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ABSTRACT

The search for ways to treat cancer has led to many different treatments, 
including surgery, chemotherapy, and radiation therapy. Among these treatments, 
Boron Neutron Capture Therapy (BNCT) has shown promising results. BNCT is a 
radiotherapy treatment modality that has been proposed to treat brain cancer. In 
this technique, cancerous cells are being injected with 10B and irradiated by

10 7thermal neutrons to increase the probability of B(n, a) Li reaction to occur. This 
reaction can potentially deliver a high radiation dose sufficient to kill cancer cells 
by concentrating boron in them.

n

in 7The short range of B (n, a) Li reaction limits the damage to only 
cancerous cells without affecting healthy tissues. The effectiveness and safety of 
radiotherapy are dependent on the radiation dose delivered to the tumor and 
healthy tissues.

In this thesis, after reviewing the basics and working principles of Boron 
Neutron Capture Therapy (BNCT), Monte Carlo Simulations were carried out to 
model a thermal neutron source suitable for BNCT and to examine the 
performance of the proposed model when used to irradiate a sample of boron 
containing both 10B and nB isotopes.

MCNP5code was used to examine the modeled neutron source through 
different shielding materials. The results were presented, analyzed and discussed at 
the end of the work.
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Chapter One 

Introduction

1.1 Introduction

The three main divisions of radiation therapy are external beam radiation 

therapy, sealed source radiation therapy, and unsealed source radiation therapy. 

The differences related to the position of the radiation source; external is outside 

the body, Brachytherapy uses sealed radioactive sources placed precisely in the 

area under treatment, and systemic radio isotopes are given by infusion or oral 

ingestion. Brachytherapy can use temporary or permanent sources placement of 

radioactive sources. The temporary sources are usually placed by a technique 

called after loading. In after loading a hollow tube or applicator is placed surgically 

in the organ to be treated, and the sources are loaded into the applicator after the 

applicator is implanted. This minimizes radiation exposure to health care 

personnel. Particle therapy is a special case of external beam radiation therapy 

where the particles are protons or heavier ions.[1,10 ]

Intra operative radiation therapy or IORT is a special type of radiation 

therapy that is delivered immediately after surgical removal of the cancer cell. This
p

method has been employed in breast cancer (Intra operative radiation therapy), 

brain tumors and rectal cancers.

External beam radiation therapy is also carried out with heavier particles 

such as: neutrons produced by neutron generators and cyclotrons; protons 

produced by cyclotrons and synchrotrons; and heavy ions (helium, carbon, 

nitrogen, argon, neon) produced by synchrocyclotrons and synchrotrons.
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Proton beams are a newer form of particle beam radiation used to treat 

cancer. It can offer better dose distribution due to its unique absorption profile in 

tissues, known as the Bragg’s peak, allowing deposition of maximum destructive 

energy at the tumor site while minimizing the damage to healthy tissues along their 

path. These have particular clinical use in pediatric tumors and in adults tumors 

located near critical structures such as spinal cord and skull base tumors, where
b

maximal normal tissue sparing is crucial. [2, 12]

Neutron beams are generated inside neutron generators after proton beams 

are deflected to target. They have high LET and can cause more DNA damage than 

photons. The limitations have been mainly due to difficulty in generating neutron 

particles as well as the construction of such treatment facilities. [1,2]

Particle reaction has higher LET than photons with higher biological 

effectiveness. Therefore, these forms of radiations may be more effective to the 

radio resistant cancers such as sarcomas, renal cell carcinomas, melanomas and 

glioblastoma. However, equipment for production of particle radiation therapy is 

considerably more expensive than for photons. The decreasing costs of cyclotrons 

are likely to result in a wider use of photon beam therapy in the future.

Radiation therapy has proved to be one of the most effective ways to control 

or cure certain types of cancer, often times in conjunction with another type of 

therapy. The goal of radiation therapy is to deliver a high radiation dose to 

cancerous cells and a minimal dose to healthy tissue, and there are a number of 

different treatment options. However an ideal therapy for cancer would be one 

whereby all tumor cells were selectively destroyed without damaging normal 

tissue. Most of the cancer cells should be destroyed for cure, either by treatment 

itself or with the help from the body's immune system, otherwise the danger exists 

the tumor may re-establish itself.
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Although, today's standard treatments -  surgery, radiation therapy and 

chemotherapy- have successfully cured many kinds of cancers there are still many 

treatments failures. [2, 10]

I. 2 Boron Neutron Capture Therapy

After the initial discovery of the neutron in 1932 by Sir James Chadwick, H.

J. Taylor in 1935 showed that l0B nuclei could capture thermal neutrons. Neutron 

capture resulted in fission of the boron-11 nuclei into helium-4 (alpha particles) 

and lithium-7 ions. In 1936, Locher, a scientist at the Franklin Institute in 

Pennsylvania, realized the therapeutic potential of this discovery and suggested 

that neutron capture could be used to treat cancer. [2,12]

Boron has two naturally occurring isotopes boron-10 and boron-11, which is the 

most common natural isotope. Boron-10 is non-radioactive and is the isotope used 

in boron neutron capture therapy (BNCT). [7]

The BNCT (Boron Neutron Capture Therapy) is a cancer treatment 

technique, which could be the best one for those skin tumors (melanomas), and 

glioblastoma of the brain which are nowadays resistant to ordinary therapy. It 

makes use of thermal or epithermal neutrons to irradiate tumors previously loaded 

with the stable isotope °B. The reaction cross section is exceptionally large, i.e., 

-3800 bam at thermal neutron energy. °B thus captures neutrons very efficiently. 

Thermal neutron absorption on the °B nucleus gives rise to the production of two
i  7

particles, He and Li, whose ranges in tissue (~9 mm and ~5 mm respectively) are 

as short as the diameter of a cell nucleus and whose LET (Linear Energy Transfer) 

values are largely high. [8]
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Because of such short ranges, all the energy is released inside the tumor cell, which 

is killed with high probability because of the high LET values, while the 

neighboring cells are not damaged.
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Fig. 7.1: Illustration o f the Concepts o f BNCT

BNCT could be effective at treating these tumors because it provides a way 

to deliver a very high radiation dose selectively to cancerous cells, even if they are 

spread out. In BNCT, boron containing compounds, or boron delivery agents, are 

administered to cancerous cells, which are then irradiated with neutrons, inducing
10 7the B (n, a) Li nuclear reaction. The energy of the neutrons used depends on the 

depth of the tumor This reaction delivers a very high, localized dose of ionizing 

radiation that is much more effective at killing cancerous cells than traditional x- 

ray ionizing radiation, assuming boron is selectively concentrated in them. [1]
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One more advantage of alpha particles and lithium ions is that they can kill 

dividing and non-dividing tumor cell alike, this is important because tumors are 

known to have a large number of viable but inactive cells. Other forms of radiation 

treatment and chemotherapy tend to work best only on the cells that are dividing. 

[1,6]

1.3 Thesis contribution

The goal of this work is to model a system that works as a thermal neutron 

source suitable for application of BNCT. Monte Carlo simulations will be carried 

out to examine the modeled thermal neutron source against different shielding 

materials. The results will be presented in chapter four. The research is divided into 

five chapters. Chapter one is covering the introduction and the literature review; 

chapter two will present the working principles of Boron Neutron Capture 

Therapy. In chapter three, we will present the Monte Carlo modeling and the 

results will be presented and discussed in chapter four. The conclusions and 

recommendations will be presented in chapter five.

1.4. Objectives of the research

The objectives of this work were, using Monte Carlo simulations to model a 

system that works as a thermal neutron source suitable for the applications of

of the modeled neutron source against

different materials shielding using Monte Carlo transport code (MCNP5).

1.5. Hypothesis of research

The hypothesis of this research has been that the short range of reaction, high 

linear energy transfer (LET), radiation produced by the capture of thermal neutrons

BNCT and to examine the efficiency
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by boron-10 (10B) will potentially control tumor and spare normal tissue only if the 

boron compound selectively targets tumor tissue within the treatment volume.

1.6. Research Methodology

In this work the literature review about BNCT and its working principles 

was covered and Monte Carlo radiation transport code MCNP 5 is used to model a 

system that works as a thermal neutron source suitable for BNCT.

Monte Carlo Simulations will be carried out to examine the modeled thermal 

neutron source against different material shields. The results will be presented and
in 7analyzed with respect to the out put energy from B (n, a) Li reaction.

1.7. Significance of the research

The proposed BNCT modeled system works as an effective modality for 

cancer treatment. The thermal neutrons when penetrating tumor cell its captured by 

°B and gives rise to the production of two particles, 4He and 7Li, whose ranges in 

tissue (~9 mm and ~5 mm respectively) are as short as the diameter of a cell 

nucleus and whose LET values are largely high. Because of such short ranges, all 

the energy is released inside the tumor cell, which is killed with high probability, 

while the neighboring cells are not damaged.

1.8. Limitations of the study

The work is made on the basic knowledge on BNCT and Monte Carlo 

simulations. The performance of the proposed model system was examined as a 

thermal neutron source suitable for BNCT treatment of brain cancer as internal 

radiotherapy.
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Chapter Two

The Working Principles of (BNCT)

2.1 Introductio

Boron Neutron Capture Therapy (BNCT) is based on the nuclear capture and 

fission reactions and the selective uptake of nonradioactive boron compounds, 

delivered via intravenous injection, by a tumor, and the subsequent irradiation of 

the area with an appropriate neutron beam. When compounds containing boron-10, 

which makes up approx. 20% of natural elemental boron, are irradiated within the 

body with neutrons of the appropriate energy, the boron absorbs the neutrons and 

decays in sit releasing high-energy a particles("stripped" down 4He nuclei) and 

high energy lithium-7 (7Li) nuclei. These particles can only travel a very short 

distance and as such release their damaging energy directly to the tissue that 

contains the boron compound. This has two advantages. Firstly, the dose of 

radiation given in the neutron beam can be quite low and, secondly the local decay 

and action means that the surrounding healthy tissue is spared.[l,7]

The nuclear reaction is:

I0B + ndl [nB] -> a + ?Li + 2.31 MeV

9



Incident
epithermal

neutrons

Fig. 2.1: Illustration o f °B (n, a) Li reaction mechanism.

Both the alpha particles and the lithium ions produce closely spaced 

ionizations in the immediate vicinity of the reaction, with a range of approximately 

5-9 pm, or approximately the diameter of one cell. Their lethality is limited to 

boron containing cells. BNCT, therefore, can be regarded as both a biologically 

and a physically targeted type of radiation therapy. The success of BNCT is 

dependent upon the selective delivery of sufficient amounts of 1 °B to the tumor 

with only small amounts localized in the surrounding normal tissues. Thus, normal 

tissues, if they have not taken up boron-10, can be spared from the nuclear capture 

and fission reactions. Normal tissue tolerance is determined by the nuclear capture 

reactions that occur with normal tissue hydrogen and nitrogen. [ 10]

In theory BNCT is a highly selective type of radiation therapy that can 

selectively target the tumor at the cellular level without causing radiation damage 

to the adjacent normal cells and tissues. Doses up to 60—70 Gy can be delivered to 

the tumor cells in one or two applications compared to 6—7 weeks for conventional 

external beam photon irradiation. However, the effectiveness of BNCT is 

dependent upon a relatively homogeneous distribution of mB within the tumor, and 

this is still one of the key stumbling blocks that have limited ks success. [4]
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2.2. Neutron sources
Most neutron energy distributions are quite broad and consist of three 

principal components: thermal, epithermal, and fast neutrons. The thermal neutron 
component consists of low-energy neutrons (energies below 0.5 eV), the 
epithermal (0.5 eV <En <10 keV), and fast neutrons (En >10 keV).

Neutron sources are classified to: (1) Radioisotopes neutron sources (2) Nuclear 

reactors (3) Accelerators

2.2.1. Radioisotopes neutron sources

The most common spontaneous fission source is 252Cf. Its half-life of 2.65 

years is long enough to be reasonably convenient, and the isotope is one of the 

most widely produced of all the transuranics.

The dominant decay mechanism is alpha decay, and the alpha emission rate 

is about 32 times that for spontaneous fission. The neutron yield is 0.116n/s per 

Bq, where the activity is the combined alpha and spontaneous fission decay rate. 

On a unit mass basis, 2.30 X 106 n/s are produced per microgram of the sample.
* * 2̂ 2Compared with the other isotopic neutron sources, Cf sources involve very small 

amounts of active material (normally of the order of micrograms) and can therefore 

be made in very small sizes dictated only by the encapsulation requirements.[1,3]

2.2.2. Nuclear reactors

Reactor derived neutrons are classified according to their energies as thermal 

(En <0.5 eV), epithermal (0.5 eV <En <10 keV) or fast (En >10 keV). Thermal 

neutrons are the most important for BNCT since they usually initiate the 10B 

(n,a)7Li capture reaction. To date, all clinical BNCT trials have been carried out 

using reactor-based neutrons due to the high neutron flux required, while there is 

urgent need for hospital-based neutron sources.
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The development of accelerator based neutron sources(ABNSs), which could be 

safely installed at the hospital, has been of interest for almost three decades. [ 3,4]
2.2.3. Accelerators

Accelerators also can be used to produce epithermal neutrons and 
accelerator-based neutron sources(ABNS) are being developed in a number of 
countries. To make BNCT more accessible and practical, the use of linear
accelerators (linacs) and cyclotrons as sources of neutron beams has been

*

investigated. Linacs and cyclotrons can produce neutrons by accelerating either 
protons or deuterons at lithium, beryllium, or tritium targets. Many different 
neutron-producing reactions could be exploited with an accelerator. The neutron- 
producing reactions are induced by accelerated protons, deuterons, or tritons 
targeting7Li,9Be,I3C,12C,2H, or3H nuclei, via the reactions listed in Table2.1[4]

Table2.1: Characteristics o f charged particle reactions consideredfor accelerator-

based BNCT.

Reaction Bombarding Average Maximum Neutron

energy neutron neutron production

(MeV) energy energy rate

(MeV) (MeV) (n mA" s'1)

7Li(p,n)7Be 2.5 0.55 0.79 9.1 x io11
9Be(p,n)yB 4.0 1.06 2.12 1 . 0  x 1 0 1 2

yBe(p,n)yB 30 28 £ X © £

yBe(d,n)luB 1.5 2.01 5.81 3.3 xio11
13C(d,n)14N 1.5 1.08 6.77 1.9 x 1011
2H(d,n)3He 0.15 2.5 2.5 4.7 x 10s
3H(d,n)3He 0.15 14.1 14.1 5.0 x 1010

12



Neutron beams for BNCT must have some very specific characteristics. 

They must be thermal or epithermal, depending on the depth of the tumor, and they 

must be uncontaminated by fast neutrons or gamma rays. They also must have an 

adequate flounce rate, the total number of neutrons passing through a given area. 

This is dependent on the concentration of boron in the target, but is typically a
Q  T  1

round 10 cm’ s’ so that the dose can be delivered in a short time, around 30 

minutes. Finally, the beam should be well collimated to avoid excessive dose to 

tissues outside the treatment area. [1,3]

7 7Probably, the most studied ABNS application is the Li(p,n) Be reaction at 

approximately 2.5 MeV proton energy, because sufficiently low accelerator current 

(10 mA) is needed for producing a high intensity of reasonably low-energetic 

neutrons (up to 1 MeV). However, because they have a limited depth of 

penetration, epithermal neutrons, which lose energy and fall into the thermal range 

as they penetrate tissues, are now preferred for clinical therapy. (See Fig.2.2)

A common problem for all neutron sources in BNCT is that, in contrast to other 

beam therapies (e.g. proton, fast neutron, photon, or electron sources), considerable 

moderation of the source neutrons is usually required, since the efficient ways of 

producing neutrons usually yields neutrons of high energy .The only way to slow 

these high energy neutrons down is through nuclear interactions, and thus during 

the moderation, neutron intensity is reduced by about four orders of magnitude. 

Consequently, the BNCT neutron source needs to be operated at considerably 

higher power than a proton therapy accelerator.

Once clinical trials have been initiated, it will be important to determine how these 

ABNS compare to BNCT that has been carried out in the past using nuclear 

reactors as the neutron source. [2 )

13



Incident Epilhc-imal 
NcLtronjF

*ir

III* ’V  mi*
*

Th:urmal WPtrmr s

Tip

' rf I 4 J W;V
«

I

! -
mill

** «

l ii

0.^4

/ I

«

I
!

j
|

i

st
L

I
i

?

i
i
I
I

I
1
\
•i

l

\
!

<

FVg. 2.2: Epithermal Neutrons moderate to thermal neutrons when penetrate

tissue.

2.3. Radiobiological considerations

The radiation doses delivered to tumor and normal tissues during BNCT are 

due to energy deposition from three types of directly ionizing radiation that differ 

in their linear energy transfer (LET), which is the rate of energy loss along the path 

of an ionizing particle:

1. Low LET gamma rays, resulting primarily from the capture of thermal neutrons
1 2by normal tissue hydrogen atoms [ H (n, y) H],

2. High LET protons, produced by the scattering of fast neutrons and from the
l l ̂capture of thermal neutrons by nitrogen atoms [ N (n, p) C], [6]

3. high LET, heavier charged alpha particles(stripped down 4He nuclei) and 

lithium-7 ions, released as products of the thermal neutron capture and fission 

reactions with 10B [10B(n, a)7Li],

14



Alpha particles, with high LET, have other biological advantages. Unlike 

some forms of ionizing radiation, such as X-rays, alpha particles do not require 

oxygen to enhance their biological effectiveness. A rapidly expanding tumor 

frequently outgrows its blood supply, so that some regions receive less oxygen 

than normal tissues do. As a result of this oxygen depletion, the tumor can become 

more resistant to the effects of conventional photon or electron (i.e., low LET) 

radiation therapy. Tumor sensitivity to alpha particles is retained however, even 

when the tumor has limited oxygen supply. One more advantage of alpha particles 

and lithium ions is that they can kill dividing and non-dividing tumor cell alike, 

this is important because tumors are known to have a large number of viable but 

inactive cells. Other forms of radiation treatment and chemotherapy tend to work 

best only on the cells that are dividing. [1, 10]

Since both tumor and surrounding normal tissues are present in the radiation 

field, even with an ideal epithermal neutron beam, there will be an unavoidable, 

nonspecific background dose, consisting of both high and low LET radiations. [4]

To quantify the degree to which a type of radiation is damaging, quality factors are 

used. These give the radiobiological effectiveness (RBE) of these various types of 

radiation (see table 2.2). The higher the quality factor, the more damaging the

radiation. [1,4]

Table2.2: Quality factors o f ionizing radiation important to BNCT

Radiation Quality Factor

Photons and electrons 1

Thermal neutrons 5

Fast neutrons and heavy particles 20

15



However, a higher concentration of °B in the tumor will result in its receiving a
h

higher total dose than that of adjacent normal tissues, which is the basis for the 

therapeutic gain in BNCT.

The total radiation dose (Gy) delivered to any tissue can be expressed in photon- 

equivalent units as the sum of each of the high LET dose components multiplied 

by weighting factors (Gyw), which depend on the increased radiobiological 

effectiveness of each of these components. [4]

2.4.CIinical BNCT Dosimetry

An incident BNCT beam consists of neutrons and photons with wide energy 

spectra. The doses are primarily from four parts: (1) thermal neutrons; (2) boron- 

10; (3) fast neutrons; and (4) photons. [6]

2.4.1. Thermal neutron dose

The thermal neutron dose primarily arises from the 4N(n, p) 2C thermal neutron 

capture reaction, comprise 96% of the neutron kerma for brain tissue below 0.5 

eV energy cutoff for thermal neutron.

2.4.2. Boron dose

The reaction of boron with neutron is given in equation (1). The °B dose is
J 0 7primarily from B(n, a) Li capture reaction with thermal neutron. The

—t

energetic emitted alpha particle and the recoiling Li ion result in locally 

deposited energy averaging about 2.31 MeV.

16



In 94 % of the reactions the recoiling Li ion is produced in an excited state and 

de-excites in flight, emitting a 477 keV photon. In the remaining 6% of events,
7 * ] othe Li is emitted in the ground state with no photon emission. Since B has

*

been isotope of choice due to the big thermal neutron capture cross-section of 

3840 bams, a high Q-value of 2.31 MeV, the contribution of the boron dose is a 

big part of the total dose in spite of the boron consistence small. [1,6,12]

2.4.3. Fast neutron dose

The fast neutron dose tallies the full deposited energy from elastic neutron 

collision with hydrogen 'H(n, n)'Hand represents 90% of adult brain kerma 

between energies of —600 eV to —3 MeV. The remaining dose about 4-8% is
1231 16from the other neutron reactions, primarily with C, P and O.

2.4.4. Photon dose

The total dose due to the photon component in the neutron-gamma beam and
+

the photons induced in the tissue itself. The induced photons are mainly due to
* 1 2thermal neutrons absorbed by hydrogen in tissue. The H (n, y) H reactions 

emit 2.2 MeV photons.[12]

These dose components must be quantified, using special dosimetry 

procedures. Optimization of the dose of radiation given to the patient is important 

for balancing the competing issues of maximal dose to the tumor and minimal dose 

to the healthy tissue. [12 ]
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2.5. Boron delivery agents

Although there is not a lot of physics behind the boron compounds used in 

BNCT, because the principal dose in BNCT comes from the boron-10 capture 

reaction, it is important to have a good understanding of how these compounds are 

delivered and selectively taken up by tumors. The development of boron delivery 

agents for BNCT began approximately 50 years ago and is an ongoing and difficult 

task of high priority. A number of boronated pharmaceuticals using boron-10, have 

been prepared for potential use in BNCT. The most important requirements for a 

successful boron delivery agent are:

1. Low systemic toxicity and normal tissue uptake with high tumor uptake and 

concomitantly high tumor: to brain (T: Br) and tumor: to blood (T: Bl) 

concentration ratios (> 3-4:1).

2. Tumor concentrations in the range of ~20 pg 10B/g tumor.

3. Rapid clearance from blood and normal tissues and persistence in tumor during

BNCT.

The two compounds currently most important to BNCT are Sodium 

borocaptate (BSH), and °B-boron phenylalanine (BPA). These two compounds

represent two different approaches to delivering boron to tumors. BSH relies on
*

passive diffusion from the blood into brain tumors. Brain tumors disrupt the blood 

brain barrier (BBB), and as a result BSH is able to diffuse into cancerous cells but 

not into healthy areas of the brain where the blood brain barrier is still intact. . [1,2]
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Studies have shown that BSH can be taken up selectively by tumors, typically with 

a tumor/blood ratio betweenl:! and 2: 1.6 BPA, on the other hand, is aetivelv 

taken up by cancerous cells. [2, 6]

New methods for enhancing the uptake of boron delivery agents have also 

been studied. These methods focus on increasing blood flow to the tumor and the 

permeability' of the BBB at the time of the boron delivery agent's administration. 

This is typically accomplished with different drugs. Direct injection of the boron 

delivery agent into the tumor has also proved to be an effective way of increasing 

the boron concentration in cancerous cells. The concentration of boron in both 

healthy and tumor cells is extremely important to BNCT, and the ways in which 

boron is delivered and taken up must always be kept in mind when thinking of how 

dose will be delivered and how effective a BNCT treatment will be.(See

Fig.2.3[l,6]
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Fig. 2.3: Mechanism o f BNCT binary treatment.
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Biological weighting factors have been used in all of the recent clinical trials 

in patients with high grade gliomas, using boron phenylalanine (BPA) in
10 Vcombination with an epithermal neutron beam. The B (n, a) Li component of the 

radiation dose to the scalp has been based on the measured boron concentration in 

the blood at the time of BNCT, assuming a blood: scalp boron concentration ratio 

of 1.5:1 and a compound biological effectiveness (CBE) factor of 1.3, 3.8, and 2.5 

for BPA in brain, tumor, and skin, respectively [4].

A relative biological effectiveness (RBE) factor of 3.2 has been used in all 

tissues for the high LET components of the beam, such as alpha particles. The 

RBE factor is used to compare the biologic effectiveness of different types of 

ionizing radiation. The high LET components include protons resulting from the 

capture reaction with nitrogen, and recoil protons resulting from the collision of 

fast neutrons with hydrogen. [8]

It must be emphasized that the tissue distribution of the boron delivery agent in 

humans should be similar to that in the experimental animal model in order to use 

the experimentally derived values for estimation of the radiation "Gray" (Gy) doses 

for clinical radiations.

2.6. Treatment Planning

With an understanding of how ionizing radiation delivers a dose to cells and 

tissues, treatments for radiation therapy can be put together. Each treatment plan is 

unique, taking into account the specific geometry of the patient in order to find a 

way to deliver the dose necessary to kill the tumor, without delivering an excessive 

radiation dose to healthy tissues. In order to do this, the radiation dose delivered to
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every point in the body for a given irradiation must be estimated and then 

optimized. Calculating these estimates is not an easy task, especially in the case of 

BNCT with all the different dose components described above. To develop an 

accurate an effective treatment plan for BNCT, one must know the anatomy of the 

patient, the dimensions of the tumor, the concentration of boron in all the parts of 

the body to be irradiated, the components of the neutron beam, and how they will 

interact with the tissues present. [4]

For radiation therapy, Monte Carlo simulations take into account the 

characteristics of an incident radiation beam, such as the number of neutrons and 

photons, their energy spectra, and angular distributions, and the geometry of the 

target, given by data from MRI (magnetic resonance imaging), CT (computed 

tomography), and PET (positron emission tomography) images, and simulate the 

many possible trajectories of each incident particle, arriving at an average result.

[6, 9]

The biggest challenge in accurately calculating dose for BNCT is the boron 

distribution in tissues. In the simplest treatment planning programs, the boron 

concentration in tumor cells is given a certain value and assumed to be uniform 

throughout the tumor, and boron concentration in healthy tissues is assumed to be 

zero. As mentioned above, boron concentration within the tumor is highly variable, 

between patients and within single patients between different boron 

administrations, and not all tumor cells take up the same amount of boron. Because 

the products of the boron capture reaction, which deliver the primaiy dose in 

BNCT, give up their energy in such a short distance, dose distributions on a 

microscopic scale are important to treatment planning. One must know where in
t  A

the cell the energy from the B(n,a) Li reaction is deposited.[4.6]
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Treatment planning for BNCT is a continually evolving process, and as it 

continues to evolve, it makes BNCT an ever more attractive and effective 

treatment for tumors that have resisted traditional radiotherapy.[ 4,6J

2.7 Beam Monitoring and Control

Reliably and reproducibly administering the prescribed dose in external 

beam therapy requires a method for monitoring and integrating beam output while

a radiation field is administered. In BNCT. most of the absorbed dose is derived
/

from neutron interactions in tissue, and so a method is needed for monitoring
A

neutrons transmitted by the beam, (see Fig.2.4)[5]

Fig. 2.4: A schematic diagram illustrating o f intra operative BNCT
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Uranium-lined fission counters are used in many systems because they easily 

discriminate against the gamma rays inevitably contained in the beam and can be 

fabricated with the sensitivity necessary for sampling output in the epithermal 

energy range without significantly perturbing beam characteristics. Helium or 

boron gas- filled detectors are also a good choice for these reasons and have been 

used successfully at some clinical centers. [2,11]

These detectors are inherently sensitive to thermal neutrons, and it is therefore 

common practice to use a thermal neutron-absorbing shroud such as cadmium to 

reduce this response, which may arise from neutrons that backscatter toward the 

detector in either the collimator or patient. Gamma rays emitted by the beam itself 

sometimes comprise a non-negligible portion of the absorbed dose in tissue, and 

beam monitoring systems may therefore contain either ionization chambers or 

Geiger-Miiller detectors that are sensitive to gamma rays. [10]

In practice, since this dose component mostly derives from activation of beam line 

components, it is generally proportional to the neutron output of the beam, and the 

gamma-ray monitor is used only for informational purposes. [10]

The beam monitoring system is frequently equipped with a computer for 

displaying and archiving readings from the beam monitors throughout an 

irradiation. Activation foils are insensitive to gamma rays and for low neutron 

energies have an energy-dependent response very similar to that for neutron 

capture in boron. These measurements may also be augmented with small thermo 

luminescent dosimeters (TLDs) to measure the gamma-ray dose in situ. Although 

wires and TLDs may be affixed to the skin for monitoring external beam 

irradiations, this approach is most practical for intra operative BNCT where 

detectors may be implanted near the tumor. [2, 10]
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Relatively long irradiations are required for this technique to ensure that there is 

enough time to complete the necessary measurements and determine the 

appropriate stopping time. The precision and accuracy required for timing control 

in patient irradiations are inversely proportional to beam intensity.
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Table2.3: Suggested physical quantities to be monitored

Quantity Purpose

Epithermal neutron fluence rate To control the acting absorbed dose rate 

(neutron flounce rate) and the delivered 

absorbed dose (neutron fluence) to 

tissue especially for the boron dose and 

proton and neutron-induced dose 

components

Neutron spectrum To control the delivered absorbed dose 

to tissue for the boron dose and proton 

dose component and to ensure that the 

dose distribution is reproducible

Neutron fluence rate spatial 

uniformity

To control the delivered absorbed dose 

for the boron dose, proton dose and 

neutron-induced dose components and 

to ensure that the dose distribution of 

the treatment delivered is not 

“significantly different14 from the pre

calculated treatment plan

Fast neutron fluence rate To control the fast neutron absorbed 

dose. This should only be necessary in 

situations where the contribution to the 

total absorbed neutron-induced dose 

from fast neutrons is significant
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2.8 Filtration

Whether neutron beams are produced by nuclear reactors, linear 

accelerators, or cyclotrons, they start with a broad energy range and are 

contaminated with other types of radiation, and therefore require filtration. 

Although these neutron beams can be produced in different ways, the same 

materials and techniques can be used to filter them. A good neutron filter should 

possess some basic characteristics: it should maintain a high neutron flux, 

significantly decrease the energy of fast neutrons without producing y rays, filter 

out unwanted y rays, and filter out neutrons with energy lower than desired. The 

degree to which a filter does any of the above mentioned things to an incident 

neutron beam depends on its cross-section for these various processes. [ 1 ]

The cross-section is a way of describing the probability of an interaction 

taking place between two particles, and is a very important concept in both the 

filtration of neutron beams. Every type of interaction has a cross section, and cross 

sections are dependent on the particles involved and their energies. It should also 

be noted that two particles can often interact in a variety of ways, and each of these 

interactions will have a cross section. [1,3]

The most promising materials to moderate fast neutrons while maintaining a 

high beam flounce and purity seem to be heavy water (D20) or a combination of 

heavy elements like uranium, moderate elements like manganese and copper, and 

lighter fluorine compounds. Heavy elements such as uranium slowdown fast 

neutrons and increase neutron flux by fission reactions, moderate elements like 

manganese further slow-down the neutron beam, and finally, the fluorides shape 

the neutron beam by brining all of the neutrons to a desired energy level. Fluorides 

shape the beam by preferentially scattering neutrons. [1,8]
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That is, neutrons with higher energies will continually be scattered until they 

are at an energy where the scattering cross section with fluorine is much lower, and 

they pass out of the filter at this energy. These filters are fairly good at eliminating 

high energy neutrons, but they still give a fairly broad spectrum of lower energy 

neutrons.

In addition, a good filter for BNCT must remove unwanted forms of radiation, 

such as neutrons with energies too low to be useful in treating deep seated tumors, 

and y rays. The best materials to remove low energy neutrons have a large capture 

cross section for neutrons, but do not produce unwanted forms of radiation after 

they capture neutrons.Li seems to be the most promising material to remove 

thermal neutrons. To remove y rays contaminating the neutron beam lead is 

typically used because it has large cross sections for various photon interactions. 

[10]

Finally, some material must be used to reflect scattered neutrons back into 

the beam to maintain a sufficient neutron flux to the patient. Lead and graphite are 

typically used because they have high scattering cross sections for neutrons, but 

maintain a sufficient flux of neutrons at the desired energy.

2.9. Neutron Shielding Materials:

The term "shielding" in nuclear sciences is generally defined as a system of 

shielding materials that are assembled for a specific radiation protection purpose. 

Properties of shield materials are discussed in the following:
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2.9.1. Water:

Both light and heavy water have desirable properties as radiation shields. 

Water is an excellent neutron attenuator because of its large hydrogen content. In a 

water shield the dose contributed by neutrons is largely due to fast neutrons. [1, 11]

2.9.2. Concrete:

Concrete is the most widely used shielding material. It can be used to shield 

against both neutrons and gamma radiation. The thermal neutron absorption 

properties of concrete can be greatly enhanced by the addition of boron 

compounds. Hydrogen in fixed water (hydrated form) and free water (in the pores) 

in concrete serves as a good neutron shield. [1, 11]

2.9.3. Steel:

Steels are present in thermal shields, and in pressure vessels. Neutron 

irradiation affects the mechanical and physical properties of steels, depending on 

the composition and microstructure and on the neutron flounce and energy 

spectrum. [11]

2.9.4. Lead

Lead is the best material for gamma ray shielding next to uranium, because of 

its high density and high atomic number but Lead has poor neutron attenuation 

properties and produces 7.4 MeV gamma rays on neutron capture.[1,11]

In this work, lead is used in the proposed model of thermal neutron source for 

BNCT as a detector shield to minimize the background due to the photons emitted 

from the source and hit directly the detector.
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2.9.5. Boron, Boral, and Boron Carbide

Boron is used primarily to absorb thermal neutrons because of its high absorption
1 a n

cross-section of 3840 barns for the " B(n, a) Li" reaction by which the majority of 

the neutron captures result. There is an appreciable cross-section for high-energy

neutron captures in the reaction" 10B(n, t)24He", which also generates tritium.
*

Although the relative amount of radioactivity represented by tritium is quite small. 

The alphas that are emitted are readily absorbed, but gamma heating poses a 

problem for large incident neutron flux densities. The 0.5 MeV gamma rays that 

are emitted are of concern in irradiated borated water and polyethylene [11].

2.9.6. Borated Polyethylene

5% Borated Polyethylene is typically used in neutron radiation shielding 

applications where low- and intermediate-levels of neutron flux are expected, but 

elevated temperatures are not. Its optimal boron content of 5% provides excellent 

attenuation of thermal neutrons, thus reducing the levels of capture-gamma 

radiation. It has high hydrogen content, making it an effective fast neutron 

radiation shield. 5% Borated Polyethylene is available in a wide range of form 

factors including slabs, bricks, cylinders, pellets, and other custom shapes, in this 

work we used it as a cylindrical shape. [11]

In this thesis, high density polyethylene and borated polyethylene are used as 

shielding materials in the modeled system to moderate fast neutrons coming 

directly from the source and hit the detector and to reduce the total photon and 

neutron dose rate for the operator, respectively as shown in chapter 3.
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CHAPTER THREE

MONTE CARLO MODELING
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Chapter Three 

Monte Carlo Modeling

3.1. Introduction
One of the codes recommended for the BNCT calculations is the General 

Monte Carlo N-Particle Transport Code (MCNP) (X-5 Monte Carlo Team 2008). 

Monte Carlo N-Particle Transport Code (MCNP) was originally developed by the 

Monte Carlo Group, currently the Diagnostic Applications Group, (Group X-5) in 

the Applied Physics Division (X Division) at the Los Alamos National Laboratory. 

MCNP is a general-purpose code that can be used for neutron, photon, electron, or 

coupled neutron/photon/electron transport, including the capability to calculate 

Eigen values for 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.[4,9]

Point wise cross-section data are used. For neutrons, all reactions given in a 

particular cross-section evaluation (such as ENDF/B-VI) are accounted for. 

Thermal neutrons are described by both the free gas and S (a, |3) models. For 

photons, the code accounts for incoherent and coherent scattering, the possibility of 

fluorescent emission after photoelectric absorption, absorption in pair production 

with local emission of annihilation radiation, and bremsstrahlung. A continuous- 

slowing-down model is used for electron transport that includes positrons, k x-rays, 

and bremsstrahlung, but does not include external or self-induced fields. [9]
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Important standard features that make MCNP very versatile and easy to use 

include a powerful general source, criticality source, and surface source; both 

geometry and output tally plotters; a rich collection of variance reduction 

techniques; a flexible tally structure; and an extensive collection of cross-section 

data.MCNP contains numerous flexible tallies: surface current & flux, volume flux 

(track length), point or ring detectors, particle heating, fission heating, pulse height 

tally for energy or charge deposition, mesh tallies, and radiography tallies. [91

3.2 The Input file
The input file developed to model the current proposed neutron source 

suitable for BNCT follows the requirements of MCNP code. It consists of data 

showing the geometry, the source specification, the materials used and the tallies. 

All input lines are limited to 80 columns. Alphabetic characters can be upper, 

lower, or mixed case. A $ (dollar sign) terminates data entry on a line. Anything on 

the line that follows the $ is interpreted as a comment. Blank lines are used as 

delimiters and as an optional terminator. Data entries are separated by one or more 

blanks.

The input file that contains the input information to describe the problem, 

and it has the following forms:

1. Cell cards.

2. Surface cards.

3. Material cards.

4. Source Specification Cards.

5. Tally cards.
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Cell and Surface Parameter Cards define values of cell parameters and used 

to specify relative cell importance in the sample problem. Material cards (Mn) arc 

used to describe the material specification; the cards specify both the isotopic 

composition of the materials and the cross-section evaluations to be used in the 

cells. Complete specification of the geometry of the cell and surfaces boundary. 

Source Specification Cards are used to define starting particle for a point isotropic 

source. The tally cards are used to specify what we want to learn from the Monte 

Carlo calculation, cross sections, intensity, flux at a point, and energy. [9] 

Appendix A shows the details of the input file used for the current work.

3.3 BNCT Neutron Source Modeling
Visual editor (VISED-16) is software integrated with Monte Carlo code to 

visualize the geometry modeled in the input file. Visual editor also manage the 

user to correct the mistakes online while visualizing the proposed model [9]. A 

screen shot for the proposed model derived by the visual editor is shown in figure

3.1
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Fig. 3.1: MCNP model derived by the visual editor

The model consists of a point isotropic source with the neutron energy 

distribution characteristic of a 2a2Cf source producing (107 n.s"1), located inside a 

moderator made of sphere of high density lead, 1cm inner radius and 3 cm outer 

radius. The 2:,2Cf source was embedded together with a 7.5cm><7.5cm Nal(Tl) 

detector in a cylindrical high density polyethylene (HDPE) moderator of density 

0.955 g.m"J, 17 cm height and 15cm radius. The detector was partially shielded by 

a9.5cmx8.5cm cylinder of (lead) alloy. This is to minimize the background due to 

the photons emitted from the source and hit directly the detector, and to those
j n

originated inside the moderator due to irradiative capture on hydrogen H (n, y) “H.

The source was located 10 cm above the bottom surface of the moderator 

and at distance of 8cm from its center, in opposite direction respect to the x-axis. 

The detector was located at the center of the moderator, with its bottom surface 

coincident with that of the moderator. The detection system was located 5 cm above 

the surface of the sample under test.
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The sample was simulated by a disk containing 10B, nB sealed in HDPE plastic 

casings with axis coincident with the y-axis and of dimensions 15cm><3 cm.

The detection system was partially contained into a cylindrical shield 

consisting of two layers, the first is polyethylene (HDPE) inside the cylinder, this 

is to moderate fast neutrons coming directly from the source and hit the detector 

and the second layer of 2 cm thickness of 5% borated polyethylene (BPE) with
* 3 * *density 0.95 g.cm' as a shield.(Fig.3.3) This is to reduce the total photon and 

neutron dose rate for the operator, respectively.

The compositions of the assumed ,0B, nB, BPE, HDPE, Nal(Tl) detector 

and air as modeled in the MCNP simulations are given in Table 3.1.
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Table. 3.1. Compositions o f the assumed materials modeled in the MCNP 

simulations
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Fig.3.2. Borated Polyethylene Pellets

Fig. 3,3. Bo rated Polyethylene

37



CHAPTER FOUR

RESULTS AND ANALYSIS
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Chapter Four 

Results and Analysis

4.1 Calculation procedure

Considering hypothesis presented in chapter 1, the proposed thermal neutron 

source was located above the sample at distance of 10cm, and the total neutron 

cross section for boron isotope °B was counted. The detector counts corresponding 

to the gamma radiation energy were recorded for varying distances: 10 Cm, 7 Cm, 

5 Cm, 3 Cm and 1 Cm from the source, and the figures illustrating the relation 

between the gamma radiation energy as a function of detector- sample distance and 

the detector counts per second are plotted.

4.2 Results and discussions

The total neutron cross section for boron 10B and nB isotopes are shown in
4

Fig.4.1 and Fig.4.2 [13] as a function of thermal neutron energy. For both isotopes, 

it was found that the neutron cross section decreases with the increase of neutron 

energy. That means the reaction of neutron capture by °B isotope is dominant for 

thermal neutron energy. Fig.4.1 shows the superiority of 10B over nB isotopes with 

respect to thermal neutron capture reaction. The cross section of °B isotope for 

thermal neutrons of energy (2x10' Mev) is higher than that of B isotope by a 

fraction of (2300).

The simulation results for the detector counts were plotted in Fig.4.3. As showed,
* # 10 V *the results confirm the experimental results for the concerning B (n, a) Li 

nuclear reaction with Ey = 2.31 MeV. All signals peak up at about 2.31 Mev.
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CONCLUSION AND RECOMMENDATIONS
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t

Conclusion and Recommendations

Conclusion

BNCT is a radiotherapy treatment modality that has been proposed to treat 

brain cancer. In this technique, cancerous cells are being located with °B and
10 7irradiated by thermal neutrons to increase the probability of B (n, a) Li reaction 

to occur. This reaction can potentially deliver a high radiation dose sufficient to 

kill cancer cells by concentrating boron in them.

This work employed Monte Carlo simulations to verify the suitability of using °B 

(n, a) 7Li nuclear reaction for Boron Neutron Capture Therapy.

10 1The results demonstrated that B (n, a) Li nuclear reaction produces 

gamma ray photons of sufficient energy (2.31 MeV) which is practically applicable
1 n 7for B (n, a) Li nuclear reaction to occur.

Recommendations

Further experimental verification is required to examine the performance of 

the proposed model of thermal neutron source for BNCT.
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Appendices

Appendix A
The input file used in the MCNP simulations

c CELL CARDS
1 5 -0.00122 1 -2  -3
2 3 -2 .3 4 - 7 - 8  9
3 3 -2 .3 4 -10 -11 12
4 5 -0.00122 3 16 -13
5 7 -0 .9 5 -16  15
6 4 -11 .34 -15  14
7 2 -0 .955 -14  32 34
8 4 -11.34 -32 33
9 6 -3 .6 7 -33
10 4 -11 .34 -34 35
11 5 -0.00122 -35
12 0 (-1  :2 : -4
13 0 13

c CERFACE CARDS
1 pz -100
2 pz 100
3 py 25
4 py -25
5 px 100
6 px -100
7 cy 15.5
8 py 25
9 py 22
10 cy 15
11 py 24.5
12 py 22.5
13 so 200
16 r c c 0 30 0 0 30 0 17
15 rc c 0 30 0 0 28 0 15
14 r c c 0 30 0 0 28 0 15
32 r c c 0 30 0 0 9. 5 0 5.75
33 r c c 0 30 0 0 7 . 5 0 3.75
34 s -9  40 0 3

4 -5  6 (7 :8 : -9  )
(10 11 12 )

: 5 : -6  ) -3  -13
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3 5 s  - 9  4 0  0 1

c MATERIAL SP E C IF IC A T IO N
ml 08016. -0 .5120 11023. -0  .
0.013 13027 . -0 .0698

14000. -0 .2750 19000. -0 .
0.050 26054 . -0 .0550
m2 01001. -0 .1429 06012. -0 .
m3 5010. -0 .5 5011. -0 .
m4 82207. -0 .1 $ Lead
m5 07014. -0 .7800 08016. -0
m6 11023. -0 .5000 53127. -0
m7 1001. -0 .1 1 6 5010. —

0.040 6012. -0 .612 *

8016. -0 .222
C
c MODE CARD
mode n P

■

c
c CELL IMPORTANCE
im p : n 1 1 1 1 1 1 1 1 I l l 1 0
im p : p 1 1 1 1 1 1 1 1 1 1 1 1 0
c
c SOURCE SP E C IF IC A T IO N  
s d e fp o s =  -9  40 0 e r g = d l  p a r = l
s i l 3 . 1 6000E-02 3 . 98000E-02
6 . 31000E-02

7 . 94000e-02
1 . 58000E-01

2 . 00000e-01
3 . 98000E-01

5 . 01000e-01
1 . 00000E+00

1.26000e+00
2 . 51000E+00

3 . 16000e+00
6 . 31000E+00

7 . 94000e+00
1 . 58000E+01

2 . 00000e+01

1 . 00000E-01

2 . 51000E-01

6 . 31000E-01

1 . 58000E+00

3 . 98000E+00

1 . 00000E + 01

0060 12000.

0140 20000.

8571
5

. 2 2 0 0

.5000
0.010 5011.

5 . 01000E-02  

1.2 6000E -01 

3 . 16000E-01  

7 . 94000E-01  

2 . 00000E+00 

5 . 01000E+00 

1 . 26000E+01
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s p l 0. OOE+OO 
1 . 02e-03  
6 . 42e-03  
3 . 08e-02  
8 . 07e-02  
1 . 06e-01  
2 . 22e-02  
7 . 09e-05

3.58E-05  
1 . 86E-03  
1.13E-02  
4 . 15E-02  
9 . 57E-02  
8 . 99E-02  
8.30E-03

cc  TALL IES  
f  4 : p 7
fc4  T rack  l e n g t h  + photons

1.97E-04  
2 . 91E-03  
1.81E-02  
5 . 38E-02  
1.07E-01  
6.87E-02  
2 .68E -03

c . s .

3 . 5 8 E - 0 4
4 . 59E-03  
2 . 3 7 E - 0 2  
6 . 5 3 E - 0 2  
1 . 12E-01  
4 . 43E-02  
4 . 47E-04

sd4 331.34 $ Volume o f  N a l ( T l )  d e t e c t o r
fm4 ( - 3 3 1 . 34e9 6)
e4 0 301 5

c PROBLEM CUT-OFF 
nps 1000000 
c
c PERIPHERAL CARDS 
p r i n t
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