient positioning along the beam central far from the port exit without losing

the availability/efficiency of the beam intensity.

The last issue with the BNCT application is the determination of the size of beam apertures. In
present research facilities, adjustable circular (and square) shape and size ranging from 0-16

cm in diameter for brain are opted. They are shaped according to the tumor size and position.

A summary of the desired neutron beam characteristics for the BNCT application is tabulated
in Table 4.1.

Table 4.1 Desired neutron beam characteristics for the BNCT application [61] [62]

Neutron Energy 0.4-0.6 eV < E < 10-20 keV

Jepith / Depitn >0.75

Beam Aperture Adjustable size and shape,
0-16 cm diam. for brain

Epithermal Neutron Flux >1x10°ncm?s?

Patient Irradiation Period ~ 10 min

Penetration Depth >8cm

Thermal/Fast/Gamma Dose Contributions <2x 108 Gy cm?

Epithermal Neutron Dose Contribution > 2 x 102 Gy cm?

Depith | Dtn > 20

To obtain the desired beam, so far, several methods have been developed and used widely. The
methods are introduced in detail in the subsequent section.

4.3 The Methods to Design the Beam (Port)
There are three primary methods to design the beam (port) and to obtain an appropriate neutron
beam at the considered location, which is outside of the research reactor core. These are

spectrum shifting, filtering and collimation methods.

For a beam (port) design, the spectrum shifting method or filtering method or collimation

method or a combination of them is usually applied by taking the application requirements into
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account. IAEA [61] suggests for the research reactors that spectrum shifting and filtering

methods should be employed together to get a better beam of neutrons.

The role of spectrum shifting method in the beam (port) design is to slow down the fast particles
(neutrons) into an appropriate energy interval (namely, epithermal) which is suitable for the

BNCT. However, the final energy of the particles can be thermal or epithermal.

Filtering method aims to eliminate the undesired particles or parts or energies of the incident
beam while allowing the desired component of the beam to transmit in the BP. In the filtering
method, the most important issue is to keep the desired part of original source flux value as

high as possible.

Collimation method 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. As
discussed above, it gives flexibility to the patient in positioning and provides an increased deep

dose.

Various facilities in the world have used those mentioned three methods to enhance the
capability of their BPs or thermal columns. In this manner, they have suggested a number of
materials suitable for BNCT. Some common materials studied in the literature are presented in
Table 4.2.

Table 4.2 Materials used to design the epithermal neutron beam in various research reactors

Spectrum Shifters Filtering Photon Attenuator
or Fast Neutron Filter
Aluminum and its compounds Al Bi
(Al;03, Fluental, AlF;)
H,0, DO Li and its compounds Pb
Teflon Cd (Cadmium) Ar
in liquid form
MgF. (Magnesium Fluoride) Ti (Titanium) Poly-B
Lithium and its compounds B (Boron) LiFs
(LiF, Li,COs3)
Beryllium and its compounds Bi (Bismuth)
(BeO)
Lead and its compounds Pt (Platinum), Hf (Hafnium),
(PbF») W (Tungsten), Fe
Carbon and its compounds 23U (Uranium)

(Teflon, Graphite)
S (Sulfur), Si (Silicon), Fe (Iron), Ar (Argon)
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4.4  Choice of the Materials to be used in the Beam Design

The choice of the appropriate material is directly related with the incoming neutron energy,
and the nuclear characteristics (cross-sections), secondary particles produced after interaction,
the gamma attenuation and photonuclear reaction of each individual element/isotope.

Therefore, neutronic properties of the selected materials are discussed below.

4.4.1 Spectrum Shifter Materials

In the spectrum shifter method, moderation of the neutrons without significant absorption is
the main requirement. A good spectrum shifter material should have large scattering cross-
section and low absorption cross-section at the energies higher than about 0.4 eV. Specifically,
the desired materials, if any, should have higher scattering cross-section in fast energy range
and have lower scattering cross-section in epithermal and thermal energy ranges. Higher
absorption cross-section in thermal energies is desirable to eliminate the thermal neutron

contribution of the beam without applying filtering method.

Good moderators such as light water, heavy water, and carbon have low atomic number.
However, it is important to note that such materials with very low atomic number may result
in moderating the fast neutrons to the energies lower than 0.4 eV after a few collisions and
decreasing the desired intensity of the beam. Furthermore, a spectrum shifter material must
show sufficient resistance to the radiation damage. It should not either break down easily under
radiation or produce contamination problem. A short lived by-product isotope after the neutron

activation or photo-neutron reaction is desired.

Scattering (green) and total (red) cross-sections of some of the selected proper isotopes are
plotted in Fig. 4.1. Once the all the isotopes are carefully examined, the candidate isotopes

tabulated in Table 4.3 are found suitable for spectrum shifting purpose.
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Fig. 4.1 Scattering (green) and total (red) cross-section of the some selected isotopes. [63]
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As seen in the figure, the common property of these isotopes is to have very low absorption
cross-section in epithermal and higher absorption cross-section in thermal and fast energies.
Also, these isotopes have relatively lower cross-sections at the epithermal energy than the other
materials that are not found proper. In addition, major resonance peaks of the selected isotopes

are in the fast energy region.

In the beam shaping, material selection has great importance due to the secondary particle(s)
released after the neutron capture reaction and/or photonuclear reaction. Table 4.3 shows
possible decay type(s) of the daughter isotope for each isotope in the natural element and if
any, the released particles after the decay. The same table contains the minimum activation
photon energy for the photo-neutron reaction. Decay of the daughter isotope from the isomeric
state is represented with asterisk. Probability of the different decay types are demonstrated in
units of the percent value within the brackets. The rightmost column exhibits the maximum

energy of the particles emitted with the significant intensity.
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Table 4.3 Suitable spectrum shifter isotopes and decay schemes following neutron absorption

[63]
Material Neutron Daughter Released Particle(s) Photoneutron
Capture Half-life Max. Energy (MeV) Threshold
Energy (MeV)
8oy 8Y (n, B) OZr 64 h 2.28B,1.29y,2.32y
(Yttrium) 8Y* (n, y) Y 3.19h 0.68 y
%23 %25 (n, y) S Stable - 15.04
4“OAr “OAr (n, B) K 109 m 2.49B,1.29y 0.87
naty r 80Kr (n, EC) 8'Br 2.29e5y
(Krypton) 80Kr* (n, y) 8Kr 13.10s 0.190 y
8Kr (n, y) 8K Stable
8Kr (n, p) ¥K Stable
8Kr (n, B) ®Rb 3934.4 d 0.68 B, 0.514 y
84Kr* (n, B) &Rb (78 %) 4.480 h 0.84 B,0.151 y
84Kr* (n, ) K (78 %) 4.480 h 031y
8Kr (n, B) ¥Rb 76.3m 3.898,0.403 y
K 39K (n, B) “°Ca (89 %) 127769y  131p,1.467y 13.09
(Potassium)  3°K* (n, EC) “%Ar (11 %)
nat|_j SLi(n, o) °H Stable 2.050
Li (n, B) ®Be 838 ms 12.96 B
g 28j (n, y) 2Si Stable 17.18
2Si (n, y) *Si Stable 8.47
S (n, ) 3P 157.3m 149,127y 10.61
naBi 209Bi (n, B) #*%Po 5.013d 1.16 B 7.46
209Bj* (n, o) 206T] 3.04e6 y 4.69a,0.307,0.27y
nat| ZIA1 (n, B) 2Si 2.24m 2.86 B,1.78 y 13.06
natj 58N (n, EC) 5°Co 12.22
%Ni (n, y) ®*Ni Stable 11.39
5INi (n, y) ®2Ni Stable 7.82
62Ni (n, B) ®3Cu 100.1y 0.07 B 10.60
84Ni (n, B) ®5Cu 2.5172 h 214,162y 9.66
natCy 83Cu (n, EC) ®Ni (61 %) 12.700 h 1.67P, 135y 10.85
(Copper) 8Cu (n, B) %zn (39 %) 12.700 h 0.58 B
85Cu (n, B) %Zn 5.120m 2.63P,1.04y 9.91
natppy 204pp (n, EC) 2571 1.53e7y
204phy* (n, EC) 25Ph 5.54 ms 1.01y
206pp (n, y) 2"Pb Stable 8.09
206pp* (n, ) 207Ph 0.806 s 1.06 y
207Ph (n, ) 2°Pb Stable 6.74
208ph (n, B) 29Bi 3.253h 0.64y 7.37
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The table indicates that the secondary photon particles emitted in the decay do not cause
problems in shielding prompt gammas and reducing their intensity at port exit since the
maximum energy of these can reach as high as 10 MeV. However, it is evident that photon
(gamma and x-ray) contamination of the beam significantly increases. Maximum energy of the
emitted photons is 2.32 MeV after the decay of *°Y. Yet, the long and medium-lived isotopes
(e.g., Y, 21°Bi, 8Kr) may result in contamination problem in handling/transporting the
materials after the treatment. Photo-neutron interaction would result in somewhat neutron

production inside the materials, Pb, 5Ni, Bi and %Si.

It is understood during the examination that there are not many isotopes which meet the
requirements. In the computational analyses, most of the elements are preferred in natural form
(due to fabrication consideration). However, some of the assessed elements (e.g., Al and Pb)
are used in the compound form with O or F isotopes to fill the valley between the resonance
peaks. Typical moderators such as light water, heavy water, and carbon are not, on purpose,
used since those materials have low scattering cross-section in fast energy range and have high

scattering cross-section in epithermal energy, as shown in Fig. 4.2.
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Fig. 4.2 Scattering (green) and total (red) cross-section of some commonly used moderator
materials. [63]
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4.4.2 Filtering Materials

In the filtering method, absorption of thermal neutrons!® of the incident beam is the main
challenge. A good filtering material/isotope should have large absorption cross-section and low
scattering cross-section at the thermal and fast energy ranges. Hence, all but the neutrons with
energies of 0.4 eV to 10 keV should be filtered. Specifically, the desired materials, if any,
should be relatively transparent to the epithermal neutrons. A high atomic mass is desirable to
result in little energy loss when the neutrons are scattered. To prevent the self-shielding
problem, material thickness should be as thin as possible. The 1/v cross section materials such
as SLi or 1°B can be good candidates to wipe out the lower energy part of the thermal neutron

spectrum of the beam.

As in the spectrum shifter materials, the filtering isotopes must show sufficient resistance to
the radiation damage. It should not either break down easily under the radiation or produce
contamination problem. A short lived by-product isotope after the neutron activation or photo-

neutron reaction is desired.

Scattering (green) and total (red) cross-sections of some of the selected proper isotopes are
plotted in Fig. 4.3. Once the all the isotopes are carefully examined, the candidate isotopes

tabulated in Table 4.3 Table 4.4 are found suitable for filtering purpose.

10 Thermal neutrons in the beam are the neutrons that leak to beam port from reactor core and also neutrons that
are slowed down when epithermal neutron flux in the incident beam is maximized using spectrum shifter
materials.
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Fig. 4.3 Scattering (green) and total (red) cross-section of the some selected isotopes. [63]
As seen in the figure, the selected isotopes have very high absorption cross-section at thermal
energy. Unfortunately, resonance peaks of those isotopes lie through the epithermal energy.
However, they have very small mean free paths at the thermal region. Hence, the issue of
absorption of neutrons in epithermal energy region may be solved if the filtering materials are
prepared quite thick.

Table 4.4 shows possible decay type(s) of the daughter isotope for each isotope in the natural

element and if any, the released particles after the decay. Description of the table is the same
as Table 4.3.
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Table 4.4 Suitable filtering isotopes and decay schemes following thermal neutron absorption

[63]
Material Neutron Daughter Released Particle(s) Photoneutron
Capture Half-life Max. Energy (MeV) Threshold
energy (MeV)
nat~q 106Cq (n, EC) 17Ag 6.50 h 0.829 y 10.87
108Cq (n, EC) 1®Ag 462.6 d 0.088 y 10.33
110Cd (n, y) **Cd Stable 0.25y 9.92
11Cd (n, y) *2Cd Stable 6.97
12¢d (n, ) “2In 7.7e15y 0.58 B 9.40
13¢d (n, y) H4Cd Stable 9.0y 6.54
u4cd (n, B) “In 53.46 h 1.11B,0.53y 9.04
14cd* (n, ) 15In 44.6d 1.62B,1.29y
16Cq (n, B) “in 2.49 h 2.22 8,158y 8.70
nat; 131 (n, B) 4Sn (99.50%) 71.9s 1.98B,1.30y
(Indium) S|n (n, B) 116Sn (99.97%) 14.1s 3.29B,1.29y
US| (n, B) 116Sn 54.29 m 1.01p,2.11y
natp g L7Ag (n, B) 1%8Cd (97.2%) 2.37m 1.65p,0.633 y 9.54
(Silver) 7Ag (n, EC) 1%8Pd (2.8%) 2.37m 0.896 p, 0.618 y
19Ag (n, B) 1°Cd (99.7%) 24.6's 2.89 B, 0.657 y 7.27
19Ag* (n, B) 1°Cd 249.79 d 1.51 B, 1.505 y 9.19
naty s 174Hf (n, EC) Y™Lu 70d 0.433y
8HF (n, y) TTTHF Stable
VTHE (n, y) T8HF Stable
18Hf (n, ) "°Hf Stable
9HF (n, v) 18OHf Stable
180Hf (n, B) 181Ta 42.39d 0.405 B, 0.482 y
natgy 198 (n, a) "Li Stable 1.48 o 8.4
(Boron) LB (n, B) 12C (98.4%) 20.20 ms 13.37 B, 4.438 y 7.2
1B (n, p+30) °C (1.6%) 20.20 ms
232Th 232Th (n, B) 2*°Pa 22.3 min 1.24 8,0.670 y 6.44
(Thorium)
naty 180\ (n, EC) #1Ta 121.2d 0.006 y 8.41
1B2W (n, v) B3W >1.1el17y 8.07
18W (n, o) 18OHf >3el7y 148« 6.19
184\ (n, B) 1®Re 75.1d 0.433B,0.125 y 7.41
186\\/ (n, B) 187Re 23.72h 1.31,0.773 y 7.19
nat; %Tj (n, v) “TTi Stable 13.19
4Ti (n, y) *®Ti Stable 8.88
BTi (n, y) *°Ti Stable 11.63
Ti (n, y) Ti Stable 8.14
50Tj (n, B) 51V 576 m 2.15 B, 0.929 y 10.94
natp 17AU (n, B) 1*8Hg 2.7d 0.96 B, 0.411 y 8.07
(Gold) ¥IAU* (n, v) 1*8AU 2.27d 0.333y
nat 4 152Gd (n, EC) S®EU 240.4 d 0.103 y
(Gadolinium) ~ ***Gd (n, ) **°Gd Stable
15Gd (n, y) *°Gd Stable
16Gd (n, y) 'Gd Stable
157Gd (n, y) *%8Gd Stable
158Gd (n, B) 159Tb 18.479 h 0.96 B, 0.363 y
160G (n, B) 11T 3.66 m 1.64 B, 0.361 v
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A contamination problem, as in the case of spectrum shifter, may emerge due to the long and
medium-lived isotopes (e.g., 1®°Cd, 11"Ag and *3Gd). A considerable contribution to photon
contamination appears to be originated from the neutron capture of ***Cd producing a 9 MeV
photon and from the decay of 1°B isotope emitting a 13.37 MeV beta-minus particle with a 4.4
MeV photon. Shielding of these gammas requires special attention. Furthermore, photons less
than 10 MeV would lead to neutron production inside all the filtering materials, in particular,
133W, 113Cd and 232Th.

It is understood during the examination that not many isotopes meet the requirement of high
thermal/fast neutron absorption cross-section. However, all the isotopes have high scattering
cross-section in the resonance part. In the computational analyses, all the isotopes are preferred
in natural form except that boron element is used in the form of B4C. It is observed that high
filtering ratio can be easily achievable if the materials are formed with a single (as pure)

isotope.

4.4.3 Collimator Materials

In the collimator design, the materials which show a high reflecting property with high
scattering cross section and high atomic mass (resulting in little energy loss) such as Pb and Bi
are used to turn the neutrons back into the beam and to increase the beam intensity. Geometric
shape, dimensions and the material(s) used in fabrication are the design challenges to
overcome. To date, there are two types of collimators used in the research studies. These are
the divergent and convergent beam collimators. The type and design parameters depend on

which application is taken into account at the collimator exit.

Convergent collimators are widely used in neutron radiography with the lining materials in the
inner wall of collimator such as boron, cadmium, dysprosium, europium, gadolinium and
indium [64]. In addition, a complicated design of collimators which have varying inner radius
and materials is used in the examined studies [61]. For instance, polyethylene collimator mixed
with B4C or Li>COs is used.

A candidate material should not thermalize the epithermal neutrons significantly and produce
high energetic gamma rays after a radiative capture process. But, in the meantime, thermal
neutrons striking to the wall of the collimators need to be absorbed to reduce the thermal

neutron dose contribution.

The selected appropriate collimator materials without a lining material in accordance with the

requirements are listed in Table 4.5.
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Table 4.5 Suitable collimator materials and decay schemes following neutron absorption [63]

Material Neutron Daughter  Released Particle(s) Photoneutron

Capture Half-life Max. Energy (MeV) Threshold Energy
(MeV)

Cerrobend 1250 (n, EC) *¥In - 115.09d  0.392y 10.79

(30 % Bi + 11480 (n, y) 1*°Sn Stable 10.30

31.8% Pb + 1158n (n, y) 15Sn Stable 7.55

18.2 % Sn) 118Sn (n, y) 1'Sn Stable 9.56
1178n (n, y) 18Sn Stable 6.94
1183 (n, y) 19Sn Stable 9.33
1198 (n, y) 1Sn Stable 6.49
1208n (n, B) 1#1Sh 27.06 h 0.389 B 9.11
1228n (n, B) 1?°Sh 129.2d 1.40 B, 1.09 v 8.81
1248n (n, B) 1*°Sh 9.64 h 2.063,0311y 8.49

PE 2C (n,y) BC Stable 18.72

(Polyethylene) B3C (n, B) N 5730y 0.16 B 4.95
H (n,y)%H
H (n, B) *He 12.33y 0.019B 2.22

nBe °Be (n, B) °Be 1.51e6y 0.556 B 1.67

CaF, “Ca (n, EC) “K 1.03e5y 15.64

(Calcium “2Ca (n, y) ®Ca Stable 11.48

Fluoride) “Ca (n, y) #Ca Stable 7.93
*Ca (n, B) *Sc 162.61d 0.258 B, 0.012 y 11.13
F (n, B) ®Ne 11.163s 539B,1.633y

Fluental See Table 4.2 and

(30% Al + Table 4.3 for the

69 % AlF; + reactions of listed

1% LiF) isotopes.

It is important to mention that Cerrobend material is composed of 30 % Bi, 31.8 % Pb and 18.2
% Sn (Tin). The chemical formula of polyethylene (PE) is (C2Ha4)n Ho. Fluental contains 30 %
Al, 69 % AlFsz and 1 % LiF.

In the collimator design, radiation resistant materials are preferred since the collimator is the
last step in designing the beam and the last layer in protecting the patient from the
contaminations. As seen in the table, photo-neutron production of beryllium and deuterium
seems serious. Luckily, they almost do not absorb the neutrons. Among the isotopes, the most
important contamination is due to the hard gamma-ray emission of Al with 1.78 MeV following

the thermal neutron absorption.

4.4.4 Gamma Shielding
For the BNCT, a good gamma shielding material should reduce the photon fluence as low as
possible but, at the same time it should be transparent to the epithermal neutrons. Therefore,
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materials such as Pb and Bi, which are relatively transparent to neutrons, can be used in the BP
to reduce photons. Change of mass attenuation coefficients of Pb and Bi with the incident

photon energy is illustrated in Fig. 4.4.
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Fig. 4.4 Mass attenuation coefficient of Pb and Bi [65]
Shielding of the photons must be performed by taking the most energetic photon, up-to 10 MeV
prompt gammas, into account. As seen in the figures, mass attenuation coefficients of both
materials in the energy range of 1 and 10 MeV are almost constant with a value of about 0.05

cm?/g.

These materials, nonetheless, would result in somewhat reduction in the neutron beam intensity
due to interaction with neutrons; but, photo-neutron interaction would result in somewhat
neutron production inside the materials. Here, the main problem with Bi is to transmute to

highly toxic #°Po following the neutron absorption. Thus, Pb is used in shielding the photons.
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5. IMPLEMENTATION OF GENETIC ALGORITHM

5.1 Fundamentals of the GA

In an optimization problem, the best solution, defined as the global optimum, is searched
among the number of possible solutions, called search space, and among the local optimums.
The issue with the optimization in classical methods like mathematical iterations is the
initiation of the searching process from a single point within enormous size of the search space.
In contrast to mathematical methods, GA uses a distinct method that produces the random

spread solutions throughout the search space.

Each different solution in the GA is defined by a distinct chromosome. A chromosome contains
a number of genes each of which corresponds to a variable used to obtain the solution. The
genes (or variables) can be continuous or discrete. A chromosome can be encoded in the
algorithm by means of binary format as well as real values (real-coded). In the GA, while the
iteration steps are named as the generations, all the solutions in a generation are termed as the
population. Furthermore, the code demonstration of the solution is characterized by the
genotype like A, T, G in DNA structure whereas appearance of the solution in real life (i.e.,
hair color) as a result of genotype is characterized by the phenotype.

As a numerical optimization method, the GA uses natural evolution processes (operators) to
solve a wide range of complex engineering problems. To lead the solutions toward the global
optimum, typical GA uses selection, crossover and mutation operators. Selection operator, very
similar to natural selection rule, applies a selection criterion for the individuals to pick better
solutions or eliminate worse solutions. Crossover operator is used to swap the genetic
information (gene(s)) between the elite solutions to get a better evolved offspring. The main
role of the mutation operator is to change randomly the value of a gene inside the chromosome

and to obtain more diverse solutions.

After the operators are applied, a number of offspring (a new population) are produced from
the current population. This process repeats until a pre-defined number of generations are

elapsed or one of the defined convergence criterion is met.

There are two types of GA applications. First is the Single-Objective GA (shortly SOGA)
developed to solve the problems comprising single objective. Second is the Multi-Objective

GA (MOGA) utilized for the problems having two or more than two objectives.

Although the GA is an effective method, there is no guarantee for it to solve every optimization

problem.
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5.2  Use of the GA Method in Beam Shaping

In this study, the GA method is used to search the patterns appropriate for the considered
nuclear application. The design process follows the estimation of application-dependent
bounds (or constraints) such as minimum epithermal flux required for the irradiation of the
cancerous cells. Such pattern search problems contain at least two objectives to be achieved.
For this purpose, NSGA-II [66] with the Binary Tournament is selected for the optimization.
In order to search the best patterns suitable for BNCT, a GA code is prepared. The code is
linked with MCNP to calculate the neutron/photon fluxes at the port exit (at the patient side).

It incorporates strategies of multi-objective Pareto-optimal GA and MC method.

A real-coded GA with discreet/continuous variables is used in this study since this technique
is easy to use and does not require coding/decoding of the chromosomes. A continuous GA
flowchart given in Fig. 5.1 shows the computational main steps performed. The terms used in
the GA are as follows: cost function means the generated pattern which the MCNP uses to
calculate the objectives; discreet variables refer to types of materials given in the pattern while
continuous variables refer to length and inner/outer radius of the collimator material; objectives
to be achieved are the @, Depi, Or, I, and Jepi/ Depi Values of the generated pattern. The used GA

method and the genetic operators are described below in detail.
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53 MOGA: NSGA-II Method
In this study, the following optimization problem is considered:

y=[f(%r X )i £ (X, X )] SUbject to X, €S (Eg. 5.1)

where y is the objective vector, f is the cost function to be minimized (or maximized or any),
m is the number of objective functions to be evaluated, xn is the number of variables (may be
dependent or independent) to be optimized, and S is the multi-dimensional search space with
the defined upper/lower boundary limits.

Optimization problems given in Eg. 5.1 always have more than one objective to be optimized.
Therefore, they require an advanced sorting method which is quite different from the method
that SOGA uses. In a multi-objective optimization problem, a feasible solution for which all of
the objectives are optimized simultaneously may not exist. In such cases, there is more than

one feasible solution, these solutions are called Pareto-optimal solutions.

In this study, the selected multi-objective GA method used to find possible patterns is the Non-

Dominated Sorting GA (NSGA-II) method purposed by Deb et al. [66]. It is a single parameter

45



(only population size), well-tested and efficient multi-objective GA. In the algorithm, fitness
assignment is based on the Fast Non-Dominated Sorting Method without an external
population. Diversity is preserved by using the Crowding Distance Mechanism. The Crowding
Distance provides worthwhile benefits to users by computing the population density close to
the best solutions. Also, it provides a uniform spread of solutions along the best-known Pareto
front without using a fitness sharing value. The selection is carried out by using the Crowded-

Comparison operator. NSGA-I11 algorithm is briefly defined in the following main steps:

- For the generation i = 0, create a random initial population (Po) with a population size
of N.

- Calculate cost functions for each member of the population.

- ldentify the non-dominated fronts (F1, F2...) using the Fast Non-Dominated Sorting
method.

- Create an offspring population (Oo) with a population size of N by the Crossover and
Mutation operators. Use the Binary Tournament Selection method to select the parents
from the population.

- Check the results for the predefined stopping criteria. If the results are converged, then
stop and provide the Pareto-front solutions. If not, then go on searching.

- Calculate cost functions for each member of the offspring population.
- Fori> 1, combine the population (C. = P UQ,) with the generated offspring population.

Now, the combined population size is 2N.
- ldentify the non-dominated fronts (Fi, F2...) of Ci using the Fast Non-Dominated
Sorting method.

o Calculate crowding distance value of each solution in each front using the
Crowding Distance method.

o Fill the new population (Pi+1) from the subsequent non-dominated fronts with
respect to their rank (from the best solutions of F1 in the C;i) until the new
population is filled.

o If the size of the last non-dominated front F, causes exceeding the size of the
new population, select the best solutions by sorting the solution of the last front
according to the Crowded-Comparison operator in descending order and then
fill the population with the least-crowded solutions until no more position

remains.
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5.3.1

Create an offspring population with a population size of N by the Crossover and
Mutation operators. Use the Binary Tournament Selection method by selecting the

parents from the population based on the Crowded-Comparison operator.

Increase the generation by one (i =i + 1) and go to convergence check step.

Details of Fast Non-Dominated Sorting method

According to the method, the population is sorted according to non-domination sets. For any

solution of p and g in the main population (P), the algorithm follows below steps:

5.3.2

SetS, =@. If p dominates g, then insert solution q into S, =S U{a} where S, is the
solution set which contains all the individuals dominated by p.
Set np = 0. If g dominates p, then increase the np by one (n, =n_ +1) where ny is the

number of solutions which dominate p.

When no solution (if np equals to zero) dominates p, the solution p belongs to first front
Fi, F=F U{p} .

Set the front counter to one (i = 1). While the front Fi is not emptyF #J, set Q=9

where Q is used to store the solutions for the next front Fi+1.
For each solution p in the front F;, and each solution q in the set S, follow the below

rule;

o Visit each member q in the set Sp and decrease nq by one, n =n -1.
o When nq becomes zero (n,=0), put the solution g in a separate list Q,
Q=QU{a}.

o Increase the front counter by one (i=i+1) to find the members of the next

fronts.

o Now, identify the members of the current front Fi by setting F =Q.

Details of Crowding Distance

After the non-dominated sorting step is completed, the density calculation of the solutions

around a particular solution needs to be carried out. This is because the selection process is

performed over the rank and crowding distance values of the individuals. The Crowding

Distance stands on the idea calculating the Euclidian distance between each solution in a front

47



according to m objectives. For each front Fi containing the number of solutions| =|E|, the

algorithm can be expressed as below:

- Define the crowding-distance set | as I (i) = 0 for each solution, i.
- For each objective m, sort the solutions of Fi in the ascending order. Assign each

solution as x; , in the sorted listed.

- Set the upper and lower boundary values as infinite distance, I,(X;y)=%>and

Ly (X my) =@
, Ly Xiisrmy) = Vo Xicmy)
- Fori=2,...1-1, calculate 1, (x; )=l Xm) + ——— I”r‘mn L
m  'm

5.3.3 Details of Crowded-Comparison Operator

After the fast non-dominated sorting method is applied and the crowding distance calculation
is performed, Crowded-Comparison operator is used to select the elite individuals for the
offspring creation by using the binary tournament selection technique. Crowded-Comparison

operator (<) is defined as follows:

- Assume that each solution p in front F; has its non-domination rank (prank) and crowding
distance value (Xdistance)

- Prefer the solution with the lower (better) rank if two solutions have different non-
domination ranks. If the selected solutions are located at the same front then, the
solution that is located in a lesser crowded region is

o If (Prank < Qrank) then (p <n Q)

o Orif (pPrank = Qrank) and (Xdistance > Ydistance) then (p <n Q).

5.4 Validation of the prepared GA code

The test problems are selected from a number of sample test problems used in the literature for
validation of the code. The chosen problems, SCH [67], FON [68], KUR [69] and ZDT2 [70],
have a wide variety of characteristics of the Pareto-Optimal front such as (non-)convexity and
(dis)connectivity, and those are listed in Table 5.1. Throughout testing process, a real-coded
(not binary) GA is used. In the implementation of NSGA-II, one-point cross-over and a

mutation probability of 1/n (where n is the number of decision variables) are used.
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Table 5.1 Test problems used for validation

Prob. n Variable  Objective Optimal Problem
Bounds Function Solutions Types
SCH 1 3 f(x) = X2 x<[0,2] Convex
[-10107  RO9 Connected
f,(0) = (x-2)°
FON 3 [-4,4] 1, X =X, = X, Non-convex
f.(x) =1-exp (- ) Connected
V3 e[-1/~/3,1/4/3]
1
fz(x)zl—exp( Z (x, + )zj
3
KUR 3 [-5,5] 2 Non-convex
f,(x) = ( 10 exp( 2%+, )) Disconnected
f (x)= Zi"zl(|xi|°'8 +55in(xf))
ZDT2 30 [0,1] f(x) =X x, €[0,1] Non-convex
Connected

£00 =900 [1- (F,(0/g(x))* ] x =0,i=2,..,n
g(x) = 1+9(Z )/(n 1)

The results of NSGA-II method reported by Deb et al. [66] and the results of the prepared GA

code in this study are compared and result of comparison is shown in Fig. 5.2. The convergence
and distribution of solutions obtained in this study fully overlap with those of NSGA-II for test
problems of SCH, FON, KUR and ZDT2. The results show that the prepared code yields

adequately reliable results if a sufficient number of generations are used.

After the code validation is completed, it was decided that the code can be used for the

optimization analyses in order to find the proper patterns for the PBP.
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Fig. 5.2 Comparison of results of NSGA-I1 with results of this study for the test problems of
SCH, FON, KUR and ZDT2.

5.5 Pattern Creation

A pattern is generated by using the methods mentioned in Section 4.3. The order of these
methods inside the BP depends on the neutron spectrum of the incident beam. However, as a
general rule, collimator is placed to the port exit as the last part. Furthermore, since the
spectrum shifter sub-pattern causes a certain increase in the number of thermal neutrons due to
slowing down of fast neutrons into thermal energy, placing the spectrum shifter before the
filtering to eliminate the thermal neutron contribution of the beam seems reasonable. In this
manner, sequence of the final pattern is in order as follows: the spectrum shifter, filtering and

collimator sub-patterns.

In a sub-pattern, the thickness, type and location of a specific material to be used inside the
sub-pattern are unknown variables, and also the total length of the sub-pattern is the other
unknown parameter. In optimization, computational time increases considerably as the number
of variables in the cost function increases. Therefore, the sub-patterns are discretized (changed
to the discrete optimization problem from continuous) in the spectrum shifter and filtering

optimization problems. Hereby, number of used variables in the cost function and hence,
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computational time are decreased significantly. The unknown variables are limited to the

search of material sequence.

Furthermore, total lengths of the sub-patterns are also fixed. Maximum total length is adjusted
in such a way that epithermal neutron flux would not fall below 1x10” n cm s at the sub-
pattern exit. After a few trials, for each sub-pattern, maximum sub-pattern length is obtained
except for collimator. The collimator is a special case because the length of the collimator has
no significant effect on the absorption of the neutrons. Instead, it changes orientation of the
particles. Thus, maximum collimator length used in this study is open to change.

Only neutron transport calculation is considered throughout the optimization; photon transport

is included once the optimization is completed.
The optimization steps of each sub-pattern are given below.

5.5.1 Spectrum Shifter

A spectrum shifter sub-pattern has a total length of 40 cm with 1 cm thick, including 40 regions,
and it is generated using 17 different spectrum shifter materials (without air). Air is used to
create an empty location inside the sub-pattern.

Based on the selection process described in Section 4.4.1, the materials used in the pattern
creation are tabulated in Table 5.2. It should be noted that Ar and Kr materials are used in the
liquid form with a density of 1.39 and 2.41 g cm™, respectively. In the same table, mean free
path (Aave) averaged over the all energies is presented for each material to determine the average
thickness of each spectrum shifter material inside the pattern. The criterion is that the fast
neutrons would interact with the material a few times but the other neutrons would not. Thus,
by looking into the Aave, the values imply that average material thickness should be in the order
of several centimeters. Sensitivity of the thickness is selected to be 1 cm regarding one-third of

the smallest one (according to "*Cu).
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Table 5.2 Spectrum shifter materials to be used in the pattern creation

have (CM) Aave (CM) dave (€M) dave (CM)

"y (Yitrium)  4.38 "a(tﬁ‘;g((')iﬁ)') 351 (Pot:;*;um) 50.26 (S:Iaitfti)n) 10.99

(AIJ;:?rllum) 887 AlOs 233 (N|::|?<:el) 2:34 (Bila;ELilth) 4.61

(S:Jaltfsur) 22.94 (;('f;é::)qng 10.12 (Lintar:'i-dm) 1385 PbF,  3.00

sic 3.44 (Cn;tgp“er) 259 (f;zz) 410  Air 5110
AlF; 350 Al(SOss 433

A sample pattern is given in Fig. 5.3. Objectives to be achieved are determined as the
maximization of epithermal neutron flux and minimization of the fast neutron flux at the exit

of the sub-pattern. Population used per generation is 140.

Outgoing. <+—— || I — Incoming
. «— N, «— | N, .
particles, <—— Y i «— " particles

Fig. 5.3 A sample pattern generated using spectrum shifter materials
55.2 Filtering
A filtering sub-pattern has a total length of 9 cm with 0.3 cm thick, including 30 regions, and

generated using 10 different filtering materials (without air). Air is used to create an empty

location inside the sub-pattern.

Based on the selection process described in Section 4.4.2, the materials used in the pattern
creation are tabulated in Table 5.3. In the same table, mean free path (Aave) averaged over the
all energies and mean free path (Awn) averaged over the thermal energy are presented for each
material to determine the average thickness of each filtering material inside the pattern. The
criterion is that the thermal neutrons would interact with the material at least once but the rest
would not. Thus, by looking into the Aave and A, the values imply that average material
thickness should be on the order of several millimeters. Sensitivity of the thickness is selected

to be 3 mm as an average value.
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Table 5.3 Filtering materials used in the pattern creation

)\.ave / ;vth (Cm) ;\,ave / )\-th (Cm) }\‘ave / xth (Cm)

nath natl n natAg

(Cadmium) 17885483 (1gium) 3660133 g0y 2120025
natW natTi nat AU

(Tungsten) 2.12/0.65 (Titanium) 4.87/1.80 (Gold) 2.14/0.16
natHf 232Th

(Hafnium) 2.78/0.20 B.C 2.21/9.52e-3 (Thorium) 3.72/1.75
natGd .

(Gadolinium) 4.21/6.74e-4 Air 5110/-

A sample pattern is given in Fig. 5.4. Objectives in the design of the sub-pattern are the
maximization of epithermal neutron flux and minimization of thermal neutron flux at the exit

of the sub-pattern. Population used per generation is 100.

Outgoing <«&¥— N S — Incoming
particles < Ny P — 7 particles

Fig. 5.4 A sample pattern generated using the filtering materials
5.5.3 Collimator
A collimator sub-pattern has a length of up-to-40 cm (L), an inner (ri) and outer radius (ro) of

up-to-10 cm, including 1 region, and generated using 9 different collimator materials.

Based on the selection process described in Section 4.4.3, the materials used in the pattern

creation are tabulated in Table 5.4.

Table 5.4 Collimator materials used in the pattern creation

PE nat 1 nat
Cerrobend (Polyethylene) Bi Al AlLOs3

natBe

nat
(Beryllium) Pb CaFzFluental

A sample pattern is given in Fig. 5.5. Objectives to be achieved are determined to be the
maximization of epithermal neutron flux and maximization of epithermal neutron current to
epithermal flux ratio at the end of the sub-pattern (collimator). Population used per generation
is 80.
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particles «— '

Fig. 5.5 A sample pattern generated by using the collimator materials

5.6 Description of the Chromosome Structure

Each different (sub)pattern is represented by a unique chromosome in the GA. A generated
chromosome with a chromosome length of n is defined by a number of genes. Each gene of a
chromosome refers to type of a material shown in Fig. 5.3 and Fig. 5.4 or length/radius given
in Fig. 5.5. A chromosome contains a number of genes; same genes express the same material
but different location in the pattern. Furthermore, each gene carries specific information about
the materials (material density, isotopic content, atomic weights and cross-section identifiers
for neutron/photon/photo-atomic reactions) required for the MC calculations. Genotype and
phenotype of a produced sample chromosome are given in Fig. 5.6. As an illustration, the first
gene with the number 2 represents the sulfur (S) while the last gene with the number 13 is
Al;03. Chromosomes are randomly created from a total of 17 different spectrum shifter
materials to optimize the epithermal/fast neutron flux, a total of 10 filtering materials to
optimize epithermal/thermal neutron flux and a total of 9 collimator materials to optimize the
epithermal neutron flux and neutron current to flux ratio. Air is also added into the used

materials to define the “no material” in the pattern.

Genotype=[ 2 2 7 8 ... .. 13 13 13 ]
Phenotype= [ S S Si Ar . - A|203 A|203 A|203 ]

Fig. 5.6 Genotype and phenotype of a sample chromosome generated using spectrum shifter
5.7 Selection operator

Crowded-comparison operator of the NSGA-II is the primary selection operator. For this
purpose, first, the current population, including produced offspring population (by mutation
and crossover), is sorted in descending order according to the crowding distance values.
Subsequently, the population is sorted in ascending order according to the rank values and non-
domination sets. Finally, for a considered population size, a new population is obtained from

the current population by choosing the best solutions.
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5.8 Crossover operator
Heuristic crossover method is used in searching the collimator pattern which has the continuous
genes. Otherwise, scattered crossover method [71] for the discrete genes is implemented. The

elite parents are selected with Binary Tournament Selection.

5.9 Mutation operator

For an elite parent selected with Binary Tournament Selection, a one-point mutation [71] is
used to create offspring. For this purpose, a randomly selected gene of the considered parent
chromosome is randomly changed between the upper and lower bounds of any variable. One-
point mutation has a mutation probability of 1/n where n is number of genes in a chromosome.
It should be noted that although the desired/suggested mutation probability which would
provide more diverse population is in the order of 0.01, in this study, the probability ranges
from 0.025 (1/40) to 0.25 (1/4) depending on which sub-pattern type is selected. If the same
materials are chosen for replacing, the mutation process is repeated until a different material is
selected. Further, in order to avoid producing the same offspring, all the generated
chromosomes are stored in the archive, and only different chromosomes are allowed to pass to

the next generation.

5.10 Cost Calculation: Reactor physics code
For each generated pattern, at the tally regions, the cost functions are @, Depith, Ptast aNd Jepith

/Depith TOr neutrons and |, for the photons.

Each chromosome created by the GA code is sent (as input) to a prepared script to get the cost
values. The script converts chromosomes to the input decks of the selected physics code.

Moreover, another generated script extracts the cost values from the code output.

The code seeks the proper patterns by simulating a number of patterns created by stochastic
processes and uses MCNP in the background to calculate the neutron/photon fluxes at the
(sub)pattern exit.

5.11 Convergence Criterion

The convergence criteria are selected such that either all the solutions should be in the first
front or a limiting number of stagnant cycles should be observed during the iteration.
Otherwise, the iterations stop after the maximum pre-defined number of generations are

reached.
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5.12 Optimization Parameters
A uniform fixed crossover of 0.7 and mutation fraction of 0.3 are used to produce next
population. Maximum generation is selected to be 200 to terminate the algorithm. A summary

of the optimization parameters is listed in Table 5.5.

Table 5.5 Summary of the optimization parameters

Parameter Value

Population 140/100/80

Number of genes (n) in a chromosome  40/30/4

Max. generation number 200

Parent selection criterion Binary tournament

Crossover fraction 0.7

Crossover method Heuristic (continuous)/Scattered (discrete)
Mutation fraction 0.3

Mutation probability 1/n
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6. RESULTS AND DISCUSSION

To this point, design characteristics of the ITU-TRR and the PBP, Monte-Carlo modeling of
the reactor, basic requirements of the BNCT application, the employed GA method with the
selected parameters and the developed beam shaping method were introduced. Using the
information and data described above chapters, validation of the MCNP model, burnup-
dependent spectrum calculations and beam shaping calculations steps are performed

respectively and the results are presented below.

6.1 Validation of the MCNP Model

Criticality analyses are performed for the initial core loaded with fresh fuel when the control
rods are in their bank positions and withdrawn entirely. The bank position of the rods, leading
to a critical core, is adjusted to be 37.13 % of total active fuel length!. A comparison between
the results of MC method calculations and the data from the experiments are presented in Table

6.1. The results obtained by using different neutron libraries are listed in the same table.

Table 6.1 Effective multiplication factor

Core Multiplication Factor, Kes

Critical Withdrawn
Experimental or SAR 1.00 1.0460
MCNP5
ENDF/B-VII.0 1.00134 + 0.00020 1.04603 + 0.00021
ENDF/B-VI.8 1.00071 + 0.00020 1.04585 + 0.00021
JEFF-3.1.1 1.00213 + 0.00020 1.04684 + 0.00021
JEFF-3.1 1.00138 + 0.00020 1.04669 + 0.00021

The results indicate that the TRIGA core with out-core equipment is correctly modelled with
MCNP. Maximum deviation of calculational results from the experimental data is obtained to

be less than 0.08 % for the withdrawn condition and 0.2 % for the critical condition.

The experimental data has somewhat measurement errors, not greater than 10% [72]; thus, it
can be concluded that outcomes of the MCNP model are, sufficiently, in good agreement with
the experimental data.

In addition to experimental measurement errors, the SAR notifies that the fuel mass ranges
from 36 to 40 g 2*°U per rod. Uncertainty in the fuel data, in particular in weight of 2*°U,

apparently, leads to overestimated/underestimated consequences'?. Referring to the results, it

1 Equals to a length of 14.147 cm where the length of fuel is 38.1 cm.

12 The expected uncertainty due to composition is measured to be about + 100 pcm [73] if the uncertainty in the weight of 235U
is not greater than 10° relative to the total mass. (1 pcm = 10 Ak/K)
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is clear that the uncertainty in the mass of fuel does not have a significant impact on the
multiplication factor. However, mass distribution of the fissile material and the rod positions
would be an important issue on the neutron flux distribution, and probably on the spent fuel
content and burnup analysis.

There is a disparity among the used cross-section libraries as can be seen in table. However,
still, uncertainties in material composition and geometry data provided by General Atomics are

likely to surpass the uncertainties due to the libraries.

Since the critical CZP in equilibrium is used in all calculations, the temperature is assumed to
be the same everywhere and thus the feedbacks (e.g., Doppler broadening, density change) are
neglected. In reality, temperature and density vary with the position even though the reactor is
at low power. Axial change of water density would lead to a variation in multiplication factor
due to temperature and void feedbacks.

To sum up, it appears from the results that there is not much to be gained by modelling the

reactor with further detail. That is, the current model produces acceptable results.

6.2 Burnup-Dependent Neutron Spectrum Calculations

Following the validation of the reactor model, up-to-date burnup level of the reactor core was
obtained. For the operation sequence # 1599, the change of the core excess reactivity ($) as a
function of cumulative burnup (MWh) is illustrated in Fig. 6.1 with computational errors (as
bar).
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Fig. 6.1 Variation of the reactivity ($) with the cumulative burnup (MWh)
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Using the theory described in Section 3.3, the results are fitted to a second order polynomial
equation (excluding the initial reactivity) with sufficient accuracy (R?=0.55) to obtain the
burnup level of the reactor core. Excess reactivity decreases smoothly (as quasi-linear) as the
burnup goes up after a sharp decrease due to the FP poisoning. Burnup at sequence # 1599 is
obtained to be 420 (17.5 MWd) £ 12 MWh with a total irradiation time of 70 £ 2 days.

As mentioned earlier, it has been decided to use the PBP in future studies for BNCT
applications. For this purpose, effect of the burnup on the spectrum of the neutrons arriving to
the BP is investigated. The energy distribution of incoming neutrons into the PBP at the
Beginning of Life (BOL) and End of Life (EOL) is plotted in Fig. 6.2. The results are also
provided in terms of fraction of BOL (EOL/BOL-1) in units of percentage.

From the results, it is observed that the spectrum? is significantly affected from the change in
burnup. Change of neutron distribution in epithermal energies with almost 5 % is higher than
thermal energies. Impact of resonance overlap becomes important since the number of nuclides
having higher resonance capture cross-section increase in the burned fuel with burnup. For
instance, Sm isotope has large cross-section at the 6.16-7.52 eV. #8U has also large
resonance peak in this energy range. Therefore, neutron spectrum plotted in Fig. 6.2 shows a
significant fluctuation. It is also observed that there is no neutrons with energies less than 10
eV. Therefore, a burnup-dependent spectrum must be taken into account for the PBP

calculations.

13 Maximum relative error does not exceed a value of about 4 % in the energy interval of 10°-13 MeV.
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Fig. 6.2 Change of incoming neutron spectrum of the PBP at BOL and EOL
In the course of burnup analyses, CRs are fixed to a constant position and it is assumed that
they do not move. However, in normal reactor operation, the positions of CRs, in particular the
position of the regulating rod, are continuously changed to maintain criticality. This difference
between the modeling and real operation results in acceptable modeling error.

Moreover, the reactor operates at varying power levels; but, in this model, it is assumed that it
operates at the constant power for the burnup calculation. This affects accumulation of the

poisonous FPs, the decay of some short-lived isotopes, and hence, the calculated burnup.

The results of the burnup calculations show that a burnup-corrected neutron spectrum must be

used in the succeeding studies when BPs are modelled.

6.3 Design of Piercing Beam Port for the BNCT Application
At this point, the PBP was modeled alone and a surface source file, produced at the up-to-date
burnup, was used in calculations. Results were provided when the BP was empty and also when

the optimized patterns were used in the BP.

6.3.1 Particle Flux in the Bare PBP
MCNP view of the PBP is shown in Fig. 6.3 when the BP is bare. In the figure, port entry,
extension and exit surfaces are the surfaces at which the particle spectrum is obtained. In the

same figure, tally surfaces for the flux calculations are illustrated as the vertical lines to the BP.
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Fig. 6.3 MCNP view of the bare PBP
Change of particle flux with the distance from the core center in the bare BP is illustrated in
Fig. 6.4. All the fluxes decrease, by showing similar trend, as the distance from the core center
increases. Decrease in the fluxes is due to leakage from the BP and interaction of particles with
the materials which surround the BP. Thermal neutrons do not decrease as fast as the others.
This is because some of the epithermal and fast neutrons which leak out or scatter from the
enclosed materials eventually turn back into the BP as thermal ones. Losses in other fluxes
become gain for the thermal neutrons. While the incoming fluxes at the BP inlet are in the order
of 10*2 n cm? s, the outgoing fluxes at the BP exit reduce to the order of 10° n cm? s, Fluxes
decrease rapidly until the extension surface and then decrease in the fluxes lessens. Change of
the neutron fluxes with the port radius at the pot entry and exit surfaces is plotted in Fig. 6.5.
Intensity of the beam increases through the center of radius. For all group fluxes, trend is the
same. Neutron flux distribution changes significantly as the distance increases from the core

center.
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Fig. 6.5 Change of particle flux along with radius of PBP: at the port entry surface (left) and
at the port exit surface (right)

Particle spectrum at various port locations (entry, extension and exit) is presented in Fig. 6.6

for neutrons and in Fig. 6.7 for photons. Penetration of the thermal neutrons through the BP

reduces considerably and low energy part of thermal group disappear at the port exit. However,

shape of the spectrum seems preserved. Thermal and fast fluxes should be decreased to get a

desired beam of neutrons for the BNCT. In the case of photon spectrum, the shape changes

significantly.

62




10" ¢

10 E
10° F 4
o
g :
2 10° -- 4
2 A
.2 o | -"-.r
=1 ! cl
2 ;!
10" F L
| )
6 o7
107 ¢ o 4
Fr entry surface
......... | extension surfacg ]
- - = — exit surface
10° . | ‘
10" 10°® 10° 10°
Energy (MeV)
Fig. 6.6 Neutron spectra at various port locations
10117 ‘ _
entry surface
------- extension surface |
- — —exit surface
10°: E
c:lm
g
a 10° E
2 E
Q
g
a
1 T A T E
10’

11

10

Energy (MeV)

Fig. 6.7 Photon spectra at various port locations

6.3.2 GA Results for Spectrum Shifter Sub-pattern Optimization

While no pattern is loaded into the BP (so-called bare BP), fluxes for thermal, epithermal and
fast neutrons are tabulated in Table 6.3. An epithermal neutron flux of about 4.1 x 108 n cm™
st is obtained at the end of location where the spectrum shifter patterns are to be placed. In
addition, a thermal neutron flux of about 1.0 x 10°n cm™ s and a fast neutron flux of about

8.3 x 108n cm st are calculated. As seen from the results, without using the spectrum shifter
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patterns, fast neutron flux is too high to use in BNCT. Therefore, a proper spectrum shifter
pattern which would slow the fast neutrons down into epithermal energy range is investigated

by employing the GA method detailed in Section 5.5.1.

Using the materials listed in Table 5.2, the GA results are presented in Fig. 6.8. The results are
provided in terms of Pareto-front solutions, epithermal neutron flux solutions with respect to
generation number, solution space and evolution of the solutions at initial, midway and final

generations.
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The solution space, shown in Fig. 6.8 (a), indicates that all the solutions are in the range of 2.0
and 0.4 x 108 n cm st for epithermal neutron flux and in the range of 0.6 and 1.0 x 108 n cm"
2 57 for fast neutron flux. Since all the solutions are (assigned as) in the first front, the iterations
appear to be converged. In addition, a well spread of the epithermal neutron flux solution,
shown in (b), is obtained at the final generation. As the generation number increases, the
solutions, shown in (c), approach to pareto-optimal solution line. The line, shown in (d), has a

continuous linear slope, neither concave or convex nor discrete.

The best pattern (SP1), which gives the lowest fast neutron flux within the pareto-front
solutions, has a fast flux of 6.9 x 108n cm™ s and an epithermal neutron flux of 7.3 x 106 n
cm s, However, the obtained epithermal flux is not useful any more for the BNCT since it
has a lower value than the desired value although the contribution of fast neutrons is reduced
by 120 times. The other best pattern (SP2), which gives the highest epithermal neutron flux
within the pareto-front solutions, has a fast flux of 9.9 x 10’ n cm s and an epithermal neutron
flux of 1.5 x 108 n cm™ sL. The obtained epithermal flux seems useful even without collimating
the beam. A reduction in the fast flux by 8 times is achieved with a reduction of about 3 times
in the epithermal flux.

To further reduce the dose contribution due to fast neutrons of the beam, either a pattern may
be used several times in succession or a combination of the suggested patterns may be used.
As an example, if the SP. is used twice in the BP, a reduction of nearly 70 times in the fast flux
is possible; but, the epithermal flux reduces about one-eighth of its bare value. If the length of
this pattern, preserving the material content, is reduced by half, in this case epithermal flux

decreases to about 60 % of its bare value.

It can be deduced that the candidate patterns must be among the patterns which would make
sure an epithermal flux of > 1.0 x 108 n cm s, The available patterns are pointed out on Fig.
6.8 (d) and tabulated in Table 6.2. In the table, the regions filled with the air are excluded from
the patterns due to having negligible interaction!* probability with the neutrons. Only the

existing materials inside the patterns are presented in the table with their total thicknesses.

In addition, a filtering ratio for the epithermal (repitn) and fast (rrst) neutrons is defined to find
out the pattern efficiency. The filtering ratio is defined as the ratio of bare neutron flux to
shifted neutron flux. A high r.st and a low repith are desired; but, both may not be optimized all

at once. Therefore, an overall coefficient, rrast / repith, is also defined. The highest value means

14 Air behaves like an empty space for the neutrons with an exceeding average track mean free path of 600 cm.
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the most efficient pattern. However, in this case, as the efficiency increases, repith also increases.
Besides fast neutrons, some of the epithermal neutrons inevitably interact with the pattern

materials and as a consequence, are filtered by the pattern.

According to the results, the patterns presented at the end of the table are the most effective
patterns in slowing down the fast neutrons with a fast-to-epithermal ratio of 3.5; however, those
patterns reduce epithermal neutron flux to one-fourth of its bare value. The available patterns
are mostly composed of a combination of sulfur, argon and aluminum-based materials. It is
clear that Al and Ar are the most suitable materials to form a good spectrum shifter pattern.

Results also indicate that some of the suggested materials such as Li, Kr and Bi are eliminated.

Results show that the best pattern has an overall rsast / repitn ratio of 3.1 and made up of 13 cm
thick Al, 11 cm thick Ar, 9 cm thick S, 3 cm thick K and, 1 cm thick Si and Al2Os foils.
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Table 6.2 Available patterns for the spectrum shifter sub-pattern design

Neutron Flux

Pattern Material Content (cm)

108 ncm?s?t
Dcpith Drast Iepith Ifast I'fast/Fepith Al natAr natg ntK §j Al2Os AlFs
1.533 0.996 2.7 8.3 3.1 13 11 9 8 1 1 0
1.470 0.949 2.8 8.7 3.1 14 10 9 3 1 1 0
1.457 0.927 2.8 8.9 3.1 12 10 10 2 1 1 1
1.444 0.925 2.9 8.9 3.1 14 10 9 2 0 1 1
1.438 0.918 2.9 9.0 3.1 14 9 8 2 1 1 1
1.410 0.893 2.9 9.3 3.2 13 10 9 2 0 1 2
1.402 0.884 3.0 9.3 3.2 15 9 9 2 0 1 1
1.402 0.879 3.0 9.4 3.2 14 10 8 2 1 1 1
1.386 0.861 3.0 9.6 3.2 14 10 10 2 0 1 1
1.372 0.856 3.0 9.7 3.2 15 10 9 2 0 1 1
1.361 0.851 3.0 9.7 3.2 15 9 9 3 0 1 1
1.352 0.850 3.1 9.7 3.2 14 10 3 1 1 2
1.344 0.847 3.1 9.8 3.2 15 8 10 3 0 1 1
1.344 0.836 3.1 9.9 3.2 15 9 10 2 0 1 1
1.339 0.822 3.1 10.0 3.3 16 10 8 1 0 1 1
1.322 0.815 3.1 10.1 3.2 15 10 9 1 1 1 1
1.308 0.814 3.2 10.2 3.2 16 9 9 1 0 1 1
1.303 0.809 3.2 10.2 3.2 13 9 10 2 1 1 2
1.300 0.802 3.2 10.3 3.2 17 10 7 1 0 1 1
1.293 0.793 3.2 10.4 3.3 16 9 9 3 0 1 1
1.286 0.792 3.2 104 3.2 16 8 10 2 0 1 1
1.285 0.772 3.2 10.7 3.3 15 11 8 1 0 1 2
1.280 0.769 3.2 10.7 3.3 17 10 8 1 0 1 1
1.255 0.768 3.3 10.8 3.3 14 8 9 3 1 1 2
1.252 0.759 3.3 10.9 3.3 15 11 7 1 1 1 2
1.248 0.733 3.3 11.3 3.4 16 11 7 1 0 1 2
1.217 0.725 3.4 11.4 3.3 14 10 9 2 0 1 3
1.194 0.703 3.5 11.8 3.4 15 10 9 2 1 1 2
1.182 0.699 3.5 11.8 3.4 16 9 9 3 0 1 2
1.176 0.692 3.5 11.9 3.4 17 9 8 1 0 1 2
1.171 0.689 3.5 12.0 3.4 16 10 1 1 1 2
1.167 0.681 3.5 12.1 3.4 17 11 7 1 0 1 2
1.153 0.680 3.6 12.2 34 17 8 10 1 0 1 2
1.143 0.679 3.6 12.2 3.4 16 10 8 2 0 0 3
1.140 0.671 3.6 12.3 3.4 15 10 7 1 1 1 3
1.133 0.657 3.7 12.6 3.4 18 8 1 0 1 2
1.120 0.654 3.7 12.6 3.4 16 8 2 0 1 3
1.109 0.651 3.7 12.7 3.4 17 8 3 1 1 2
1.104 0.645 3.8 12.8 3.4 16 12 2 0 1 2
1.102 0.634 3.8 13.0 3.5 18 11 6 1 1 1 2
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A selected suitable pattern for the BNCT is depicted in Fig. 6.9. Sequence of the materials is
presented below the figure. The divisions filled with the same materials inside the pattern are
visualized with the same color. The pattern is made up of 1.8 cm thick Ti, 1.5 cm thick Cd and
0.3 cm thick 2%2Th. Effect of this pattern on the neutron fluxes is shown in Table 6.3. Incoming
particle fluxes are calculated at the entry surface of the pattern enclosed with the port radius

while outgoing particle fluxes are calculated at the exit surface of the pattern enclosed with the

port radius. The fluxed reported are the values averaged over the considered surfaces.

—> —>
Incoming — ——  Outqoin
trons > — going
neu =
neutrons

—

= £ 5 8 g _w & _zgg_ g &8 _ g8z 8 z 2 8
$:3:f238235=285¢<538:758§¢
Fig. 6.9 A selected pattern for the spectrum shifter
Table 6.3 Particle fluxes with and without the sub-pattern

Incoming Particle Flux Outgoing Particle Flux
Bare Sub-pattern
@, (nem's)  2.034£0.0041x10° 1044200060 x10"  2.498£0.0142 x10"
@, (nem's)  7.232+0.0087x10°  4.140=0.0116x10°  1.533£0.0095 x10
@, (em's)  13760.0069x10°  8.264+0.0090x10°  0.9960.0117 x10°
1 (ylem'5) 4.622£0.0059 x10.  2.715+0.0079 x10° -

6.3.3 GA Results for Filtering Sub-pattern Optimization

Fluxes for thermal, epithermal and fast energy groups are tabulated in Table 6.5 for the bare
BP. An epithermal neutron flux of about 3.8 x 108 n cm™ s is obtained at the end of location
where the filtering patterns are to be placed. In addition, a thermal neutron flux of about 9.4 x
108n cm? st and a fast neutron flux of about 7.6 x 108 n cm™ s are calculated. As seen from

the results, without using the filtering patterns, thermal neutron flux is too high to use for
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BNCT. Therefore, a useful filtering pattern which would eliminate thermal neutron

contribution of the beam is investigated by employing the GA method detailed in Section 5.5.2.

Using the materials given in Table 5.3, the GA results are presented in Fig. 6.10. The results
are provided in terms of Pareto-front solutions, epithermal neutron flux solutions with respect
to generation number, solution space and evolution of the solutions at initial, midway and final

generations.
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The solution space, shown in Fig. 6.10 (a), indicates that all the solutions are obtained in the
epithermal neutron flux range of 3.0 and 0.3 x 108 n cm™ s and in the thermal neutron flux
range of 0.4 and 1.0 x 108 n cm sL. Since all the solutions are (assigned as) in the first front,
the iterations appear to be converged. In addition, a well spread of the epithermal neutron flux
solution, shown in (b), is obtained at the final generation. As the generation increases, the
solutions, shown in (c), approach to pareto-optimal solution line. The line, shown in (d), has a

continuous linear slope, not concave or convex or discrete.

The best pattern (FP1), which gives the lowest thermal neutron flux within the pareto-front
solutions, has a thermal flux of 4.1 x 10’ n cm™ s and an epithermal neutron flux of 3.5 x 107
n cm? s, However, the obtained epithermal flux is not useful any more for the BNCT due to
providing too much lower value than the desired value although the contribution of thermal
neutrons is reduced by 22 times. The other best pattern (FP2), which gives the highest
epithermal neutron flux within the pareto-front solutions, has a thermal flux of 7.8 x 10" n cm
2 51 and an epithermal neutron flux of 2.9 x 108 n cm s%. The obtained epithermal flux seems
useful even without collimating the beam. A reduction of 12 times in the thermal flux is

achieved with almost no cost paid for the epithermal flux.

To further reduce the dose contribution due to thermal neutrons of the beam, either a pattern
may be used several times in succession or a combination of the suggested patterns may be
used. As an example, if the FP> is used twice in the BP, a reduction of nearly 144 times in the
thermal flux is possible while the epithermal flux is likely to obtain only a half of its bare value.

In a nutshell, it can be concluded that the candidate patterns must be among the patterns which
would make sure an epithermal flux of > 1.0 x 108 n cm? s, The available patterns are pointed
out on Fig. 6.10 (d) and tabulated in Table 6.4. In the table, the regions filled with the air
material are excluded from the patterns due to having negligible interaction probability with

the neutrons.

In addition, a filtering ratio for the thermal (rw) and epithermal (repith) neutrons is defined to
find out the pattern efficiency. The filtering ratio is defined as the ratio of bare neutron flux to
filtered neutron flux. A high ri and a low repith are desired; but, both may not be optimized all
at once. Therefore, an overall coefficient, rw / repith, is also defined. The highest value means

the most efficient pattern.

According to the results, first fifteen patterns listed in Table 6.4 are the most effective patterns

in eliminating the thermal neutrons, without significantly absorbing the epithermal neutrons.
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The patterns are mostly composed of a combination of Cd and Ti materials. It is clear that Cd
and Ti are the most proper materials to form a good filtering pattern. It is interesting to note
that some of the filtering materials suggested in the literature such as Hf, W and Au do not exist
in the patterns. Table also shows that In, Th, Ag, B4C and in some cases Gd are very effective

in reducing the thermal neutron contribution.

The best pattern has an overall ri / repith ratio of 9.3 and made up of 1.8 cm thick Cd foil and
1.8 cm thick Ti folil.

Table 6.4 Available patterns for the filtering sub-pattern design

Neutron Flux
108 ncm? st
Depith Dy Fepith  Fth  Fn/lepitn "Cd ™ T Th natln  mtAg  ByC "W mtpay  natG(d
2906 0.777 130 120 9.29 1.8 2.1

2797 0.756 135 124 9.19 15 1.8

2790 0.757 135 124 9.15 1.2 2.1

2745 0.732 137 128 9.32 1.8 1.8

2628 0.744 143 126 8.77 15 1.8 0.3

Pattern Material Content (cm)

2572 0691 146 135 9.24 0.6 2.1 0.3

2546 0.731 148 1238 8.65 2.1 15 0.3

2531 0.712 149 131 8.83 1.2 1.8 0.3

2483 0.706 152 13.2 8.73 15 15 0.3
2412 0680 156 137 8.81 15 1.8 0.3

2406 0.691 156 135 8.64 1.2 15 0.3 0.3

2.258 0.677 1.67 13.8 8.28 0.9 15 0.3 0.6
2220 068 1.70 13.6 8.03 0.9 2.1 0.9

2211 0673 170 13.9 8.16 0.9 2.1 0.3 0.6
2193 0675 172 138 8.06 1.2 24 0.3 0.3
2094 0672 180 13.9 7.74 1.2 15 0.6 0.3
2.088 0.671 180 13.9 7.73 0.9 1.8 0.3 0.3 0.3
2.066 0.671 182 139 7.65 1.2 1.8 0.3 0.9
2.064 0.657 182 142 7.81 0.9 2.1 0.3 1.2

2.060 0.671 183 139 7.62 0.9 1.8 0.3 0.3 0.3
2.053 0.652 183 143 7.82 0.9 15 0.3 0.6 0.3

2.048 0.664 184 141 7.66 0.9 1.8 0.3 0.6 0.3

2.045 0.653 184 143 7.78 15 1.8 0.3 0.3

2.009 0.626 187 149 7.97 0.6 1.8 0.3 0.6

1976 0.649 191 144 7.56 1.8 1.8 0.3 0.3

1929 0.644 195 145 7.44 0.6 2.1 0.3 0.6 0.3

1.843 0.629 2.04 149 7.28 15 1.2 0.3 0.3 0.3
1.820 0.610 2.07 153 7.41 0.9 1.8 0.3 0.3

1746 0.629 216 149 6.90 1.2 2.1 0.3 0.3

1708 0.609 220 154 6.97 1.2 15 0.6 0.3

1686 0.622 223 150 6.73 0.9 1.8 0.3 0.3 0.3

1678 0598 224 156 6.97 15 15 03 03

1673 0616 225 152 6.74 1.2 1.8 03 03

1647 0599 229 156 6.83 1.2 1.8 03 03

1561 0593 241 158 6.54 1.2 1.2 0.6 0.3 03 03
1552 0597 243 156 6.45 15 1.2 0.6 0.3 03 0.3
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A selected suitable pattern selected for the BNCT is depicted in Fig. 6.11. Sequence of the
materials is presented below the figure. The divisions filled with the same materials inside the
pattern are visualized with the same color. The pattern is made up of 1.8 cm thick Ti, 1.5 cm
thick Cd, and 0.3 cm thick Z2Th. Effect of this pattern on the neutron fluxes is shown in Table
6.5. Incoming particle fluxes are calculated at the entry surface of the pattern enclosed with the
port radius while outgoing particle fluxes are calculated at the exit surface of the pattern
enclosed with the port radius. The fluxed reported are the values averaged over the considered

surfaces.

Material Thickness

. — e . (cm)
Incoming —» ——  Outgoing Tinat 18
neutrons — 7 neutrons :
Cd-nat 15

Th-232 0.3

.tHE::HE:§:§.=§§.=.=§:::::::§:5:§§:::§§
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Fig. 6.11 A selected pattern for the filtering
Table 6.5 Particle fluxes with and without the sub-pattern

Incoming Particle Flux Outgoing Particle Flux
Bare Sub-pattern
@, (n/em’s) 1044 £0.0060 x10°  9.353+0.0063x10° 7440 £0.026 x10’
@, (n/cm’.s) 4140£0.0116x10°  3.765+0.0122x10°  2.628£0.030 x10'
@, (n/em’.s) 8.264+0.0090x10°  7.596+0.0094x10°  6.304+0.027 x10"
1 (ylem'5) 2.715 £0.0079 x10° 1.873 £0.0096 x10° -

6.3.4 GA Results for Collimator Sub-pattern Optimization

Neutron fluxes for thermal, epithermal and fast neutron energy groups are tabulated in Table
6.7 for the bare BP. An epithermal neutron flux of about 2.7 x 108 n cm? s is obtained at the
end of location where the collimator is to be placed. In addition, a thermal neutron flux of about
5.9 x 108n cm s and a fast neutron flux of about 5.8 x 108 n cm st are calculated. Neutron

current to flux ratio is calculated to be 0.89. As seen from the results, without using the
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collimator, epithermal neutron flux is not adequately sufficient to use in the BNCT. Therefore,
a useful collimator design which would yield a highly collimated beam of epithermal neutrons

is examined by employing the GA method detailed in Section 5.5.3.

Using the materials presented in Table 5.4, the GA results obtained are presented in Fig. 6.12.
The results are provided in terms of Pareto-front solutions, epithermal neutron flux solutions
with respect to generation number, solution space and evolution of the solutions at initial,

midway and final generations.
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Fig. 6.12 Optimization results for Collimator sub-patterns: (a) Solution space, (b) Epithermal neutron flux solutions with respect to generation
number, (c) Evolution of the solutions at initial, midway and final generations and (d) Pareto-front solutions.

76



The solution space, shown in Fig. 6.12 (a), indicates that all the solutions change from 0.1 to
10.0 x 108 n cm s* for the epithermal neutron flux and from 0.6 to 1.0 for the neutron current
to flux ratio. Since the all the solutions are (assigned as) in the first front, the iterations appear
to be converged. In addition, epithermal neutron flux solutions, shown in (b), pack around 3.0
x 108n cm sL. Furthermore, the solutions for epithermal neutron flux seem to be not dispersed
evenly between the lower and upper bounds; instead, they are positioned close to the upper
bound. As the generation number increases, the solutions, shown in (c), approach to pareto-
optimal solution line. The line, shown in (d), has a continuous concave slope, not linear or

convex or discrete.

The best pattern (CP1), which gives the highest epithermal neutron flux within the pareto-front
solutions, has an epithermal flux of 1.3 x 10°n cm™ s and an epithermal neutron current to
flux ratio of 0.64. However, the obtained ratio is not sufficient to get the desired value
mentioned in Section 4.2 although the epithermal neutron flux is increased by 4 times compared
with the bare value. The other best pattern (CP2), which gives the highest epithermal neutron
current to flux ratio of about 1.0, has an epithermal flux of 2.8 x 10’ n cm? s and has a
convergent type of collimator. However, in this case, the obtained epithermal flux is
impractical for the BNCT.

It can be concluded that the candidate patterns must be among the patterns which would make
sure the required beam aperture (> a ratio of 0.75) with an epithermal flux of > 5.0 x 108 n cm
2 51, The available patterns are pointed out on Fig. 6.12 (d) and tabulated in Table 6.6. It is
understood from the results that a well-collimated beam typically has an outlet radius (or in
terms of beam aperture area) higher than 0.5 cm but not greater than 0.7 cm, an inlet radius
wider than 5 cm and a length longer than 20 cm. By far the best materials for the collimator are
the PE and Cerrobend. On the other hand, Al.O3 seems a promising material among the
collimator materials used in the GA. Other materials are, apparently, not proper although they

are widely used in the experiments as collimator.

It is important to note that the beam aperture (outer) diameter can be adjusted according to the

size of the tumor.
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Table 6.6 Available sub-patterns for the collimator sub-pattern design

Depi
Jepith/ Pepith 108 n Z’?ﬁ'jz st Material L (cm) ri (cm) I, (cm)
0.877 7.069 PE 23.70 7.39 0.63
0.877 6.614 PE 28.38 6.28 0.69
0.911 6.603 Al,03 23.01 7.42 0.58
0.891 6.579 PE 27.06 6.29 0.68
0.886 6.551 PE 33.77 7.34 0.70
0.765 6.546 Cerro 24.44 7.71 0.52
0.775 6.486 PE 14.99 7.17 0.53
0.905 6.423 Cerro 23.01 7.42 0.58
0.815 6.369 PE 27.73 9.51 0.45
0.937 6.336 Al2O3 21.00 7.42 0.58
0.852 6.295 PE 14.75 5.09 0.43
0.931 6.274 PE 25.47 6.44 0.60
0.925 6.226 PE 26.02 5.57 0.61
0.939 5.779 Cerro 25.47 6.44 0.60
0.922 5.640 Al,03 24.39 4.35 0.61
0.923 5.403 Cerro 33.08 7.37 0.65
0.978 5.319 PE 29.10 4.03 0.60
0.966 5.087 PE 26.91 4.20 0.58
0.977 4.849 Cerro 25.59 2.83 0.62
0.939 4.847 PE 27.73 3.70 0.45
0.957 4.729 Cerro 29.93 4.63 0.66
0.989 4714 PE 27.39 2.49 0.64
0.958 4.692 Cerro 28.72 4.48 0.66
0.967 4.569 PE 27.06 2.79 0.68
0.934 4.504 Cerro 32.56 6.41 0.69
0.955 4.414 Cerro 33.77 6.20 0.70
0.980 4.410 Cerro 28.72 2.00 0.66
0.956 4.369 Cerro 31.31 7.19 0.69
0.973 4.357 Cerro 32.69 2.67 0.70
0.992 4.291 PE 30.25 2.35 0.66
0.967 4.222 Cerro 33.77 6.56 0.70
0.972 4.113 Cerro 33.77 5.19 0.70
0.994 4.065 PE 32.44 2.17 0.68
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A selected suitable collimator for the BNCT is depicted in Fig. 6.13. The collimator has a
length of 23.7 cm, an inlet diameter of 14.78 cm and an outlet diameter of 1.26 cm. The
collimator material is PE and collimator type is convergent with a conical shape. Such design
yields a current to flux ratio of 0.877. Effect of this collimator design on the neutron fluxes is
shown in Table 6.7. Incoming particle fluxes are calculated at the entry surface of the collimator
enclosed with the inlet radius while outgoing particle fluxes are calculated at the exit surface

of the collimator enclosed with the outlet radius. The fluxed reported are the values averaged

over the considered surfaces.

IS
o o — £
X Incoming R Outgoing
S neutrons i neutrons
I — i

b I
5 ©

Fig. 6.13 A selected pattern for collimator
Table 6.7 Particle fluxes with and without the sub-pattern

Incoming Particle Flux Outgoing Particle Flux
Bare Sub-pattern
@, (nfem .s) 1044 0.0060 x10”  5.876 £0.0077 x10°  9.287+0.108 x10"
@, (n/cm’.s) 4140 £0.0116 x10°  2.702+0.0144x10°  7.069 +0.132 x10"
@, (n/em's) 8.26420.0090 x10°  5.751£0.0108x10°  9.724 £0.124x10'
J /b, ; 0.891 +0.013 0.877+0.026
1 (ylem'5) 2.715+£0.0079 x10°  1.873 £0.0096 x10~ -

6.3.5 Final Pattern: Uniting the Sub-patterns
A final pattern, as shown in Fig. 6.14, is formed by joining the created sub-patterns, spectrum

shifter, filtering and collimator. A comparison between the bare port and the designed port is

given in Table 6.8.
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Fig. 6.14 View of the final pattern

Table 6.8 Particle fluxes with and without the final pattern

Incoming Particle Flux Outgoing Particle Flux

Bare Pattern

2 9 8 8
&, (n/cm .s) 2.034 £0.0041 x10 5.876 £0.0077 x10 0.325+0.021 x10

2 8 8 8
®,,; (n/cm .s) 7.232 £0.0087 x10 2.702 +£0.0144 x10 4.167 +£0.135 x10
2 9 8 8
?,,, (0/cm .s) 1.376 £0.0069 x10 5.751 £0.0108 x10 1.967 £0.107 x10
Jopi’P i - 0.891 +0.013 0.877+0.026
2
I (y/em’.s) 4.62240.0059x10°  1.873£0.0096x10° 9394 £0.112x10°

As seen in table, when all the sub-patterns are joined to obtain the final pattern, at the end of
BP, thermal, epithermal and fast fluxes are calculated to be about 0.33, 4.2 and 2.0 x10® n cm’
2 571, respectively. A collimation ratio of 0.877 is achieved. Compared with the bare value, a

higher epithermal flux and, lower thermal and fast fluxes are obtained.

Effect of use of sub-patterns in the BP on the neutron fluxes is clearly shown in Fig. 6.15.
Thermal flux drastically decreases as the neutrons pass through the filtering. Fast flux decreases
continuously inside the spectrum shifter but not inside the filtering. Intensity of the fluxes

increases to some extent due to collimation process.

Furthermore, effect of beam shaping process on the neutron spectrum is demonstrated in Fig.
6.16 at the port exit. As seen in the figure, the neutrons with low energy (< 10%) are completely
removed from the spectrum. The figure also points out that the fast neutrons, by slowing down,

make significant contribution to the epithermal flux in the energy range of 10 and 10 eV.

In the final step, photon fluence is reduced to an acceptable level as described in Section 4.2.

Last row of Table 6.8 exhibits the photon fluence for the bare BP and the modified BP. Photon
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fluence decreases from 1.873 to about 0.01 xlO9 ncm? !

that the photon fluence at the port exit is quite low. Therefore, there is no need to shield the
photons further. Yet, a sufficient thickness of Pb shielding block is calculated using the
information given in Section 4.4.4 and the material is placed right at the exit of the collimator.

The required Pb thickness is found to be about 5 cm (tenth-layer value -TLV) to reduce the

photon fluence by

As aresult, it is possible to obtain a desired epithermal neutron beam if a proper pattern is used

inside the BP.

10 times.

. As seen in the table, it is evident
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Fig. 6.15 Change of particle flux along with distance from the core center with and without
the final pattern
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Fig. 6.16 Neutron spectrum at the port exit with and without the final pattern

6.4 Concluding Remarks

v

On the Reactor Modeling

For ITU-TRR, a detailed modelling with MC method is carried out in a manner
consistent with its design parameters determined by General Atomic. As well as
inclusion of the in-core components, for the future studies, the model incorporates out-
core components such as neutron beam tubes, thermal column, concrete biological
shield and neutron radiography room.

Outcomes of the MCNP model are in good agreement with the SAR (and experimental)
data. It appears from the results that there is not much to be gained by modelling the
reactor with further details. That is, the current model reported in this study is capable
of producing acceptable results in computing.

On the Burnup Analysis

From the results, it is understood that spectrum of the incoming particles to the PBP,
specifically epithermal neutrons, is clearly affected from the burnup level of the reactor.
At some energy levels, thermal flux changes up to +1 % and fast flux increases by 3 %.
Epithermal neutron flux fluctuates up to £10 %. Thus, a burnup-corrected neutron

spectrum should be used in the future BNCT studies.
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On the Optimization Calculations

The prepared GA code coupled with MCNP is capable of finding the proper patterns
for the desired nuclear application. Depending on the application type, it would be
sufficient to modify the code (only the cost function module).

The most important issue in an optimization study is the time required to compute the
cost value. Although the MC based-codes yield more reliable results (by simulating
each particle) than the deterministic codes, these codes require naturally more time to
get a cost value. In this study, one cost calculation takes more or less 3 minutes to get
a standard deviation of 0.07 % when Intel Xenon E5 Processors (12x4) with a core
frequency of 3.10 GHz are used. For over 7000 iterations, the necessary time for the
full computation would be at least two weeks.

It is understood from the results that discretization (use of constant material thickness)
of the continuous optimization problem is a good way to speed up the calculations. An
alternative way is to use a deterministic reactor physics code.

Although the solutions provided in this study are indicated as the best solutions, it
should be noted that those, in fact, may not be the best. The reason is that the stopping
criteria are defined by a number of external parameters. When one of the specified
criteria is met, the algorithm stops searching. Therefore, it is possible to find a better
pattern should the algorithm keep searching. In this study, all of the best patterns are
obtained while all of the elite solutions are in the first front.

The parameters used in the GA are the population size, crossover/mutation fractions,
and mutation rate and convergence criteria. Those parameters affect the convergence
speed of the optimization. Therefore, the users must be aware of which values of
parameters are better for their problems.

The reason for the long MC calculations is that the deep penetration problems require
excessive neutron history combined with different variance reduction techniques. The
computational time has a complex relationship (inverse proportion) with standard
deviation. As the deviation decreases, the required time increases.

In a classic search, there is about 9x10%° (a combination of 40 mesh points using 17
different materials) possible patterns to be searched for the spectrum shifter materials.
It becomes 3x107 (a combination of 30 mesh point using 10 different materials) for the
filtering materials. In this study, the pareto-optimal solutions are obtained at the

maximum iteration number of 9800 in the optimization of spectrum shifter materials.
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On the GA Results

Selection criterion for the material thickness is based on the mean free path values of

the selected materials. Yet, the total thickness of a material inside the optimized pattern
is open to change when the thickness is changed.

The order of the materials in a sub-pattern does not have a significant impact on the
flux values at the pattern exit; however, the order of sub-patterns inside the BP seriously
affects the flux values at the port exit.

On the Capability of PBP for the BNCT

In the bare port, the magnitude of the incident beam reduces from 10*? particle cm? s

to 10° particle cm s as the distance from the port inlet increases.

The bare PBP has a thermal neutron flux of 5.88 +0.01 x108 n cm™ s, an epithermal
neutron flux of 2.70 +0.01 x108 n cm™ s, a fast neutron flux of 5.75 +0.01 x108 n cm’
2571 aphoton fluence of 1.87 £0.01 x10°y cm™ s and a current-to-flux ratio of 0.89 at
the port exit. This implies that theoretically, an epithermal neutron flux of 8.45 (fast
plus epithermal) x108 n cm? s is possible if all the fast neutrons, without any losses,
slow down to the epithermal.

Using the spectrum shifter method, it is possible to reduce the fast neutron flux of the
incident beam by 9 times with almost 3 times reduction in the epithermal flux. The main
materials among the suggested materials to obtain a good pattern are Al (with
compound forms), S, Kr and Ar. Si and K addition in small amounts seem suitable.
Using the filtering method, it is possible to reduce the thermal neutron flux of the
incident beam by 12 times with almost no cost in the epithermal flux. A good filtering
pattern can be formed with a combination of Cd and Ti. The beam may be tuned by
adding Gd, Ag, In and Th elements in small amounts.

Using the collimation method, it is possible to increase intensity of the epithermal
neutron flux of the incident beam by about 3 times and to obtain a highly collimated
beam (<0.75). The qualified materials for the collimator are PE and Cerrobend. In
addition to these, Al,O3 seems a promising material. The best collimator type is the
convergent type with a conical shape.

When the optimized pattern is used inside the port, epithermal neutron flux at the port
exit is calculated to be 4.17 x10® +0.14 n cm™ s with a current-to-flux ratio of 0.88
+0.03. Furthermore, the thermal and fast neutron fluxes, and photon fluence are reduced

by about 20, 3 and 200 times, respectively.
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Using the final pattern, patient irradiation period for receiving the sufficient neutron
dose is calculated to be about 25 min. It is likely to extend the period a little bit. In this
manner, the sub-patterns that have an epithermal flux lower than 1.0 x108 n cm? s can
be utilized for the BNCT. In this case, biological half-life of the boron concentration in
the tumor cells limits the period.

In this study, epithermal energy range is assumed to be higher than 0.625 eV (instead
of 0.4 eV) lower than 10 keV, due to need of conservative calculations. If the
contributions of 0.4-0.625 eV and 10-20 keV neutrons are taken into account, it is
evident that epithermal flux would increase some more. Furthermore, somewhat
contribution to the dose due to epithermal neutrons is expected from the fast neutrons
as some of the fast neutrons will be epithermal inside the tumor.

The results show that although there is no way to reach the desired epithermal neutron
flux (> 10° n cm? s?) in the PBP, BNCT is applicable in the port, by supplying a
minimum desired epithermal neutron flux at the port exit. Therefore, the method
suggested in this study provides promising results.

To sum up, the beam shaping method suggested in this study is independent from user
experiences and can readily be implemented into any incident beam of a considered
research reactor (even for other neutron sources) for a desired medical/industrial
application.

On the Future Work

Using the method proposed in this study, applicability of the BNCT in the tangential

BP is to be investigated. Furthermore, the bare port results point out that the PBP may
support a wide range of nuclear applications. As a future work, availability of neutron
radiography (imaging) application in the PBP (later in other BPs) can be studied.

To reduce the irradiation period of the patient, the reactor may be uprated to a higher
power level.

By and large, in this study, natural form of the materials is used due to fabrication
considerations. However, as can be seen from the neutronic properties of the examined
isotopes, use of the pure (in the form of single isotope) or enriched form of the selected
materials in the patterns would yield a well-shaped beam. For this purpose, scope of
this study is going to be broadened through the use of pure/enriched materials.

The results calculated in this study are the theoretical values; thus, they need to be

supported by the experimental measurements.
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