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Thesis outline

This thesis presents the research on the application of microdosimetry for radiation

protection and quality assurance in Boron Neutron Capture Therapy (BNCT). In a

typical BNCT �eld, there exists a mixture of low and high Linear Energy Transfer

(LET) radiation components. Since di�erent LET components have a di�erent bio-

logical end-point, it is important to determine the beam quality of the BNCT �eld

to accurately understand the biological e�ect, which will ultimately bene�t patient's

receiving BNCT. The thesis outline is as follows:

Chapter 1 � Presents an introduction to BNCT, microdosimetry concepts and cur-

rent challenges in BNCT Quality Assurance/Quality Control (QA/QC) program.

Chapter 2 � Presents a literature review of experimental microdosimetry and the

two detectors used in this thesis; tissue equivalent proportional counter and silicon

semiconductor detectors.

Chapter 3 � Presents the investigation on the use of tissue equivalent proportional

counters for measurement of beam quality and microdosimetric quantities of a BNCT

�eld.

Chapter 4 � Describes the development of a 3D �bridge� silicon-on-insulator mi-

crodosimeter and its application for BNCT dosimetry. The detector characteristic

under a neutron �eld was investigated, along with the e�ect of a removable thin

boron converter.

Chapter 5 � Introduces a new design microdosimeter, called mushroom microdosime-

ter. The detector characterisation results and its application in BNCT dosimetry

was investigated.

Chapter 6� Presents the summary, conclusion and future plans.
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Chapter 1

Introduction

1.1 Introduction to cancer treatment

Cancer is the second leading cause of death globally, and is responsible for approx-

imately 14 million new cases and 8 million cancer related deaths in 2012, a�ecting

populations in all countries and regions [13]. In Japan, cancer has been the leading

cause of death since 1981. The number of cancer deaths in Japan in 2017 were

approximately 378,000 and the number of cancer incidences were approximately 1

million [14]. Age-adjusted rates of cancer mortality for males increased until the late

1980's, reached a peak in the middle 1990's, and has been decreasing since. The de-

crease is due to advancement in medical imaging technology which allows detection

of early stage cancer, resulting in higher probability of a patient receiving curative

treatment. Due to the rapidly advancing technology and new treatment techniques

made available for cancer therapy, the mortality rate is expected to reduce even

more.

Currently, there are several treatment options available for cancer therapy [15],

however, the three main types of therapy are surgery, chemotherapy and radiation

therapy. This thesis will focus on the later, radiation therapy.

Radiation therapy uses high doses of radiation to kill cancer cells and shrink

tumours. Out of the 14 million new cases diagnosed each year, radiation therapy

has the potential to improve the rates of cure of 3.5 million people and provide
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palliative relief for an additional 3.5 million people. These estimates are based

on the fact that approximately 50 percent of all cancer patients can bene�t from

radiation therapy in the management of disease; of these, approximately half present

early stage to pursue curative treatment [16, 17, 18].

There are two main types of radiation therapy; internal and external radiation

therapy. Traditional external radiation therapy uses high-energy gamma rays or x-

rays to destroy cancer cells. These high-energy x-rays are irradiated into the patient's

body, traversing through the body and reaching the target area (i.e. tumour).

Internal radiation therapy uses a radioactive source that is directly placed inside

the patient's body. The advantage of internal radiation therapy is the ability to

minimise radiation dose to healthy tissue, however, many require undergoing surgical

procedure to insert the radioactive source into the body.

In recent years, advancement in technology and computer performance allowed

for more advanced treatment techniques to be used, such as intensity modulation

radiation therapy and stereotactic radiation therapy. These techniques allow for a

much more precise delivery of radiation to the target area, as compared to conven-

tional techniques. It allows shaping of the radiation beam to the tumour area which

minimises unwanted exposure of radiation to healthy tissue. However, no matter

how well the beam is shaped, there will always be some radiation delivered to normal

tissue. The tumour may be located behind (or in front of) a healthy organ and to

control the tumour, exposure of the surrounding healthy organs becomes inevitable.

To overcome this problem, proton and heavy ion particles that are generated

using a particle accelerator are used. To distinguish between photons and electrons,

the term hadron therapy is used. The main di�erence between protons and heavy

ions to high energy x-rays is the dose distribution inside a medium. High energy

x-rays penetrate deep into a medium, but the dose absorbed by the medium shows

a typical exponential decay with increasing thickness. For protons or heavier ions,

the dose increases while the particle penetrates the medium and loses energy con-

tinuously, known as the Bragg curve. Immediately before the particle comes to a
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rest, there exists a peak known as the Bragg peak. This peak occurs because the

interaction cross section increases as the charge particle's energy decreases. Beyond

the Bragg peak, the dose drops to zero (for protons) or near zero (for heavier ions).

This phenomenon is utilised in radiation therapy, to deliver dose to the tumour

volume while sparing the surrounding healthy tissue. With hadron therapy, the

treatment of recurrent tumour and areas where radiation therapy had already been

delivered can be treated. Also, heavy ion particles have a high LET. The biological

response to ionising radiation depends on the type of radiation and is characterised

by its relative biological e�ectiveness (RBE). High LET radiations result in biolog-

ical damage that is generally larger per unit dose than for x-rays, resulting in an

elevated RBE. Hence a lower dose is required to achieve an equivalent e�ect.

Despite all these advantages high energy x-ray and hadron radiation therapy

possess, the dose distribution is in the order of millimetres. In the case where the

cancer cell exists inside a normal tissue or if the tumour is directly adjacent to an

organ at risk, delivering high dose to these target areas become di�cult. A trade-o�

between curing the cancer or sparing the healthy tissue needs to be made.

1.2 Overview of Boron Neutron Capture Therapy

One type of hadron therapy, called neutron capture therapy (NCT) has the

advantage of delivering dose in the order of micrometres. NCT is a technique that

was designed to selectively target high LET heavy charged particle radiation to

tumours at the cellular level. Soon after the discovery of neutrons by Chadwick

in 1932, Goldhaber discovered that 10B has a large thermal neutron capture cross-

section. He discovered that immediately after capturing a thermal neutron 10B

brie�y becomes 11B, then immediately disintegrates into an energetic alpha with a

recoiling 7Li ion. The reaction is as follows:
10B + n → 7Li + α + 2.79 MeV (6.3%)

→ 7Li∗ + α + 2.31 MeV (93.7%)

↪→ 7Li + γ + 0.478 MeV
Produced particles have a combined range in tissue of 12 � 13 μm, which is

comparable to a human cell dimension, and a combined average kinetic energy of
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2.33 MeV. The use of non-radioactive isotope 10B for NCT is commonly known as

BNCT. Gordon Locher �rst proposed the principle of BNCT as early as 1936 [19].

The concept of BNCT is as follows:

1. The boron drug compound is selectively concentrated in a tumour.

2. Low energy neutrons (thermal or epithermal) are delivered to the tumour from

outside the body.

3. Thermal neutrons are captured by the 10B inside the tumour, resulting in short

ranged alpha and lithium ions delivering high dose within the tumour.

The cross section of 10B is shown in �gure 1.1. The cross-section for thermal neutrons

(0.025 eV) is about 3840 barns. So hence, it is ideal to irradiate the tumour loaded

with 10B using thermal neutrons. Using a direct thermal neutron �ux is suitable

for super�cial tumours. For deep-seated tumours, a slightly higher energy neutron

(0.025 � 0.4 eV) called epithermal neutrons are used. The thermal neutron �ux

at di�erent mono energetic neutron energies as it traverses through a cylindrical

water phantom is shown in �gure 1.2. For a thermal neutron with average energy

of 0.025 eV, the peak thermal neutron �ux occurs about a few millimetres from

the surface. The epithermal neutrons interact with the hydrogen atoms inside the

water, losing energy as it traverses through the medium and becomes a thermal

neutron. The peak thermal neutron �ux occurs at a depth of about 3 cm. The

thermal neutron peak for fast neutrons occur even deeper than epithermal neutrons,

however, the probability of fast neutrons to reduce to thermal neutrons inside the

medium is low.

29



0×10
0

2×10
3

4×10
3

6×10
3

8×10
3

10×10
3

12×10
3

 0  2  4  6  8  10

T
h
er

m
al

 n
eu

tr
o
n
 f

lu
x
 p

er
 i

n
ci

d
en

t 
n
eu

tr
o
n
 f

lu
x

Depth in water (cm)

Thermal neutron (0.025 eV)

Epithermal neutron (1 keV)

Fast neutron (1 MeV)

Figure 1.2: Thermal neutron �ux inside a cylindical water phantom when irradiated
by mono energetic neutrons of di�erent energies, calculated using PHITS Monte
Carlo system.

 1

 10

 100

 1000

 10000

10
−2

10
−1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

C
ro

ss
 s

ec
ti

o
n
 (

b
ar

n
)

Neutron energy (eV)

Figure 1.1: 10B(n,α)7Li cross section as a function of neutron energy [1]

So far, clinical practice has relied on two main boron-based drugs; sodium

borocaptate (Na2B12H11SH) (BSH) and a phenylalanine dihydroxy-boryl derivative,

known as Boronphenylalanine (BPA) [20]. The essential di�erence is how it is ac-
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cumulated and distributed within a tumour cell. BSH has a series of boron clus-

ters. BSH cannot penetrate the blood brain barrier (BBB), however, the BBB is

damaged in tumour regions which allows the BSH to penetrate and accumulate in

malignant tumour regions. BSH does not actively accumulate in cancer cells. BPA

has an amino acid structure. BPA was initially used in malignant melanoma re-

search. The application of BPA for BNCT showed promising results and through

�uro-borono-phenylalanine positron emitting tomography (FBPA PET) imaging, it

was discovered that the compound only accumulates in malignant melanoma, but

also in various malignant tumours [21]. BPA di�ers signi�cantly from BSH in that

it selectively accumulates in cancer cells.

With development in boron drugs, the use of BNCT has expanded. For areas

where conventional external beam radiation therapy is not suitable, BNCT can be

performed. For patients with no other available form of cancer therapy, BNCT can

be performed to extend their quality of life (QOL). With further progression in

BNCT research, it will have a vital role in radiation therapy.

1.3 History of BNCT

Soon after the discovery of the neutron, G.L. Locher recognised the potential of this

discovery and suggested that neutron capture could be used to treat cancer [19].

Between 1950 and early 1960, the �rst clinical trials of BNCT was performed at

Massachusetts General Hospital (MGH) and at the Brookhaven National Laboratory

(BNL) using thermal neutrons, led by neurosurgeon W. H. Sweet [22, 23]. The

outcome of the clinical trial demonstrated no signi�cant prolongation of life nor

evidence of therapeutic e�cacy. To improve the clinical outcome, MGH initiated a

third trial of BNCT at the Massachusetts Institute of Technology Research Reactor

(MITR-I). However, similar outcome with no evidence of any prolongation of survival

was found. Due to no signi�cant improvement, the BNCT program can to a halt.

H. Hatanaka, after being mentored in BNCT research at MGH for several years,

pioneered clinical BNCT for brain tumours in Japan in 1967 [24, 25]. Between 1968

31



and 1975, Hatanaka performed BNCT clinical trials for melanoma using the Hitachi

Training Reactor (HTR) [26]. In 1975, the Heavy Water Thermal Neutron Facility

at Kyoto University Reactor (KUR) was developed for biological irradiation. In the

same year, HTR was permanently closed and to continue BNCT, a medical reactor

was necessary. The KUR reactor was a suitable candidate, however, this was the

only reactor utilised for joint research among other universities and preschedules

reactor operation program for six months prevented the use of scheduling patients

[27]. The Musashi Institute of Technology Reactor (MITR) became the next medical

reactor for BNCT [28]. At the time, the reactor power was not high enough, 100 kW.

Through experience from the HTR and results from KUR experiments, the MITR

was remodelled to produce high �ux of thermal neutron suitable for clinical use.

Thermal neutrons are not suitable for the treatment of deep-seated tumours. To

overcome this issue, craniotomy was performed in theatre and then the patient was

transported to the irradiation room. In 1990, KUR and the research reactor at

Japan Nuclear Energy Agency (JAEA) was regularly utilised for clinical BNCT

[29, 30]. At the same time, research had been performed at the United States to

produce intermediate energy neutrons for treatment of deep-seated tumours using

NCT [31]. The epithermal beam was successfully developed at BNL and MIT reactor

and clinical studies recommenced in 1994 [32, 33].

In 1996, KUR was modi�ed to produce a wide range of neutron spectrum, ranging

from almost pure thermal neutrons to epithermal neutrons [34]. The new facility

is called KUR Heavy Water Neutron Irradiation Facility (KUR-HWNIF). In 1998,

the research reactor at JAEA also underwent modi�cation to produce epithermal

neutrons [35, 36]. Up until 2001, craniotomy with thermal neutron irradiation has

been primarily performed [37], however, from 2002 onwards, epithermal neutron

irradiation without craniotomy started to become the standard treatment form for

BNCT [38]. In 2001, the world's �rst recurrent cancer of the parotid gland treatment

was performed with positive result. Following this, treatment area expanded to

brain and head and neck tumours [39, 40]. In 2005, clinical trials have expanded
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to extracranial regions such as liver, lung and pleural mesothelioma cancer [41, 42].

Although there were several interruption periods, over 500 clinical irradiations had

been carried out using the reactor as of November 2014.

In countries, other than Japan and the United States, clinical trials using ep-

ithermal neutrons at the High Flux Reactor (HFR) in Petten began in 1997 [43].

Following this, Finland (1999) [44], Czech Republic (2000) [45, 46], Sweden (2001)

[47], Italy (2002) [48], Argentina (2003) [49] and Taiwan (2010) [50] began BNCT

clinical trials. Recently, a low power in-hospital compact nuclear reactor has been

designed and built in Beijing, China to treat cutaneous melanomas [51]. With ad-

vancement in technology and positive clinical outcomes, the popularity and users of

BNCT are increasing worldwide.

1.4 KUR BNCT

The KUR-HWNIF utilises a 5 MW full power reactor. The beam spectrum is ad-

justed using heavy water, Boral and cadmium �lters. In order, it consists of the

reactor core, epithermal neutron moderator (80%/20% volume ratio of aluminium

and heavy water, total thickness of 66 cm), a neutron energy spectrum shifter (con-

sists of three D2O tanks, 10, 20 and 30 cm thick), a 30 cm D2O water shutter, two

thermal neutron �lters (consisting of 1 mm Boral and 6.4 mm cadmium plates), and

an adjustable bismuth layer typically 18.4 cm thick [34]. Various irradiation modes

are made available by having the cadmium and Boral �lters open or closed, full or

empty heavy water in the neutron energy spectrum shifter and heavy water shutter

tanks, and the thickness of the centre part of the bismuth layer. An example of the

irradiation mode coding scheme is shown below.

� CB-1111-F-E1: All �lters in place with D2O tanks full.

� OO-0000-E-E1: All �lters open with D2O tanks empty.

The �rst and second characters in the symbol de�ning irradiation mode represent

open or closed conditions of the cadmium and Boral �lters. The next four digits
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represent the conditions of the tanks of the heavy water shutter and the spectrum

shifter, where �0� represents empty and �1� indicating full. The last character repre-

sents the condition of the centre thickness of the bismuth layer. The characters �E�,

�G�, �F� and �H� represent 0, 5, 18.4 and 23.4 cm of bismuth, respectively. The most

commonly utilised bismuth layer is 18.4 cm. There are three standard irradiation

modes at KUR for BNCT:

1. Thermal neutron irradiation mode, OO-0011-F.

2. Epithermal neutron irradiation mode, CO-0000-F.

3. Mix neutron irradiation mode, OO-0000-F.

The thermal and epithermal neutron irradiation mode is currently utilised for clinical

treatment. The mix neutron irradiation mode is utilised for research. Present day,

the Boral �lter is no longer in use. In replacement, two cadmium �lters are used.
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Figure 1.3: Layout of the KUR HWNIF
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Figure 1.4: Cross-section of the KUR HWNIF

1.5 Accelerator BNCT

The recent trend is to step away from reactor-based and transition to accelerator-

based BNCT systems (AB-BNCT). Several AB-BNCT facilities are being designed,

constructed and tested at various centres around the world. The transition is moti-

vated because reactor-based systems are more costly, di�cult to operate, licensing

issues, and, more importantly, they are not suitable for installation in a hospital

environment. To promote BNCT and make it available for standard therapeutic op-
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tion, a safe, simple and low-cost system is necessary. Research of AB-BNCT started

in the early 1980's in the United States and in 1994, the �rst international workshop

on AB-BNCT was held in Jackson, WY. Most AB-BNCT systems utilise an intense

proton beam accelerated using a cyclotron directed at a lithium or beryllium target

to generate neutrons. Without considering the engineering element, the optimal

target for low energy neutron production is lithium. It has a high neutron yield and

the kinetics are such that the secondary neutron spectrum is relatively low energy.

Many of the early AB-BNCT systems utilised a lithium target [52, 53, 54, 55]. How-

ever, pure lithium targets are problematic as it has a low melting point (180°C),

low thermal conductivity (44 W/mC) and it is chemically reactive with air. Due

to these limitations, several groups decided to utilise beryllium as a neutron pro-

ducing target [56, 57]. Although beryllium targets have a lower neutron yield at

a given proton energy, it has a much higher melting point (1278°C) and thermal

conductivity and is less reactive to air. To obtain a similar neutron yield obtained

from using a lithium target, the required incident proton energy is approximately

4 MeV (compared to 2.5 MeV for lithium targets). A beryllium target is simpler

in terms of target con�guration, however, the cost increases along with the com-

plexity of the accelerator system to produce a higher proton energy. In Japan, AB-

BNCT research has been performed primarily at Kyoto University Research Reactor

Institute (currently known as Kyoto University Institute for Integrated Radiation

and Nuclear Science) and Tohoku University [58, 59]. In early 2009, the world's

�rst AB-BNCT system for clinical irradiation, known as Cyclotron-Based Epither-

mal Neutron Source (C-BENS) was developed under collaboration with Sumitomo

Heavy Industry and Stella Pharma company [60]. The system uses a 30 MeV proton

beam with a beryllium target. The high-energy neutrons generated are moderated

to thermal and epithermal neutrons through a moderator that consist of lead, iron,

aluminium and calcium-�uoride. The thermal neutron and gamma ray �ux are re-

duced by cadmium and lead �lters, respectively, resulting in an epithermal neutron

beam suitable for BNCT. Clinical trials using C-BENS had started in 2012. Since
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the 2011 earthquake o� the paci�c coast of Tohoku, referred to in Japan as the Great

East Japan Earthquake, research reactors throughout the country were temporarily

put on halt and strict regulatory control and maintenance were put in place. Thus,

installation of new research reactors for BNCT has become extremely di�cult and

the need for AB-BNCT systems is increasing. A summary of the currently installed

(and under construction) AB-BNCT systems worldwide, as of 2014 extracted from

[12] are shown in table 1.1. From this table it can be seen that a linear accelerator

type machines are more common than cyclotron-based systems.

Figure 1.5: Layout of the 30 MeV proton cyclotron based BNCT (C-BENS) at Kyoto
University.

38



T
ab

le
1.
1:

C
ur
re
nt

st
at
us

of
th
e
di
�e

re
nt

ac
ce
le
ra
to
rs

in
te
nd

ed
fo
r
A
B
-B

N
C
T

fa
ci
lit
ie
s
w
or
ld
w
id
e,

da
ta

ta
ke
n
at

20
14

[1
2]

In
st
it
ut
e
-
L
oc
at
io
n

M
ac
hi
ne

(s
ta
tu
s)

T
ar
ge
t
an

d
re
ac
ti
on

N
eu
tr
on

en
er
gy

(M
eV

)
B
ea
m

cu
rr
en
t
(m

A
)

B
ud

ke
r
In
st
it
ut
e,

R
us
si
a

V
ac
uu

m
in
su
la
te
d
T
an

de
m

(r
ea
dy

)
So

lid
7
L
i(
p,
n)

2.
0

2

IP
P
E
-O

bn
in
sk
,
R
us
si
a

C
as
ca
de

ge
ne
ra
to
r
K
G
-2
.5

(r
ea
dy

)
So

lid
7
L
i(
p,
n)

2.
3

3

B
ir
m
in
gh

am
U
ni
v.
,
U
K

D
yn

am
it
ro
n
(r
ea
dy

)
So

lid
7
L
i(
p,
n)

2.
8

1

K
U
R
N
S,

Ja
pa

n
C
yc
lo
tr
on

(c
lin

ic
al

tr
ia
ls

st
ar
te
d)

9
B
e(
p,
n)

30
1

So
re
q,

Is
ra
el

R
F
Q
-D

T
L
(r
ea
dy

)
L
iq
ui
d7
L
i(
p,
n)

4
2

IN
F
N

L
eg
na

ro
,
It
al
y

R
F
Q

(u
nd

er
co
ns
tr
uc
ti
on

)
9
B
e(
p,
n)

4-
5

30

T
su
ku

ba
,
Ja

pa
n

R
F
Q
-D

T
L
(u
nd

er
co
ns
tr
uc
ti
on

)
9
B
e(
p,
n)

8
10

C
N
E
A
,
B
ue
no

s
A
ir
es

Si
ng

le
en
de
d
E
SQ

(u
nd

er
co
ns
tr
uc
ti
on

)
9
B
e(
p,
n)

1.
4

30

A
rg
en
ti
na

T
an

de
m

E
SQ

(u
nd

er
co
ns
tr
uc
ti
on

)
So

lid
7
L
i(
p,
n)

2.
5

30

39



1.6 Microdosimetry

Microdosimetry is an essential tool to understand the safe and e�ective use of ra-

diation for both clinical and industrial purposes. Rossi and Zaider formally de�ne

microdosimetry as �the systematic study and quanti�cation of the spatial and tem-

poral distribution of absorbed energy in irradiated matter�. Microdosimetry is a

dosimetry technique designed to measure the stochastic interactions of ionising ra-

diation on cellular and sub cellular level. Stochastic interactions occur randomly

and hence cannot be predicted deterministically. The microdosimetric quantities

were given in ICRU report 36. Experimental microdosimetry is based on stochastic

quantities such as energy imparted ε, speci�c energy z and lineal energy y . The

energy imparted is de�ned as the summation of all the energy deposited in a de�ned

volume.

ε =
∑
i

εi (1.1)

The speci�c energy z is de�ned as the quotient of the energy imparted ε by ionising

radiation to a matter by its mass m:

z =
ε

m
(1.2)

The units of speci�c energy are J/kg or Gy.

The microdosimetric quantity used to describe the energy imparted to teh matter

in a volume of interest by a single energy deposition event εdivided by l̄ is called lineal

energy y :

l̄ =
4V

S
(1.3)

where V is the volume and S is the surface area of the volume.

If F (y)is the probability that the lineal energy is equal to or less than y , the

probability density or lineal energy distribution f (y) can be determined by:
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f(y) =
dF (y)

dy
(1.4)

The frequency weighted mean lineal energy is a non-stochastic quantity given by:

ȳF =

ˆ
yf(y) dy (1.5)

If D(y)is the fraction of an absorbed dose with a lineal energy equal to or less than

y , d(y)is the dose probability density and can be determined by:

d(y) =
dD(y)

dy
=

1

ȳF
yf(y) (1.6)

The dose weighted mean lineal energy is given by:

ȳD =

ˆ
yd(y) dy (1.7)

The dose weighted mean lineal energy can also be expressed as:

ȳD =
1

yF

ˆ
y2f(y) dy (1.8)

Microdosimetric spectra are usually presented in log scale because the lineal energy

and its distribution span through a wide range of y values. To graphically To

graphically display the spectrum, yf (y)versus log(y) is used and presented as:

y2ˆ

y1

f(y)dy =

y2ˆ

y1

[yf(y)] dlog(y) (1.9)

With knowledge of the microdosimetric spectra, the dose equivalent used in radiation

protection can be derived using:

H = D

ˆ
Q(y)y2f(y)d(log(y)) (1.10)

where Q(y) is a quality factor obtained from the radiobiological experiments and

D is the absorbed dose.
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1.7 Radiobiological model

When cells are exposed to ionising radiation, their structure is damaged. If the

damage cannot be repaired or when they are incorrectly repaired, it causes cell

death. The concept of radiobiology is to investigate the dose response relationship

at the cell level. The survival fraction of cells is measured and typically plotted

on a logarithmic scale against dose on a linear scale, commonly known as the cell

survival curve. The classical model describing such dose response relationship is the

linear quadratic model (LQ model). The LQ model is a mathematical model used to

predict the survival levels at di�erent doses for di�erent types of ionising radiation.

S(D) = exp(−αD − βD2) (1.11)

The parameters α and β represent the cellular radiosensitivity to fractionation.

In classical radiobiology the α/β ratio is an important parameter to characterise the

cell radiosensitivity [61]. There are many factors that a�ect the cell killing e�ciency.

One parameter is the radiation type. Low LET radiation (LET < 10 keV/μm)

are X-rays, gamma rays or light charged particles (e.g. electrons). Other radia-

tions, such as neutrons or heavy charged particles are high LET radiation (LET <

10 keV/μm). The di�erence between the two is the distribution of ionising events

on a micron-scale. Low LET radiation events are distributed far apart, where high

LET radiations are densely distributed [62]. To quantify the di�erence of cell killing

e�ciency of low and high LET radiation, the concept of relative biological e�ective-

ness (RBE) was introduced. RBE is the ratio of biological e�ectiveness of one type

of ionising radiation relative to another, given the same amount of absorbed energy.

RBE =
DX

DR

(1.12)

where DX is a reference absorbed dose of radiation of a standard type (usually

X-rays) and DRis the absorbed dose of a radiation type R that causes the same

amount of biological damage. There are several models from clinical, mechanistic
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and microdosimetric methods to derive RBE. Neutron therapy was one of the �rst

treatment modalities using high LET particles. Kellerer and Rossi [63] proposed

the theory of dual radiation action (TDRA) to understand the RBE values as a

function of dose per fraction for high LET radiations. This theory is based on the

idea that lesions are created from pairs of sub-lesions. When pairs of sub-lesions

occur in a de�ned sensitive site, it results in a biological e�ect. Hence, biological

e�ects are correlated with the energy deposited in a de�ned sensitive site. However,

TDRA does not consider the probability of cell repair after irradiation. This led to

the introduction of microdosimetric based and repair kinetic models to estimate the

biological e�ect, which is known as the microdosimetric kinetic model (MKM). The

MKM was �rst proposed by Hawkins [64, 65] to overcome the shortcomings of the

TDRA. The model is based on a sub-cellular structure referred to as a domain. The

domain has a spherical shape and were introduced to set the restricted region in a cell

nucleus as a pair of sub-lethal lesions created near each other by a single event that

produces a lethal lesion. It is based on microdosimetric quantities measured with

a proportional counter and on the statistical aspect of dose deposition. Later Kase

et al. [66] proposed a modi�ed version for carbon ion therapy at National Institute

of Radiological Sciences (NIRS), Japan. At the end of 2011, the �rst patient was

treated at NIRS with the spot-scanning beam calculated using a new treatment

planning system that incorporated the MKM [67]. The Local E�ect Model (LEM)

was introduced by Scholz and Kraft [68]. The fundamental of LEM is that the cell

inactivation after irradiation is determined by the spatial local dose distribution

inside the cell nucleus. LEM assumes lethal e�ects are independent of the radiation

quality, but instead depend on the track structure produced in the sub volume of

these lethal events. Sub volumes are where the biological damages are calculated,

are integrated to estimate the total survival probability. At GSI Helmholtz Centre

for Heavy Ion Research, the active beam scanning system was implemented to allow

for a better dose conformity. With this technique, the biological e�ectiveness is

unique for each spot scan and voxel. Therefore, a mathematical model to calculate
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RBE was preferred. The LEM was developed for this purpose. This approach in

RBE calculation can only be veri�ed with radiobiological experiments, while MKM

approach is based on experimental measurements of the microdosimetric spectra

followed by RBE derivation.

1.8 Current challenges in BNCT quality assurance

and quality control

Since 2010, the reactor at KURNS has resumed treating patients and in 2012, clin-

ical trials using C-BENS has started. The number of patients is increasing and the

popularity of BNCT is on the rise. To develop BNCT as a standard radiotherapy

treatment, there is a need to establish a proper QA and QC system. In conventional

radiotherapy, there are numerous steps (diagnosis, treatment planning, treatment,

post treatment evaluation). At each step, there should be a QA and QC protocol

put in place to ensure the safety and accuracy of the whole system. The American

Association of Physicists in Medicine (AAPM) report number 13, Physical aspects

of quality assurance in radiation therapy, states �The therapeutic system should be

capable of delivering a dose to the tumour volume within 5% of the dose described�

[69]. For the current standard radiotherapy modality, high energy photons and elec-

trons, once it interacts with the human tissue, the dominant particle responsible

for cell damage are the secondary electrons which has RBE of unity. On the other

hand, in a BNCT �eld, there exists neutrons with energy below 0.5 eV (thermal

neutrons), neutrons with energies between 0.5 eV and 40 keV (epithermal neutrons)

and neutrons with energy above 40 keV (fast neutrons). Adding the gamma ray

component, this makes it 4 individual components where each interacts di�erently

with tissue and the generated secondary particles all have di�ering RBEs. There-

fore, as mentioned by Blue et al. [70], the RBE of a neutron �eld varies with the

energy. Due to the above reason, applying a similar approach to utilise the cur-

rently established QA/QC protocols for high energy photon/electron radiotherapy
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for BNCT purposes is no simple task. It is important to understand the di�erences

between the modalities and build a QA/QC protocol to suit the needs of BNCT.

1.9 Dose calculation in BNCT

The total dose delivered to a patient receiving BNCT is calculated by multiplying

the absorbed dose of each radiation component present in the �eld with the corre-

sponding RBE and taking the sum. This is known as the equivalent dose and has

a unit of Gy. To calculate 10B dose, a factor called Compound Biological E�ective-

ness (CBE) is used instead of RBE. CBE considers the boron distribution inside

a cell and is dependent on the boron compound type and the type of tissue being

evaluated. Total dose delivered in BNCT is given by the following equation:

DT = CBE ×DB +RBEN ×DN +RBEH ×DH +RBEγ ×Dγ (1.13)

where D represents the absorbed dose from each component listed below.

1. DT is the total biologically weighted dose.

2. DB is the absorbed dose from the 10B(n, a)7Li reaction which occurs when a

thermal neutron is captured by boron (boron dose)

3. DN is the absorbed dose from the 14N(n, p)14C reaction which occurs when a

thermal neutron is captured by nitrogen (nitrogen dose)

4. DH is the absorbed dose from the recoil products (mainly protons) which

occurs when a fast neutron collides with the nucleus of the target (hydrogen

dose).

5. Dγ is the absorbed dose from 1H(n, γ)2H reaction and gamma ray components

existing in the beam itself (gamma dose).
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RBEN , RBEH and RBE γ are RBE values of nitrogen, hydrogen and gamma rays,

respectively. The absorbed dose resulting from neutrons interacting with hydrogen

and nitrogen inside the body (DH , DN ) are multiplied with RBE values of 2.5 - 3.0.

The RBE for gamma rays is 1. When BPA is used with a 10B concentration of 25

ppm, the CBE factor used is 1.35.
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Chapter 2

Literature review

2.1 Experimental microdosimetry

In general, microdosimetry involves the study of energy depositions that occur in

micro-volumes of the size of cellular and sub-cellular structures. Early studies to

understand the cellular radiation e�ects concluded that knowledge of the energy

distribution at a cellular scale was essential [71]. In the 1920s, Dessauer [72] and

Crowther [73] developed target theory in its earliest form that dealt with discrete

acts of energy transfer, termed hits. This theory did not consider the spatial distribu-

tion of these events, therefore, could not explain the relative biological e�ectiveness

(RBE) of di�erent types of ionising radiation. Between late 1930s to late 1940s, sev-

eral important concepts to characterise radiation quality was developed [74, 75]. Lea

[76] introduced the term �energy dissipation� which was later called �linear energy

transfer�, LET by Zirkle et al. [77]. ICRU report de�nes LET as a measure of the

loss of energy per unit distance along the path of a charged particle [78]. However,

there are several limitations of the LET concept in explaining RBE and beam qual-

ity. Kellerer and Chmelevsky [79] investigated the e�ects of these limitations and

the ranges and energies over which they are important. The limitations of the LET

concept is described in detail in ICRU report 36 [80] and a summary is described

below:
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1. The delta ray energy distribution is not adequately considered. In a micro-

scopic volume, delta ray distribution is a signi�cant factor in determination of

spatial distribution of energy.

2. The limited ranged of the charged particles relative to the target size in�uences

the spatial distribution of energy. Such e�ect is more predominant at lower

ion energies and in sites with a large dimension.

3. The concept of LET, being a non-stochastic average quantity, does not account

for the random �uctuations in energy deposition.

These limitations led to the formulation of a set of measurable stochastic quantities

that provide the fundamental basis for the �eld of microdosimetry. These quantities

are lineal energy and speci�c energy. These quantities were explained in the previous

chapter. The goal of experimental microdosimetry is to measure these quantities in

well-de�ned volumes.

2.2 Tissue equivalent proportional counter

The �rst TEPC was developed by Rossi and Rosenweig to simulate the measurement

of energy deposition in volumes of tissue with dimensions similar to the nucleus of a

mammalian cell [81]. It employed a spherical chamber with tissue equivalent walls

and �ll gas. The spherical shape was selected so that its response would be less

independent of the angular direction of which the incident radiation that enters the

chamber. The cavity diameter ranged from 6 mm to 20 cm. A metal anode wire

sits across the internal diameter of the chamber and a bias was applied between the

chamber wall and the collecting anode [82]. A helical anode structure, as oppose

to a straight wire, was used to ensure a uniform electric �eld, particularly toward

the edges near the chamber wall. Currently, the primary tool of experimental mi-

crodosimetry is a low-pressure proportional counter. The walls of the counter are

commonly made of tissue equivalent material. The development of TEPC has been

motivated by the increasing application of neutron and proton therapy worldwide.
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Also, the interest of understanding of the biological e�ects of densely ionising radia-

tion. In the past few years, several research groups have developed various types of

mini TEPCs. Kliauga measured single event distributions using a single-wire mini

TEPC with a diameter of 0.5 mm [83]. Cesari et al. measured the distribution of

a proton therapeutic beam with a mini TEPC of 1 mm diameter [84]. Burmeister

et al. applied a mini TEPC to measure the distribution in a high-�ux mixed �elds

[85]. Moro et al. utilised a mini twin TEPC for BNCT dosimetry [86]. However, the

construction of a central wire in a small cavity is extremely di�cult and expensive.

2.3 Silicon microdosimeter

McNulty and Roth proposed the use of an array of silicon reversed biased p-n junc-

tions for characterising complex radiation environments inside a spacecraft and air-

craft [87]. The purpose of this work was aimed towards predicting single event e�ect

(SEE) risks to the microelectronics caused by incident radiation. The operation of

these microelectronics involves the selected storage and switching of various electri-

cal charges at the given junction. When ionising particles enter the junction, they

cause a change in bias across the junction which induces a change to the electrical

state of the circuit, which is referred to as an `upset'. Upset phenomena are 16 sig-

ni�cant concerns in the microelectronic �eld, especially in the space technology area

where there is microelectronics constantly exposed to ionising radiation �elds. Roth

later developed a working model containing more than a million sensitive volumes,

however the device has been used for qualitative separation of neutron and gamma

�elds using an MCA for observation of the two groups of events with low and higher

LET without any quanti�cation of these �elds and deriving of microdosimetric quan-

tities [88]. Such a detector removed several of the previously mentioned problems

associated with the tissue equivalent proportional counters but was not considered

a microdosimeter. The Centre for Medical Radiation Physics (CMRP), University

of Wollongong (UOW) �rstly developed a solid state microdosimetry device to over-

come the limitations of the TEPC (A.Rosenfeld et al.) [89]. Later, Rosenfeld came
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up with an idea of silicon on insulator (SOI) solid state microdosimeter [90]. This

development was driven primarily by an application in hadron therapy and in par-

ticular in BNCT [3] and proton therapy [91] and later for space application where

heavy ion radiation �elds such as GCR (galactic cosmic rays) [92] is a serious hazard

for space missions. The �rst generation of SOI microdosimeter consisted of an array

of reverse biased semiconductor p-n junctions each with a sensitive volume of 30

Ö 30 Ö 10 μm3 in size and all are connected in parallel [4], as shown in �gure 2.1.

Studies of the charge collection characteristics of these devices found that the charge

collection e�ciency of the device varied with the position of the incident particle

around the sensitive volume of the detector. This was due to the lateral distribution

of the electric �eld within the planar RPP sensitive volume and di�usion of charge

into the sensitive volume from the outside [3, 93]. The rectangular geometry of the

sensitive volume also gave rise to poor chord length variance that led to an over-

estimation of energy deposited within the sensitive volume. The �rst generation of

silicon microdosimeter was not perfect and there were still some areas where im-

provement was required. The main imperfections of silicon microdosimeter were a

poorly de�ned sensitive volume, inaccurate tissue equivalence, lateral di�usion from

outside the volume and the present limitations of device fabrication.
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Figure 2.1: Detailed cross sectional view of the SOI microdosimeter sensitive volume
fragment with approximate dimensions. Image from [3].

Figure 2.2: Scanning Electron Microgram (SEM) of a section of the SOI micro-
dosimeter showing the raised aluminium tracks. Image from [4].

The CMRP designed, and in collaboration with the University of New South

Wales (UNSW) and Australian Nuclear Science and Technology Organisation (ANSTO)

fabricated and characterised a new type of silicon microdosimeter to overcome the

problems addressed with the previous generation microdosimeter. The new type of
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microdosimeter was based on an array of 3D cylindrical p-i-n diode sensitive vol-

umes. Each diode is on a mesa structure above the substrate, which prevents the

lateral di�usion of charge from the surrounding area. These devices were fabricated

at the Semiconductor Nanofabrication Facility, UNSW, Australia [5], as shown in

�gure 2.3. It involved planar processing techniques on high resistivity, more than

10 kΩ·cm p-silicon on insulator (SOI) bonded wafer. Phosphorus and boron were

di�used into the silicon wafer to produce the co-axial p-i-n diode structures. An

etching process was used to create the raised mesa structure sensitive volumes, 2 μm

in thickness. A spherical semiconductor microdosimeter would be ideal to mimic

a human cell, however such geometry is very di�cult to achieve with the current

fabrication technology. Therefore, a cylindrical geometry was used to fabricate the

second generation microdosimeters. The cylindrical geometry produces a better

chord length variance when compared to the �rst generation microdosimeter with

elongated rectangular geometry. The cylindrical volume supports a radial electric

�eld distribution that improves e�ciency of the collection of all deposited charge.

Two types of the second-generation microdosimeter were designed and fabricated

on silicon-on-insulator with a super�cial silicon layer thickness 2 μm, one with the

intrinsic silicon width of 2 μm and another with 10 μm. The cylindrical sensitive

region area of the 2 μm and 10 μm width devices are approximately 50 μm2 and

500 μm2 respectively. This microdosimeter consists of an array of 900 individual

diodes connected in two parallel odd-even arrays so that every single odd connected

diode is surrounded by four identical even-connected diodes, read out independently

from the odd array, as shown in �gure 2.4. This allows a dual-channel read out which

has the potential to identify di�erent high energy particles of the same linear en-

ergy transfer based on their di�erent track structure. The array structure increases

the total area of the sensitive volume to approximately 45000 μm2. Although tests

showed the reduction in lateral di�usion, the e�ective yield of the sensitive volumes

was not 100% due to the technological challenges related to track interconnects

between the sensitive volumes in case of mesa structures.
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Figure 2.3: Schematic view of the second generation microdosimeter (a) top view
(b) cross sectional side view. Not drawn to scale. Image from [5].

Figure 2.4: Second generation microdosimeter array consisting of 900 cylindrical
diodes. Individual detectors are connected odd-even in such a way that any single
odd connected detector is surrounded by 4 identical even connected detectors.

The third generation of SOI device was large area, 4 mm Ö5 mm segmented

microdosimeters with individual cylindrical 2D planar sensitive volumes fabricated

on a 10 μm thick n-SOI, that demonstrated a 100% yield of functioning sensitive

volumes [6], as shown in �gure 2.5. This detector was used in various mixed radiation

�eld environments, such as space [92, 94] avionics [95], and hadron therapy [96]. The
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results showed the SOI microdosimeter closely matched the microdosimetric spectra

obtained with the TEPC.

Figure 2.5: Schematic of the third generation microdosimeter (a) cross sectional side
view (b) top view. Image from [6]

The fourth generation SOI microdosimeter was developed as an intermediate

step toward achieving a fully 3D microdosimeter with free standing sensitive vol-

umes. This microdosimeter has a mesa structure which was produced by using the

plasma etching technology at the microelectronic fabrication facility at SPA-BIT,

Kiev, Ukraine, shown in �gure 2.6. The surrounding silicon was etched away, leaving

a thin silicon bridge between the sensitive volumes to support the aluminium tracks.

The mesa design was previously implemented in the second generation SOI micro-

dosimeters [5], but the results showed a low yield of sensitive volumes because the

aluminium tracks were damaged when suspended over the mesa structure of each

sensitive volume. This new microdosimeter is called a �bridge� microdosimeter due

to the thin bridges connecting the sensitive volume. Chapter 3 will present some of

the characterisation of the 3D bridge microdosimeter and its use in BNCT.
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Figure 2.6: Schematic of the 3D bridge microdosimeter. Each sensitive volume is
30 μm×30 μm×10 μm (width×length×height). Image from [7].

The bridge SOI microdosimeter has shown e�ective for measuring microdosi-

metric spectrum and deriving RBE of charged particle beams, such as proton and

carbon ions [97, 98]. For measurements in heavy ion therapy, where the beam is

normally incident to the surface of the detector, the mean chord length of the sen-

sitive volume is approximately equal to the thickness of the detector. However, in

BNCT, the neutron �eld is normally incident on the surface of the detector, but the

secondary charged particles (protons, alpha particles, recoil heavy ions etc.) that

are generated are necessarily not. Also, the planar technology has the limitation

of only being able to pattern the silicon 1 � 2 μm below the surface. With the

sensitive volume thickness being 10 μm, this creates a non-uniform charge collection

inside the SV [99]. To overcome these issues, the CMRP proposed to develop an

optimal SOI microdosimeter called �mushroom� microdosimeter with 3D sensitive

volumes embedded in PMMA using 3D active edge detector technology [100, 101],

shown in �gure 2.7. The sensitive volumes are cylindrically shaped to provide a

well-de�ned sensitive volume and less variance in the chord length. An array of

n+ electrodes and surrounding ring p+ electrodes are produced using deep reac-
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tive ion etching (DRIE), followed by polysilicon deposition and doping. This new

mushroom detector is fabricated at the SINTEF Microsystem and Nanotechnology

Laboratory (MiNaLab) which is in Oslo, Norway. The key techniques for production

of the mushroom detector are micro machining and 3D sensor technologies, which

are available at SINTEF [102, 103, 104]. TCAD modeling and charged collection

characterisation of this detector has been performed [105]. The results showed it

yields almost 100% charge collection inside the sensitive volume. Chapter 6 will

present some of the characterisation of the 3D mushroom microdosimeter and its

use in BNCT.

Figure 2.7: Proposed design of the 3D mushroom microdosimeter. Image from [7]

2.4 3D detector technology

In 1994, Parker and Kenney [100] proposed the combined use of Very Large Scale

Integration (VLSI) and Micro-Electro-Mechanical Systems (MEMS) technologies to

create new kinds of radiation detectors from high-sensitivity silicon. It consists of

narrow holes and trenches that are etched through the silicon wafers then back �lled

with conductive polysilicon (n and p doped). This design was motivated to overcome

the limitations of traditional planar silicon sensors after exposure to high �uence of

non-ionising particles. The three main problems with planar sensors have been found
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to be (i) higher leakage currents due to the creation of generation/recombination

centres, (ii) changes in e�ective doping concentration, which lead to an increase of

the full depletion region, and (iii) decrease of the charge collection e�ciency due to

carrier trapping [8]. In 3D sensors, the distance between the p+ and n+ electrodes

can be signi�cantly reduced, as indicated in �gure 2.8. This reduces the depletion

voltage and lowers the trapping probability of generated carriers. Also, high electric

�elds can be achieved at lower voltages so that the charge collection times can be

much faster.

Figure 2.8: Schematic cross sections of a planar sensor (left) and 3D sensor (right)
indicating the active thickness (∆) and collection distance (L) in 3D sensors. Image
from [8].
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Chapter 3

Investigation of the use of tissue

equivalent proportional counters for

microdosimetry in BNCT

3.1 Introduction

3.1.1 Tissue equivalent proportional counters

Gas-�lled ionisation detectors are radiation detection instruments used to detect

the presence of ionising particles. As particles traverse through a volume of air, if

it has enough energy, it will ionise the air molecule, producing electrons and ions

along its track. In the presence of an electric �eld, these electrons and ions can be

collected in the form of an electric signal. There are three main types of gas-�lled

ionisation detectors; ionisation chamber, proportional counter and Geiger-Muller

detector. These all have the same basic design of two electrodes separated by air (or

special �ll gas), but each uses a di�erent method to measure the total number of ion-

pairs that are collected. Here, the proportional counter will be explained in detail.

Proportional counters operate at a higher voltage than ionisation chamber, but lower

than Geiger-Muller detectors (�gure 3.1). The key property of the proportional

counter is the ability to measure the energy of the incident radiation by producing a
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detector output pulse that is proportional to the radiation energy absorbed by the

detector due to an ionising event. It is widely used to accurately measure radiation

beam quality, such as discrimination between alpha and beta particles. The gas �ll

of the chamber is an inert gas. There are many di�erent types of gas �ll available

for di�erent purposes. For this study, the purpose is to measure the dose and/or

dose equivalent to small volumes of human tissue, so the chamber was �lled with a

tissue equivalent gas.

Figure 3.1: Di�erent ionisation chamber regions as a function of applied voltage.
Region A represents the recombination region, region B the ionisation region, region
C the proportionality region, region D the region of limited proportionality and
region E the GM. Curve (a) is for 1 MeV β particles, curve (b) for 100 keV β
particles [9].

Tissue equivalent proportional counter (TEPC) plays an important role in the

dosimetry of gamma rays and neutrons [106]. The chamber is constructed with the

wall and �ll gas mixture to mimic the elemental composition of biological tissue.

As the incident neutron interacts with the chamber wall, secondary charged parti-

cles (primarily recoil protons for fast neutrons) are generated in the wall material.

For walls that are thick compared to the range of the secondary charged particles,
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equilibrium exists where the �ux of the secondary charged particle leaving the in-

ner surface of the wall is independent on the wall thickness. As mentioned in the

previous chapter, it is important to determine the quality factor Q to convert mea-

surements of absorbed dose into dose equivalent. The LET value determines the

quality factor and the TEPC allows direct measurement of LET distribution if the

gas pressure is low enough so that particles entering the gas loss a negligible amount

of their energy in passing through the cavity. The pulse signal depends on the

product of the LET of the particle and the path length that it travels through the

gas medium. In a low-pressure gas medium, the pathlength can be approximated

to be straight lines. By knowing this distribution and the measured pulse height,

the LET distribution of the particle can be determined. This process is particularly

useful in the analysis of neutron �uxes whose energy distribution is unknown or in

mixed neutron/gamma ray �elds [107]. The output pulses have to be ampli�ed and

analysed electronically. The signal is fed into a charge-sensitive preampli�er which

integrates the charge on a feedback capacitor and delivers an output voltage with

amplitude proportional to the charge released by the counter. The pulses from the

preampli�er are ampli�ed and shaped in a linear ampli�er. This step is necessary

to improve the signal-to-noise ratio of the ampli�er and reduce pile-up of detector

pulses. Experimental microdosimetry deals with a very large range of pulse heights

so the spectrum is usually obtained using few di�erent gain settings.

3.1.2 Neutron source

As mentioned in chapter 1, the KUR-HWNIF operates in three main modes: ther-

mal, epithermal and mixed mode irradiation. The thermal and epithermal irradia-

tion modes are utlised for clinical treatment of BNCT. The mixed mode irradiation

(mixture of thermal and epithermal irradiation mode) is currently primarily used

for research purposes, such as small animal irradiation studies. Studies of beam

quality measurement using TEPC for the clinical epithermal irradiation mode has

been previously carried out [108, 109]. However, beam quality measurements for
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the mixed mode irradiation using the TEPC has not been carried out. Although

this mode is currently not utilised clinically, it is important to determine the beam

quality for accurate dose calculation during small animal irradiation experiment.
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Figure 3.2: Neutron spectrum of the three main modes of Kyoto University Reactor.

The number of accelerator-based neutron sources are increasing and there are

already several units being installed. Accelerator-based neutron sources utilise a

high energy proton beam that strike a metallic target to generate fast neutrons.

The accelerator-based neutron source located Quantum Science Center (QSC) in

Aomori prefecture, Japan, has a similar design to C-BENS, which is located at Ky-

oto University Institute for Integrated Radiation and Nuclear Science facility. They

both utilise a beryllium target, but the QSC accelerator operates at a lower proton

energy of 20 MeV. This system was modi�ed for small animal irradiation and re-

search purposes. The moderator system consisted of a combination of lead, graphite,

heavy water and bismuth to decrease the fast neutron and gamma contamination

component and increase the thermal neutron component. This chapter investigates

the use of TEPC for beam quality measurement of BNCT neutron sources.
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Figure 3.3: Neutron spectrum comparison of KUR mix mode (blue) and QSC ac-
celerator (red).

3.2 Material and method

3.2.1 Calculation of microdosimetric quantities

As mentioned in chapter 1, lineal energy is a stochastic quantity and the proba-

bility density of lineal energy, f(y) has a probability distribution. Therefore, the

expectation value of lineal energy distribution (frequency-mean lineal energy) is a

non-stochastic quantity. From the single-energy deposition event distribution from

the MCA counts per channel, the frequency-mean lineal energy can be rewritten as

follows;

ȳF =

∞̂

0

yf(y)dy =
1

n

∑
i

niyi (3.1)

f(y) = ni/
∑
i

ni (3.2)

where n i is the number of counts of a single energy deposition event per ith
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channel, y i is the lineal energy per ith channel. Likewise, the dose mean lineal

energy can be rewritten as follows;

ȳD =
1

ȳF

∞̂

0

y2f(y)dy =

∑
i niy

2
i∑

i niyi
(3.3)

The TEPC can directly measure absorbed dose since it can simulate a micro-

scopic human tissue cavity under a Bragg-Gray cavity principle. The absorbed dose

is calculated by measuring the energy imparted in a gas cavity as follows;

D(Gy) = dε̄
dm

= 1.602×10−13

mg

∑
i niεi

= 1.602×10−13

mg

2dt
3

∑
i niyi

(3.4)

where 1.602Ö10-13 is a conversion constant (Gy·g/keV), mg is the mass of the

TE gas and d t is the tissue cavity diameter (μm) simulated by the TEPC. The mean

quality factor of the radiation �eld was calculated as follows;

Q̄ =

∑n
i=1Q(yi)yf(yi)∑n

i=1 yf(yi)
(3.5)

where Q(y i) is the radiation quality factor expressed as a function of lineal

energy [110]. By knowing the mean quality factor and the absorbed dose, the dose

equivalent for a single secondary charged particle that deposits its kinetic energy in

a microscopic tissue volume can be calculated as follows;

H = Q̄×D (3.6)

3.2.2 Proportional counter

The neutron single event spectrum was measured using the Far West Technology

Inc. LET-1/2 0.5 inch proportional counter. Two types of proportional counters

were used. One was a detector with a spherical cavity in a tissue equivalent plastic

(Shonka type A-150) with an internal diameter of 1.27 cm. The other was a spherical

cavity with the same internal diameter in a graphite wall. A bias of 500 V was
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applied to the detector. The signal was fed into a low noise preampli�er. The

proportional counter connector end is so called Quick-Connect, which mates with

a Swagelok B-QC4-D-400 DESO-type connector. These connectors contain spring

loaded plungers that seat against elastomeric O-rings providing a gas-tight seal. The

proportional counter was pumped down using a rotary pump. Once the counter was

under vacuum pressure, the cavity was �lled with a tissue equivalent gas and pumped

down to vacuum again. This procedure was repeated a few times only during the

initial use to clear out any impurities inside the chamber cavity and vacuum system

pipelines. Once the above procedure was carried out, the proportional counter was

�lled with tissue equivalent gas at a pressure of 75 hPa to simulate a cavity of 1 μm

in diameter. For the graphite walled proportional counter CO2 gas was �lled to a

pressure of 43.5 hPa (see appendix for calculation). The gas mixture was sealed by

tightening the bellows-sealed valve and the proportional counter was removed from

the connector for portable use. The disadvantage of removing the counter from the

gas-�ow system was the gas leak over time. The e�ect of gas leak on the acquired

spectrum was investigated using a 252Cf check source. A constant bias of 500 V

was applied to the detector. The set up was kept the same and measurements were

repeated over a period of several days.

Table 3.1: Gas composition ratio inside the tissue equivalent counter.

Compound Ratio

CH4 64.4%

CO2 32.5%

N2 3.1%

Table 3.2: Gas composition ratio inside the graphite walled counter.

Compound Ratio

CO2 100.0%
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3.2.3 Calibration

The channel number was converted to energy using the spectrum obtained from the

252Cf source type N-252 (�gure 3.5). Two 252Cf sources were used to increase the

neutron �ux. The source speci�cation stated on the nominal source certi�cate is

shown in table 3.3. Considering the radioactive decay of the source, the radiation

output at the time of measurement was approximately 2×105 n/s.

(a)
(b)

Figure 3.5: a) 252Cf check source. b) Cross section of the 252Cf capsule [10]

Table 3.3: 252Cf check source speci�cation.

Source No. Activity (MBq) Radiation output
(n/s)

Reference date

N2-754 3.7 3.83×105 15-Feb-2016

N2-755 3.7 3.873×105 15-Feb-2016

The microdosimetric single event spectrum of a neutron source obtained with the

TEPC was broken into few components. Secondary electrons arising from gamma

rays have a maximum lineal energy of approximately 20 keV/μm. Proton com-

ponents have a maximum lineal energy of approximately 150 keV/μm. Heavy ion

recoil components, such as carbon and oxygen, have lineal energies greater than
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200 keV/μm. The spectrum has few shoulders or edges that represent each compo-

nent. The electron and proton edges were used to calibrate the energy scale. To

further convert the scale to lineal energy (usually expressed in keV/μm), the energy

(keV) was divided by the average chord length of a 1 μm diameter sphere, 0.667 μm.

3.2.4 Experimental set up

The experiment was set up as per the diagram shown in the �gure 3.6. For the

methane-based tissue equivalent 1-micron diameter sphere, a voltage of 550 V yielded

the best resolution. To prevent detector damage (arcing), the detector bias was set

to 500V. The signal from the detector was fed into a low noise preampli�er (Ortec

Model 142AH). A short length, low noise cable was used to connect the detector

to the preampli�er to minimise the noise. The signal from the preampli�er was

split into three linear ampli�ers (Ortec 671 ampli�er), each having di�erent gain

settings. A low, medium and high gain setting was set on each ampli�er to measure

the spectrum at high resolution over a large range. The signals from each ampli�er

was then fed into a multichannel analyzer system (Fast ComTec MPA-3). A pulse

generator (Ortec 448 research pulser) was used to check the linearity of the analyzer.

Figure 3.6: Electrical interconnection diagram for LET-1/2 operation.
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Figure 3.7: Image of the 252Cf spectrum measurement using LET-1/2 detector.

3.2.4.1 Reactor system

The epithermal and mixed mode irradiation of the KUR-HWNIF was used for this

study. The TEPC was placed free-in-air on top of the couch in the center of the �eld.

A 500 V bias was applied to the TEPC and the irradiation time was set to 1 hour.

The pressure inside the TEPC was set at 74.5 hPa and was �lled immediately before

the experiment to reduce the gas leak e�ect. The same measurement was performed

with the graphite wall proportional counter.
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Figure 3.8: Experimental set up of in air beam quality measurement using TEPC
at KUR.
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Figure 3.9: 3D geometry of the KUR experimental set up modelled in PHITS.
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Figure 3.10: Cross sectional geometry of the KUR experimental set up indicating
the di�erent materials inside the collimator system.

3.2.4.2 Accelerator system

The accelerator-based neutron source system at QSC was used for this study. There

was no gas �ll system available at the facility, so the TEPC was �lled with tissue

equivalent gas at a pressure of 74.5 hPa at the research laboratory in Osaka prefec-

ture. Due to logistical reasons, the irradiation was performed approximately 2 days

after the gas �ll. The TEPC was placed in the center of the �eld free-in-air. A

500 V bias was applied to the TEPC and the irradiation time was set to 1 hour.
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Figure 3.11: Beams eye view of in air beam quality measurement using TEPC at
QSC.

Figure 3.12: Image of the QSC irradiation room.
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Figure 3.13: The 2D geometry (left) and 3D geometry (right) of the experimental
set up modelled in PHITS.

3.2.5 Calculation of RBE

The RBE de�ned by the biological response to gamma rays from 60Co is an im-

portant parameter to evaluate the radiation quality. The RBE was estimated from

microdosimetric spectrum using a 2 Gy biological response of fractional cell survival

(r(y)). This can be derived from Tilikidis et al. [111] using the following equation.

RBE =

∞̂

0

r(y)yf(y) dy (3.7)

To compare the measured RBE to other studies, the mean energy of the neutron

spectrum was calculated using the following expression from the ICRU report [112]

Ēφ =

∞̂

0

EψE dE/ψ =

∞̂

0

E2φE dE/

∞̂

0

EφE dE (3.8)

where φE is the neutron �uence at energy E.
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3.2.6 Monte Carlo simulation

Monte Carlo simulation was performed using Particle and Heavy Ion Transport code

System (PHITS) which is a general-purpose Monte Carlo particle transport simu-

lation code developed under collaboration between Japan Atomic Energy Agency

(JAEA), Research Organization for Information Science and Technology (RIST),

High Energy Accelerator Research Organization (KEK) and several other institutes.

PHITS utilises several nuclear reaction models and nuclear data libraries to simulate

the transport of all particles over a wide energy range. The features of PHITS and

its accuracy are reported in literature [113, 114]. The probability density of depo-

sition energies inside a microscopic site, i.e. the lineal energy distribution, can be

calculated directly in PHITS using the T-SED tally. This tally is capable of calcu-

lating the microscopic probability densities using a mathematical function that can

instantaneously calculate quantities around trajectories of charged particles. PHITS

version 2.88 was used for this study. The geometry of the TE and carbon walled pro-

portional counter modelled using PHITS is shown in �gure 3.10. The 252Cf source

was set directly above the aluminium casing in the centre of the gas cavity. The

source spectrum was modelled using the watt spectrum (see appendix).
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(a)

(b)

Figure 3.14: a) Cross sectional side view of the tissue equivalent A150 walled and
b) graphite walled (bottom) proportional counter modelled in PHITS.

(a) (b)

Figure 3.15: a) Cross sectional front view of tissue equivalent A150 walled and b)
graphite walled (right) proportional counter modelled in PHITS.
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3.3 Results

3.3.1 Measurement of microdosimetric spectrum of 252Cf

The shift in the measured spectrum as a function of time measured using the TEPC

with a constant bias applied to the detector is shown in �gure 3.16. The main cause

of the spectrum shift was due to the gas leakage. The proton edge position was

recorded and plotted against time progressed from the initial gas �ll date. A linear

�t, shown on �gure 3.17, indicates the channel number drift as a function of time.

According to the operations manual, the detector drift is usually less than 1 channel

out of 100 in 8 hours [115]. The measurement was taken at a resolution of 1024

channels. So, the drift should be expected to be less than 10 channel numbers over

a period of 8 hours. The measured channel number drift rate was approximately 1

channel per hour, which was less than the stated value in the operations manual.

Hence, no signi�cant gas leakage was detected.
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Figure 3.16: Shift in the252Cf spectrum as a function of time.
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Figure 3.17: Decrease in channel number due to gas leakage as a function of time.

The 252Cf spectrum measured using three di�erent gain settings on the linear

ampli�er is shown in �gure 3.18. The low gain setting was used to measure the high

energy events and the high gain setting was used to measure the low energy events.

The three measurements were combined to obtain a high-resolution spectrum across

the entire range, as shown in �gure 3.19. The proton edge at 150 keV/μm was

clearly visible. Above 150 keV/μm high LET components such as recoil carbon and

oxygen ions were present. The electron edge from the gamma rays were di�cult to

distinguish, due to the high electronic noise in the system. The dose distribution

spectrum, shown in �gure 3.20, indicates a large proportion of the dose was from

the proton component. The particle track shown in �gure 3.21 shows the �ux of

each particle in trajectory when the TEPC was irradiated with the 252Cf source.

The proton component was the largest, with carbon and oxygen ions following.
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Figure 3.18: 252Cf spectrum obtained using three di�erent gain settings.
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Figure 3.19: Frequency distribution curve of 252Cf obtained from using the TEPC.
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Figure 3.20: Dose distribution curve of 252Cf obtained from using the TEPC.

The frequency and dose distribution microdosimetric spectrum are shown in

�gure 3.22 and �gure 3.24. In comparison to the TEPC, the graphite walled counter

does not contain any hydrogen or nitrogen components. Therefore, the proton edge

around 150 keV/μm does not exist and theoretically only secondary electrons, carbon

and oxygen ions should be detected. Only gamma ray components (< 20 keV/μm)

were detected. The recoil carbon ions were not detected. A longer measurement

time would be required to detect these events.
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Figure 3.22: Frequency distribution curve of 252Cf obtained using the graphite walled
counter.
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Figure 3.23: Frequency distribution curve of 252Cf obtained using the graphite walled
counter simulated using PHITS.
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Figure 3.24: Dose distribution curve of 252Cf obtained using the graphite walled
counter.
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Figure 3.25: Dose distribution curve of 252Cf obtained using the graphite walled
counter simulated using PHITS.
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3.3.2 Measurement of microdosimetric spectrum of KUR ep-

ithermal mode

The raw spectrum obtained using the medium gain setting is shown in �gure 3.27.

At the low channel number end of the spectrum (indicated in red), a small peak

between 100 � 200 channel number was observed. These were not true events,

instead were low static noise which were intermittently observed. Unfortunately,

due to limited machine access, the measurement could not be repeated. So, this

low static noise region was �ltered out and the data points were interpolated to

�t a smooth curve, as shown in �gure 3.28. The frequency distribution and dose

distribution microdosimetric spectrum (�gure 3.29 and �gure 3.30) show a nice

agreement with PHITS calculated values. The major dose contributor was found

to be the proton component (20 � 150 keV/μm). The frequency distribution and

dose distribution spectrum obtained using the graphite wall counter is shown in

�gure 3.31 and �gure 3.33.The measured data was noisy due to low statistics. No

events were observed greater than approximately 20 keV/μm. The PHITS Monte

Carlo calculation showed some high LET components, primarily recoil carbon ions,

however, a longer measurement time will be necessary to observe these events.
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Figure 3.27: Raw spectrum of the epithermal neutron beam at KUR obtained with
the TEPC. The red region indicates some static noise present in the electronic circuit.
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Figure 3.28: Raw spectrum of KUR epithermal irradiation mode measured using
the TEPC obtained at three di�erent gain settings.gain settings after removal of
low static noise.
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Figure 3.29: Frequency distribution of KUR epithermal mode measured using the
TEPC compared against PHITS calculation.
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Figure 3.30: Dose distribution curve of KUR epithermal mode measured using the
TEPC compared against PHITS calculation.

86



10
−3

10
−2

10
−1

10
0

 1  10

f(
y
) 

[a
rb

it
ra

ry
 u

n
it

s]

Lineal energy [keV/µm]

Experiment
Simulation

Figure 3.31: Frequency distribution curve of KUR epithermal mode measured using
the graphite wall counter compared against PHITS calculation.
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Figure 3.32: Frequency distribution curve of KUR epithermal mode obtained using
the graphite walled counter simulated using PHITS.
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Figure 3.33: Dose distribution curve of KUR epithermal mode measured using the
graphite walled counter.
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Figure 3.34: Dose distribution curve of KUR epithermal mode obtained using the
graphite walled counter simulated using PHITS.
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3.3.3 Measurement of microdosimetric spectrum of KURmixed

mode

The raw spectrum measured with the TEPC is shown on �gure 3.35. The events

detected with the high gain setting were mostly gamma ray events, events from the

medium gain setting were mainly proton events and the events using the low gain

setting were mostly events from high LET particles. The three spectrum were com-

bined, and the channel number was converted to lineal energy. The microdosimetric

spectrum of KUR mix mode irradiation is shown in �gure 3.36 and �gure 3.37. The

dose distribution curve of KUR mix mode indicated the majority of the dose compo-

nent was between 20 � 150 keV/μm, which represented the proton component. The

PHITS Monte Carlo simulation showed a nice agreement below 150 keV/μm. Above

150 keV/μm, there was a slight discrepancy, but was within calculation uncertainty.
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Figure 3.35: Raw spectrum of KUR mix mode measured using TEPC obtained at
three di�erent gain settings.
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Figure 3.36: Frequency distribution curve of KUR mix mode measured using TEPC
compared against PHITS simulation.
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Figure 3.37: Dose distribution curve of KUR mix mode measured using TEPC
compared against PHITS simulation.

The frequency distribution and the dose distribution spectrum of the KUR mix

mode irradiation measured with the graphite walled counter is shown in �gure 3.38

and �gure 3.40, respectively. Similar to the epithermal result, only events up to
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20 keV/μm were measured, which indicates the gamma component. The KUR mix

mode has a larger gamma ray component compared to the epithermal mode, so more

events were observed with mix mode and the electron edge was visible.
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Figure 3.38: Frequency distribution curve of KUR mix mode measured using a
graphite walled counter.
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Figure 3.39: Frequency distribution curve of KUR mix mode obtained using a
graphite walled counter simulated using PHITS.
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Figure 3.40: Dose distribution curve of KUR mix mode measured using a graphite
walled counter.
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Figure 3.41: Dose distribution curve of KUR mix mode obtained using a graphite
walled counter simulated using PHITS.
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3.3.4 Measurement of microdosimetric spectrum of an accelerator-

based neutron source

The raw spectrum obtained with the TEPC is shown in �gure 3.42. The three

spectrum were combined and the frequency distribution and dose distribution spec-

trum are shown in �gure 3.43 and �gure 3.44, respectively. Similar to the KUR

mix mode results, the dominant dose component was the proton component. The

PHITS calculation also showed nice agreement up to 150 keV/μm.
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Figure 3.42: Raw spectrum of QSC AB-neutron source measured using TEPC ob-
tained at three di�erent gain settings.
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Figure 3.43: Frequency distribution curve of QSC AB-neutron source measured
using TEPC compared against PHITS calculation.
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Figure 3.44: Dose distribution curve of QSC AB-neutron source measured using
TEPC compared against PHITS calculation.

The frequency distribution and the dose distribution spectrum of the AB neutron

source at QSC measured using the graphite walled proportional counter is shown in

�gure 3.45 and �gure 3.47, respectively. Between the three neutron sources (KUR
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epithermal, KUR mixed and AB neutron source at QSC), the AB neutron source

at QSC had the largest gamma ray component. As a result, the frequency and dose

distribution spectrum were smooth and closely matched the PHITS Monte Carlo

calculation.
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Figure 3.45: Frequency distribution curve of QSC AB-neutron source measured
using graphite walled counter.
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Figure 3.46: Frequency distribution curve of QSC AB-neutron source obtained using
a graphite walled counter simulated using PHITS.
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Figure 3.47: Dose distribution curve of QSC AB-neutron source measured using
graphite wall counter.
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Figure 3.48: Dose distribution curve of QSC AB-neutron source obtained using a
graphite walled counter simulated using PHITS.
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3.3.5 Comparison of microdosimetric spectrum of a reactor

based to accelerator based neutron source for BNCT

The comparison of the frequency distribution spectrum and the dose distribution

spectrum obtained using the TEPC for KUR mix mode and QSC AB-neutron source

are shown in �gure 3.49 and �gure 3.50, respectively. The QSC source was found to

have higher counts at the high LET region. This was due to the fact the QSC neutron

source had a larger fast neutron component as compared to the KUR mix mode

irradiation. The QSC spectrum also had a larger background (i.e. higher threshold)

than KUR mix mode. One reason could be due to the high radio frequency signal

present in an accelerator environment, which added electrical noise to the detector

system. The dose distribution curve showed the proton peak was higher with the

QSC neutron source.
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Figure 3.49: Comparison of KUR mix mode and QSC AB neutron source frequency
distribution curve measured using TEPC.
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Figure 3.50: Comparison of KUR mix mode and QSC AB neutron source dose
distribution curve measured using TEPC.

Table 3.4: Quantities derived from the microdosimetric single event lineal energy
distribution measured with the TEPC

ȳF (keV/μm) Q̄ D (Gy) H (Sv)

Epithermal 59.9±3.1 7.5±0.5 0.6±0.1 4.4±0.3

Mix 45.7±2.5 13.2±0.9 10.9±0.7 125.3±6.3

QSC 46.6±2.4 14.2±0.8 11.5±0.7 163.3±8.2

3.3.6 Estimating relative biological e�ectiveness

Using 3.7 and the measured microdosimetric spectrum, the RBE of each neutron

source was calculated and shown in table 3.5. For the KUR measured data (epither-

mal and mix mode), the yd(y) spectrum was integrated from 15 to 1000 keV/μm

and the accelerator-based neutron source was integrated from 20 to 1000 keV/μm.

Ideally, to accurately determine the RBE, the yf(y) spectrum should be integrated

from 0 to in�nite. This was not practical as the measured data contained electronic

noise. Monte Carlo simulation assumes no electronic noise, so the PHITS calculated
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yf(y) spectrum was integrated across the whole range and a more accurate RBE was

calculated and shown in table 3.6.

Several authors have utilised the microdosimetric spectrum measured using a TEPC

along with a lineal energy dependent biological weighting function to determine the

RBE of a neutron �eld [109, 116, 117].

Table 3.6: RBE calculated by PHITS for di�erent neutron sources.

Irradiation mode RBE calculated by PHITS

Epithermal 3.0

Mix 2.9

QSC 3.0
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Figure 3.51: Comparison of RBE as a function of neutron energy calculated using
a weighted biological function for various neutron sources.
*yf(y) was integrated from 0 keV/μm to 1000 keV/μm.
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3.4 Discussion and conclusion

The LET-1/2 0.5� proportional counter by Far West Technology was successfully

characterised using the 252Cf source. The gas leak test showed no signi�cant leakage

and showed that the detector can hold the gas pressure for few days without sig-

ni�cant change in the gain. The microdosimetric spectrum of the 252Cf source was

obtained and the proton edge was used to calibrate the channel number to energy

for the TE counter. The electronic noise in the system was high, such that the

electron edge from the gamma rays were di�cult to determine. The PHITS Monte

Carlo simulation showed a nice agreement with measured data. The graphite walled

proportional counter also showed nice results. Since this counter does not contain

any hydrogen in the wall or the �lling gas, the recoil carbons from elastic scattering

and alpha particles from the 12C(n, α) reaction produced in tissue can be simulated.

The gamma ray component was detected, however, a longer measurement time was

necessary to detect the high LET components. In conclusion, the LET-1/2 0.5 inch

proportional counters were characterised using the 252Cf neutron source.

The microdosimetric quantities were measured and agreed with PHITS Monte

Carlo simulation. This detector can be utilised as a tool to determine the beam

quality of di�erent types of radiation. The beam quality of various neutron sources

was measured using the TEPC. During data collection using the epithermal neutron

beam, a low static electrical noise was present in the circuit. This was also observed

during one of the 252Cf measurement in the previous chapter. It was an intermittent

issue and it could not be reproduced. The root cause of this signal was unknown;

however, the detector system was very sensitive and prone to adding large amounts

of noise to the system when it was physically bumped. With the KUR irradiation

system, the TEPC and preampli�er was placed on the treatment couch, and once

the set up was veri�ed the couch moved into the irradiation room (known as the

rail system). This couch motion could have played a role in adding static noise,

such as unwanted cable movement, vibration of the detector or preampli�er. Due

to the limited machine time, there was no opportunity to retract the couch back
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to verify the source of the noise. To overcome this issue, the data collection mode

was changed to list mode, which stores the single event data in time intervals. This

allows one to observe and extract data between a speci�c time frame and if a large

amount of noise was fed into the system at a certain time frame, it was removed.

Hence, the measurements performed after the epithermal mode, which were the mix

mode and accelerator-based neutron source, the low static electrical noise was able to

be minimised. The measurements performed with the graphite walled proportional

counter had a much lower noise compared to the TEPC. This allowed detection of

the gamma ray components down to a few keV/μm. This result also suggested that

the relatively large background noise with the TEPC measurement were caused by

the detector itself and not in the circuitry system.

The RBE calculated from the measured microdosimetric yd(y) curve for the

KUR epithermal and mix mode irradiation was 3.8 and 3.9, respectively. Endo et

al. performed a similar measurement using the TEPC to measure the beam quality

of the epithermal neutron beam at KUR [109]. Endo performed measurements inside

a PMMA block with various thicknesses. The RBE at the shallowest depth (5 mm

of PMMA) was calculated to be 3.6 with decrease in RBE as the depth increased.

Another study by Endo et al. investigated the dose mean lineal energy as a function

of neutron energy [118, 119]. The dose mean lineal energy was calculated to be

approximately 60 keV/μm, which was similar to the measured values. The calculated

RBE from measured results indicate a higher RBE than clinically accepted values

for normal tissue, 3.0 [120, 121]. The di�erence was mainly due to the high noise in

the measuring system, resulting in the exclusion of gamma ray component. Using

PHITS Monte Carlo calculation, the full yd(y) spectrum was simulated and by

incorporating the gamma ray component, the RBE of the neutron beam for normal

tissue was calculated to be approximately 3. The accelerator-based neutron source at

QSC was measured to have a higher dose mean lineal energy and RBE compared to

the KURmix irradiation mode. This was due to the fact the QSC neutron source had

a slightly higher �ux of fast neutrons. This is an important result since in the near
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future, BNCT research and development will be moving toward accelerator-based

neutron sources and it is important to understand the di�erence in the biological

e�ect from the current standard (reactor based).

In conclusion, the microdosimetric single event spectrum was measured for the

clinical BNCT �eld (epithermal) and non-clinical BNCT �elds (mix and accelerator-

based) using the TEPC. The RBE of the accelerator-based neutron source at QSC

was slightly higher than the mix irradiation mode at KUR. The PHITS Monte

Carlo calculation showed a nice agreement with measured microdosimetric spectrum

and the calculated RBE values were close to the clinically utilised values. This

showed that the PHITS T-SED calculation can be used to accurately calculated the

microdosimetric quantities. Using a single response function to determine RBE is a

suitable method to perform intercomparison between di�erent centres, as described

by Gueulette et al. [122]. However, RBE not only depends on the lineal energy,

but it also depends on many other factors such as dose, dose rate, α/β ratio of the

cell, endpoint etc. So hence, these calculated RBE values using a weighted response

function may be used to characterise the radiation quality of a neutron beam, but

it cannot be used for clinical purposes. A more realistic approach using information

from survival experiments to calculate photon-isoe�ective dose may be clinically

suitable [123, 124].
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Chapter 4

Investigation of the use of 3D bridge

silicon on insulator microdosimeter

for BNCT

4.1 Introduction

An ideal detector for the measurement of energy imparted and its distribution, as

de�ned in ICRU report 36 [80], should meet the following criteria:

1. The distribution of energy imparted should be measured for the material of

interest, usually tissue, which is regarded as a solid material.

2. It should be usable for determining the distribution over a su�ciently large

range of volume sizes.

3. The entire range of energy imparted should be measurable.

4. The signal from the detector should be proportional to energy imparted.

5. The detector signal formed by the smallest energy imparted should be free

from any �uctuations due to the detector itself.

A detector system which can ful�ll all these requirements does not exist. A gas-

�lled detector, such as TEPC described in previous chapters, have been widely
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used, however, there are several limitations with TEPCs. One of the well-known

limitations of TEPC is the wall e�ect described in [80]. This e�ect causes distortion

in the microdosimetric distribution due to the density di�erence between the cavity

and the surrounding wall. This still occurs even when the gas inside the cavity

and the wall composition are the same. The wall e�ect can be classi�ed into four

categories.

1. Delta ray e�ect: This is whereby a primary particle enters the cavity simul-

taneously with one of its delta rays. For a microscopic region, the distance

between the two entry points are large enough that it is treated as separate sig-

nals (�gure 4.1a). This e�ect is prominent for high energy, high LET particles

that have a dense distribution of delta rays.

2. Re-entry e�ect: This is whereby an electron re-enters a cavity after it has

traversed due to its curled track (�gure 4.1b). This e�ect only applies to

electrons and prominent for energies above 1 MeV.

3. V e�ect: This is whereby several charged particles are set in motion simulta-

neously from nonelastic nuclear interaction generated outside the cavity (�g-

ure 4.1c). For a microscopic region, the distance between the two entry points

are large enough that it is treated as separate signals.

4. Scattering e�ect: This occurs when an uncharged particle interacts with the

surrounding material and produces more than one charged particle which tra-

verses through the cavity (�gure 4.1d). In a real case, the two charged particle

tracks may be far enough apart that only one of them would enter the cavity.
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Figure 4.1: Diagram of the four types of wall e�ects for a proportional counter: a)
delta ray e�ect, b) re-entry e�ect, c) V e�ect, and d) scattering e�ect.

The error caused by wall e�ects has been estimated on a theoretical basis by

Kellerer [125, 126]. Kellerer found that delta-ray e�ect is important for heavy

charged particles and high energy electrons. These delta-ray e�ects also cause dis-

tortions, where heavy charged particles produce one or more delta rays inside the

cavity. For a 1 μm simulated diameter, these distortions are reported to be 3% to

8% for neutron energies between 10 and 30 MeV. The distortions add signi�cant un-

certainties in the frequency mean lineal energy. Other limitations include electronic

noise, high voltage operation, large physical size and the ability to only mimic a sin-

gle, isolated cell [4]. One of the interests in BNCT dosimetry is the determination

of the dose delivered to the tumour cell by the boron component. To achieve this, a

radiation detector capable of simulating a tissue cell size and the ability to deposit

boron concentration in various regions in a cell is required. The TEPC can simulate

a tissue cell, however, it is di�cult to implant localised boron concentration into the

detector.
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4.1.1 3D bridge silicon on insulator microdosimeter

To overcome the drawbacks of the TEPC, the CMRP at the UOW developed a 3D

bridge silicon on insulator microdosimeter. The bridge microdosimeter has a large

sensitive area of 4.1×3.6 mm2 having a total of 4248 individual SVs. The device is

segmented into three sections to reduce the capacitance and reverse current. It is

based on an array of planar 30×30×10 μm3 SVs fabricated on a high resistivity 3 kΩ

cm n-SOI active layer of thickness 10 μm and low resistivity supporting wafer. Each

SV was fabricated using ion implantation to produce a square p-i-n diode structure.

The SV rows were sectioned into even and odds rows with independent read out

to avoid events in adjacent sensitive volumes being read as a single event. The P+

silicon layer has a depth of 0.2 μm constructed by ion implantation at 30 keV with

an impurity concentration of 1.5Ö1015 cm−3. In the case of silicon detectors, the

ion implantation technique allows boron to be directly implanted to the chip. By

changing the doping concentration or P+ layout, the boron distribution through

the cell may be varied. Separate to direct boron implantation, a detachable boron

converter can be used to model the biological situation where boron accumulates

on the cell surface. Previous study by Bradley and Rosenfeld [127] used a thin �lm

of aluminum backed Uranium-235. A boron carbide (B4C) nanoparticle has been

recently used for advanced head and neck cancer treatment for BNCT [27, 128, 129].

Also, a thin B4C converter has been e�ective for neutron detection to determine thin

�lm quality [130].
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Figure 4.2: SOI microdosimeter chip.

Figure 4.3: A schematic of the design of SOI bridge microdosimeter. a) 3D view; b)
Cross-sectional view.
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Figure 4.4: Scanned electron microgram of the SOI bridge microdosimeter.

4.1.2 Modi�ed 2 μm thick sensitive volume detector

For calculation of energy imparted, it is important to understand the �ve classes of

track interactions within a target volume.

1. Insiders: Particles originating in the volume may lose their entire energy in

the volume.

2. Starters: Particles originating in the volume may leave the volume before

losing all their energy.

3. Stoppers: Particles originating outside the volume may enter the volume and

stop within the volume.

4. Crossers: Particles originating outside the volume may cross the volume, de-

positing only part of their energy in the volume.

5. Touchers: Delta rays may enter the volume from the outside as particles pass

by.
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Figure 4.5: Diagram showing the �ve classes of tracks: crossers, insiders, starters,
stoppers and touchers [11].

If the cavity size is large compared to the particle range, insiders are the dom-

inant events. If the cavity is small, crossers are the dominant tracks (Bragg-Gray

condition). In general, silicon detectors will only be appropriate in radiation envi-

ronments where secondary charged particles produced in tissue have a range that

is much longer than the mean chord length of the detector volume. The detector

requirement is dependent upon the application in which they are intended to be

used. For radiation protection, microdosimetric spectra may be used to determine

the e�ective dose equivalent. Large uncertainties exist in the calculation method

and measurement uncertainties of less than 30% are acceptable for radiation pro-

tection purposes [131]. On the contrary, dose determination in radiotherapy has

a much stringent requirement of 5% accuracy due to the proximity of the curves

relating to tumour control and normal tissue complications to absorbed dose [132].

The typical recoil products of BNCT and their ranges inside ICRU striated muscle

obtained from SRIM are shown in table 4.1.
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Table 4.1: Typical ranges of recoil products present in BNCT radiation �eld.

Typical products Range (μm)

1.47 MeV alpha 7.7

0.84 MeV lithium 4.1

0.59 MeV nitrogen 10.5

0.04 MeV carbon 0.2

The lineal energy, de�ned as the ratio of the energy deposition by a particle in the

biological target and the mean chord length of this target, is adopted to characterise

the radiation quality. This de�nition is based on the approximation that the particle

mean path length is equal to the target mean chord length. This approximation is

valid for radiation that cross the target from outside (i.e. crossers). In the case

of starters, insiders and stoppers, particle path lengths are always shorter than the

target chord length. This give rise to the lineal energy not re�ecting the speci�c

energy deposition along the particle path. The sensitive volume thickness of the

current detector is 10 μm. The alpha particle (1.47 MeV) and 7Li ion (840 keV)

generated from the nuclear reaction when 10B captures a thermal neutron has a

range of approximately 5 μm and 2.4 μm inside silicon, respectively. Therefore, for

the 10 μm thick microdosimeter, many detected events will be stoppers. To measure

the true speci�c energy deposition, a thinner, 2 μm thick sensitive volume detector

was designed and tested using Monte Carlo simulation.
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4.2 Material and method

4.2.1 3D bridge microdosimeter detector characterisation

4.2.1.1 Current-Voltage characteristic

Current-Voltage (IV) characteristic measurements were performed on each pin (row

of parallel connected single detectors) to ascertain the electrical properties of the

detector. A Keithley model 237 high-voltage source measure unit controlled using

a Metrics ICS software was used to measure the IV. Parameters set on the Keithley

model 237 are shown in table 4.2. A compliance level of 0.5 μA was set to prevent any

damage to the detector from high current being drawn through the sensitive volume.

When the current reached compliance, the Metrics ICS software was programmed

to prevent further increases in voltage applied across the detector.

Table 4.2: Parameters set on the Keithley model 237 for IV measurements

Parameters

Mode Sweep

Type Linear

Compliance 0.5 μA

Step size 1 V

Start - stop 0 - 15 V (negative bias)

4.2.1.2 Alpha particle spectroscopy

Alpha particle spectroscopy was performed to analyse the detectors response to

alpha radiation. Alpha particle spectroscopy can provide detailed information about

the energy loss in the over layers to determine their e�ective thickness and energy

resolution of the silicon detectors. The spectral characterisation was performed using

an 241Am alpha emitting source. The detector and an Amptek A250 charge sensitive

preampli�er were placed into a vacuum chamber to eliminate the absorption of alpha
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particles by air. The preampli�er output was connected to an Ortec 571 shaping

ampli�er with a shaping time of 1 μs. The signal was recorded with an Amptek MCA

8000A Multi Channel Analyzer (MCA). The energy calibration was performed with

an Ortec 419 precision pulse generator. The pulse generator was energy-calibrated

with a fully depleted Hamamatsu S3590-09 300 μm thick windowless planar silicon

PIN diode with 100% charge collection e�ciency (CCE).

4.2.1.3 Ion Beam Induced Charge Collection study

The charge collection study was carried out using the Ion Beam Induced Charged

Collection (IBICC) technique at the Australian Nuclear Science and Technology

Organisation (ANSTO). The ANSTO heavy ion microprobe is located on a 10 MV

ANTARES tandem accelerator with a beam size of a micrometre with a maximum

mass energy product of 100 MeV/amu. The data acquisition (DAQ) system consisted

of a software installed in Windows, a scanning ampli�er, four 8192 channel Analogue

to Digital Converters (ADCs), and a current integrator connected to the sample

holder. The detector was mounted on an aluminium stick inside a vacuum chamber.

The energy deposited in the detector was measured using an Amptek A250 charge

sensitive preampli�er and Canberra 2025 shaping ampli�er with a 1 μs shaping time.

The signal was fed into a Canberra 8701 ADC of the DAQ. System. The microbeam

position (x and y) and the energy deposited (∆E ) were saved for each event in a list

mode �le. This allowed for reconstruction of interaction maps, which display the

median charge collected at di�erent points in the device and show the variance with

position of the number of interactions counted within a certain energy window. The

images allow observation of the physical boundaries of charge collection with the

array of diodes and illustrate the response uniformity of the devices and any charge

collection characteristics that may a�ect its use as a microdosimeter. The energy

was calibrated using a calibrated pulse generator, previously calibrated to a 300 μm

thick planar silicon PIN diode.
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4.2.2 Monte Carlo simulation

The detectors response under a neutron �eld used for BNCT was simulated using the

Monte Carlo simulation code PHITS. Firstly, an optimal boron converter thickness

was investigated for both the clinical BNCT beam (epithermal irradiation mode) and

a non-clinical BNCT beam (mixed irradiation mode). Once this was determined,

the energy deposition inside the sensitive volume of the detector when irradiated

by neutrons were calculated with and without a boron converter in place. The

microdosimetric spectrum, yd(y), was calculated from the energy deposition by

dividing the deposited energy by the average chord length of the sensitive volume.

The average chord length of the sensitive volume was calculated to be 12 μm for the

10 μm thick detector and 3.5 μm for the 2 μm thick detector, using the following

expression:

l̄ =
4V

S
(4.1)

where V is the the volume and S is the surface area of the sensitive volume.

However, this expression strictly only applies for a fully isotropic source. The source

geometry used for the calculation was a 2pi geometry. To validate the use of this

expression, the T-Track tally of PHITS, which calculates the �uence of a particle in

any speci�ed region, was used to directly calculate the chord length.

Figure 4.6: Cross section of an individual sensitive volume of the SOI bridge detector
with (left) and without (right) the B4C converter modelled using PHITS.
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Figure 4.7: Cross section of an individual sensitive volume of the 2 μm thick SOI
bridge detector (left) with B4C converter (right) without converter.

4.3 Results

4.3.1 3D bridge microdosimeter detector characterisation

4.3.1.1 Current-Voltage characteristic

The IV characteristics of the 3D bridge microdosimeter for segments 1 and 2 are

shown in �gure 4.8. At an operating voltage of 10 V, all pins (i.e. detector rows)

had low leakage current (< -3 nA). The IV characteristic of segment 3 is shown

in �gure 4.9. These rows of detectors were found to have high leakage current (>

-100 nA), which indicated a short in the circuit. Segment 3 was not used for further

characterisation tests.
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Figure 4.8: IV characteristics of odd and evens rows of segment one and two (pin 1
and 2) of the 3D bridge microdosimeter.
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Figure 4.9: IV characteristics of o� and even rows of segment three (pin 3) of the
3D microdosimeter.

4.3.1.2 Alpha particle spectroscopy

The energy of the alpha particles from the 241Am source deposited in the sensitive

volume of the detector is shown in �gure 4.10. An alpha particle with an energy of
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5.486 MeV has a stopping power of 133.4 keV/μm in silicon, calculated using SRIM

[133]. Alpha particles traversing through 10 μm of silicon will deposit a total energy

of 1334 keV. However, due to the over layer material (SiO2, and aluminium contact

layers) the alpha particles lost some of its energy before entering the sensitive volume.

Using PHITS Monte Carlo simulation, the energy deposited inside the sensitive

volume was calculated to be 1536.2 keV, shown in �gure 4.11. The experimental

result was 1566 keV which agreed with the simulation results within 2% uncertainty.
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Figure 4.10: Alpha particle spectrum of 241Am measured using the 3D bridge mi-
crodosimeter.
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Figure 4.11: Simulated spectrum of 5.486 MeV alpha particles deposited inside the
sensitive volume of the 3D bridge microdosimeter.

4.3.1.3 Ion Beam Induced Charge Collection

The MCA spectra and median energy map obtained with the 3D bridge micro-

dosimeter at a bias of 0 V is shown in �gure 4.12. The energy peak deposited

in the 10 μm thick bridge microdosimeter was approximately 1350 keV, which was

relatively close to the expected energy deposition of 1585 keV from 5.5 MeV He2+

ions traversing through the over layers and 10 μm layer of silicon, calculated with

PHITS. The second peak on the left (approximately 900 keV) corresponded to the

lower charge collection outside the active area of the p+ and n+ electrodes, when

the alpha particles were incident onto the aluminium tracks across the bridge. The

red region in the median energy map shows incomplete charge collection around the

edges of the detector and across the bridge. The MCA spectra and median energy

map obtained at a bias of 10 V applied to the detector is shown in �gure 4.13. Com-

pared to the 0 V results, a more uniform charge collection was obtained inside the

sensitive volume of the detector, which resulted in a single Gaussian shaped curve.

However, with a stronger electric �eld applied across the detector, the low energy

events across the bridge region of the detector were being collected. This caused
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broadening of the spectrum and shifting the peak to the lower end, approximately

1250 keV.

Figure 4.12: IBICC results for 3D bridge microdosimeter in response to 5.5 MeV
He2+ ions. Left: MCA spectrum of the bridge microdosimeter at 0 V. Right: Median
energy map of the bridge microdosimeter at 0 V.

Figure 4.13: IBICC results for 3D bridge microdosimeter in response to 5.5 MeV
He2+ ions. Left: MCA spectrum of the bridge microdosimeter at 10 V. Right:
Median energy map of the bridge microdosimeter at 10 V.

4.3.2 Monte Carlo simulation under neutron �eld

4.3.2.1 Optimal converter thickness

The e�ect of converter thickness on the neutron spectrum is shown in �gure 4.14. As

the B4C converter thickness increased, the thermal neutron component (< 0.025 eV)
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of the mix irradiation mode spectrum was attenuated and the thermal neutron �ux

dramatically decreased. The epithermal neutrons (0.025 � 0.4 eV) were less prone to

attenuation and no signi�cant change in the spectrum were observed up to 100 μm

thickness of B4C converter. The alpha particle spectrum detected inside the sensitive

volume of the detector is shown in �gure 4.15. For the mix irradiation mode, the

alpha particle �ux was the largest at a converter thickness of 1 μm and reduced as

the converter thickness increased. For the epithermal irradiation mode, the highest

alpha particle �ux was calculated at a converter thickness of 5 μm. The absorbed

dose delivered by alpha particle and electrons inside the sensitive volume of the

detector was calculated for each converter thickness, shown in �gure 4.16. For the

mix irradiation mode, as the thickness of the converter increased, the alpha particle

dose decreased while the electron dose increased. For the epithermal irradiation

mode, as the converter thickness increased the dose from the alpha particle also

increased and reach a peak at 5 μm, then decreased from there on. The electron

dose was similar to the mix irradiation mode. The overall dose delivered to the

sensitive volume was higher for the mix irradiation mode, due to larger number of

alpha particles produced from the high thermal neutron component.

120



10
5

10
6

10
7

10
8

10
9

10
−10

10
−8

10
−6

10
−4

10
−2

10
0

10
2

N
eu

tr
o
n
 f

lu
x

 (
cm

−
2
 s

−
1
)

Neutron energy (MeV)

0 µm
1 µm
5 µm

10 µm
50 µm

100 µm
0.1 cm

(a)

10
5

10
6

10
7

10
8

10
9

10
−10

10
−8

10
−6

10
−4

10
−2

10
0

10
2

N
eu

tr
o
n
 f

lu
x
 (

cm
−

2
 s

−
1
)

Neutron energy (MeV)

0 µm
1 µm
5 µm

10 µm
50 µm

100 µm
0.1 cm

(b)

Figure 4.14: Neutron spectrum calculated inside the sensitive volume of the SOI
bridge with various thickness of B4C converter for (a) KUR mix mode and (b) KUR
epithermal mode.
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Figure 4.15: The alpha particle �ux calculated inside the sensitive volume of the
detector at various thickness of B4C converter for (a) KUR mix mode and (b) KUR
epithermal mode.

122



 0

 1

 2

 3

 4

 5

 6

 7

 0.1  1  10  100  1000  10000

0.005

0.010

0.015

0.020

0.025

A
lp

h
a 

ab
so

rb
ed

 d
o
se

 (
G

y
)

E
le

ct
ro

n
 a

b
so

rb
ed

 d
o
se

 (
G

y
)

Converter thickness (µm)

Alpha
Electron

(a)

 0

 0.2

 0.4

 0.6

 0.8

 0.1  1  10  100  1000  10000
 0

 2

 4

 6

 8

A
lp

h
a 

ab
so

rb
ed

 d
o
se

 (
G

y
)

E
le

ct
ro

n
 a

b
so

rb
ed

 d
o
se

 (
m

G
y
)

Converter thickness (µm)

Alpha
Electron

(b)

Figure 4.16: Alpha and electron absorbed dose calculated inside the sensitive volume
at various converter thickness for (a) KUR mix mode and (b) KUR epithermal mode.

4.3.2.2 Energy deposition

The energy deposition inside the sensitive volume of the SOI bridge microdosimeter

under neutron irradiation was calculated with and without the B4C converter. A

5 μm thick converter was used. The energy deposition spectrum when the bridge

123



detector was irradiated with the mix irradiation mode with the B4C converter is

shown in �gure 4.17. A large portion of events traversing the sensitive volume were

found to be the alpha and 7Li ions. A double peak feature was observed for the alpha

particle deposited inside the sensitive volume. The peak at approximately 700 keV

are events from the alpha particle generated in the boron converter that traversed

through the silicon dioxide and aluminium over layers. The peak at approximately

1200 keV are also events from the alpha particle generated in the boron converter,

but those that enter the sensitive volume laterally. These alpha particles are not

attenuated and thus deposit a higher energy. The range and stopping power of

1.47 MeV alpha particle and 840 keV7Li ion inside silicon, taken from SRIM (Stop-

ping and Range of Ions in Matter) 2013 [133] is shown in table 4.3. To calculate

the energy of the alpha and 7Li ions that have traversed through the silicon dioxide

and aluminium over layers, TRIM (Transport of Ions in Matter) was used to and

the results are shown in table 4.4. The energy deposition spectrum for the non-

converter spectrum is shown in �gure 4.18. Due to the small area of the P+ region,

only a small number of alpha and 7Li ions traversed the sensitive volume. The low

energy events were from the recoil Si ions. A similar spectrum was obtained with

the epithermal irradiation mode, however, with much lower alpha and 7Li events

detected inside the sensitive volume.

Table 4.3: Range and stopping power of each particle inside silicon.

Particle Energy (keV) Range in silicon (μm) Stopping power (keV/μm)

Alpha 1470 5.0 269.2

7Li 840 2.5 486.9
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Figure 4.18: Energy deposit inside the sensitive volume of the SOI bridge using
KUR epithermal mode (a) with B4C converter and (b) without converter.

The T-Track tally calculated the average chord length of the SOI bridge mi-

crodosimeter to be 12.21±0.05 μm. This showed the 4V /S formula expressed the

average chord length of the SOI bridge reasonably well. By dividing the energy

by the average chord length, 12 μm, the lineal energy was calculated and the yd(y)
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spectrum was generated, shown in �gure 4.19. For both converter and non-converter

set up, the peak was observed around 100 keV/μm and a maximum at 130 keV/μm.

An alpha particle with an energy of 1.47 MeV will deposit a maximum energy of ap-

proximately 260 keV/μm inside silicon. The discrepancy is due to the average chord

length of 12 μm being longer than the range of the 1.47 MeV alpha particle in silicon.

This shifts the yd(y) spectrum to a lower lineal energy region. This is graphically

represented by �gure 4.20 and �gure 4.21 which show ion tracks of 1.47 MeV alpha

particle and 840 keV 7Li ions travelling through the sensitive volume of the bridge

detector, respectively. The image on the left represents the particles generated inside

the converter layer only. The image on the right represents the non-converter set

up, with alpha and 7Li particles generated only from the P+ region of the sensitive

volume. The alpha and 7Li ions that are produced in the P+ region come to a full

stop inside the sensitive volume.
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Figure 4.19: yd(y)microdosimetric distribution with and without converter for the
(a) KUR mix mode and (b) epithermal irradiation mode.
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Figure 4.20: 2D ion track of 1.47 MeV alpha particles generated in the B4C converter
(left) and in the P+ region (right).

Figure 4.21: 2D ion track of 840 keV 7Li ions generated in the B4C converter (left)
and in the P+ region (right).

The energy deposition spectrum of the 2 μm bridge detector when irradiated

with KUR mix mode is shown in �gure 4.22. A single sharp peak at approximately

700 keV was observed, which correlated to the alpha particles traversing through

the sensitive volume. The number of reaction particles entering from the side of the

detector was reduced. Without the converter, only a few events were detected due

to the small volume of the detector. The energy deposition inside the 2 μm detector

when irradiated using the epithermal mode is shown in �gure 4.23. Similar results

were obtained, but with an even lower count than the mix mode results.
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Figure 4.22: Energy deposition inside the sensitive volume of the 2 μm thick SOI
bridge detector using KUR mix mode (a) with B4C converter (b) without converter.
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Figure 4.23: Energy deposition inside the sensitive volume of the 2 μm thick SOI
bridge detector using KUR epithermal mode (a) with B4C converter (b) without
converter.

The yd(y) versus lineal energy spectrum was generated and shown in �gure 4.24.

The left graph represents the KUR mix mode irradiation and the right graph rep-

resents the epithermal irradiation mode. With the converter, a peak in yd(y) at

approximately 200 keV/μm was observed with a maximum at a lineal energy of ap-
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proximately 400 keV/μm. This peak value at 200 keV/μm was close to the expected

value of 260 keV/μm. The events greater than 260 keV/μm, observed for both con-

verter and non-converter setup, were primarily the alpha particles traversing the

sensitive volume in the lateral direction. The detector length in the lateral direction

is 30 μm, so the alpha particle will come to a full stop inside the sensitive volume.

The mean chord length was calculated to be 3.5 μm, which is shorter than the range

of a 1.47 MeV alpha particle in silicon (approximately 5 μm). So, by dividing these

events by the mean chord length, the yd(y) spectrum shifted toward a larger lineal

energy.
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Figure 4.24: yd(y) microdosimetric distribution with and without converter for the
KUR (a) mix mode (b) epithermal irradiation mode.

The 2D ion tracks of 1.47 MeV alpha particles and 840 keV 7Li ions inside the

detector are shown in �gure 4.25 and �gure 4.26, respectively. The ion track indicates

that a proportion of the alpha and 7Li ions generated in the P+ region and B4C

converter traverse through the whole length of the sensitive volume. Those that
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travelled laterally stopped inside the sensitive volume. The total number of crossers

and stoppers inside the sensitive volume are shown in table 4.6. Compared to the

10 μm thick bridge detector, the number of crossers has increased.

Figure 4.25: 2D ion track of 1.47 MeV alpha particle generated in the B4C converter
(left) and in the P+ region (right).

Figure 4.26: 2D ion track of 840 keV 7Li ions generated in the B4C converter (left)
and in the P+ region (right).

The yd(y) dose distribution spectrum of the alpha particle and 7Li ion calculated

for the two di�erent detectors are shown in �gure 4.27 and �gure 4.28, respectively.

The thinner sensitive volume detector (i.e. 2 μm) spectrum was shifted toward the

higher lineal energy region, primarily due to more crossers as oppose to stoppers.
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Figure 4.27: yd(y) microdosimetric spectrum of alpha particles inside the sensitive
volume of the SOI bridge detector.
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Figure 4.28: yd(y) microdosimetric spectrum of 7Li particles inside the sensitive
volume of the SOI bridge detector.
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4.4 Discussion and conclusion

The characterisation of the SOI bridge microdosimeter was performed at the detector

lab in ANSTO. The electrical characterisation (I-V measurements) indicated which

segment was functioning (i.e. low reverse current). Following the I-V measurement,

alpha particle spectroscopy was performed using the functioning rows of the detector.

The results showed excellent response to alpha particles. Once the response to alpha

particles were evaluated, the charge collection study was performed using IBICC.

The charge collection inside the sensitive volume of the detector was measured and

results showed a near 100% charge collection inside the sensitive volume.

The feasibility of the SOI bridge microdosimeter for BNCT dosimetry was per-

formed using PHITS Monte Carlo simulation. For in air measurements, a 1 μm

thick boron converter was optimal for mix neutron irradiation mode as it produced

the greatest number of reaction particles and had the least e�ect perturbation ef-

fect. For the epithermal irradiation, due to the buildup e�ect, a slightly thicker

5 μm converter was found to be the optimal thickness in generating high number

of reaction particles. A 5 μm B4C converter was found at have little e�ect on the

neutron beam perturbation for both mix and epithermal irradiation mode, it pro-

duced high number of alpha and 7Li ions and low number of secondary electrons,

so this thickness was used for calculation for both irradiation modes. The energy

deposition spectrum showed with the B4C converter present, many alphas and 7Li

ions were detected inside the sensitive volume. Without the converter, a few alpha

and 7Li ions generated inside the P+ region were deposited inside the sensitive vol-

ume, but many events were predominantly recoil silicon ions. The energy deposition

spectrum was converted to the yd(y) microdosimetric spectrum and it was found

that the 10 μm thick sensitive volume was too large to accurately calculate the

yd(y) versus lineal energy distribution. To accurately calculate the microdosimetric

distribution, a smaller detector geometry was found to be necessary.

A 2 μm thick SOI microdosimeter has been fabricated and tested previously

[134]. The result indicated that a 2 μm thick SOI bridge detector with functioning
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detector rows was possible to fabricate. For accurate determination of microdosimet-

ric measurements, the radiation passing the sensitive volume of the detector should

ideally be crossers. With the 2 μm thick bridge detector, the number of crossers

had increased in comparison to the 10 μm thick detector. This was re�ected on

the yd(y) microdosimetric dose distribution spectrum of alpha and 7Li ions. The

dose distribution spectrum for the 2 μm thick detector shifted to the right, moving

the peak closer to the expected lineal energy. The alpha particle and 7Li ions gen-

erated in the B4C converter and P+ region travel in a 2pi direction. Those that

travelled parallel to the neutron beam (i.e. sensitive volume thickness direction)

were crossers, as the alpha particle and 7Li ion ranges were greater than 2 μm inside

silicon. Those that travelled perpendicular to the neutron beam (i.e. laterally across

the sensitive volume) were stoppers, as the lateral dimension of the sensitive volume

was 30 μm which was larger than the range of the particles inside silicon. To detect

a higher number of crossers inside the sensitive volume, the lateral dimension of the

sensitive volume also needs to be considered. Due to the fact the 2 μm thick SOI

bridge detector has a smaller volume than the 10 μm thick detector, the number of

particles entering the sensitive volume was low, therefore producing lower number

of events. To obtain su�cient number of events to observe the alpha and 7Li ions,

a longer irradiation time than the 10 μm thick detector will be necessary.
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Figure 4.17: Energy deposit inside the sensitive volume of the SOI bridge using
KUR mix mode (a) with B4C converter and (b) without converter.
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Chapter 5

Investigation of the use of 3D

mushroom microdosimeter for BNCT

5.1 Introduction

As mentioned in chapter 1, there are two main boron drugs used for BNCT, BSH

and BPA. The main di�erence between the two drugs is how it is accumulated and

distributed within a tumour cell. A graphical representation of the boron distribu-

tion inside a cell for boric acid, BSH and BPA are shown in �gure 5.1. This shows

that BSH compound has the tendency to accumulate around the cytoplasm of the

cell, in contrast BPA accumulates inside the cytoplasm.
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Figure 5.1: Graphical representation of the distribution of boron in a cell for di�erent
boron delivering compounds.

An area of interest is the determination of dose delivered to a cell from the boron

dose (i.e. alpha and 7Li ions). The previous chapters investigated the feasibility of

the 3D bridge microdosimeter for BNCT dosimetry. The results showed that it can

detect the particles generated from the boron capture reaction by using an exter-

nal converter. There are few issues with an external converter, such as di�culty

in manufacturing, but most importantly the reaction particles generated from the

converter traverses through the over layers of the detector, losing energy and some

particles come to a full stop inside the over layer material. The reaction particles

generated from the p+ planar region located in the sensitive volume of the detec-

tor showed full energy deposition and more closely re�ected the clinical situation

in BNCT. However, the planar p+ region is only located super�cially and across

a small area. To closely simulate a cell with an uptake of boron, a larger p+ re-

gion that is directly in contact with the sensitive volume is desirable. The CMRP

developed a new type of microdosimeter, called the 3D mushroom microdosimeter,

which has these properties. Few authors have investigated the e�ect of di�erent

boron compounds for BNCT using Monte Carlo simulation [135, 136]. This chapter

investigates the detector characterisation and its potential use for dose distribution

inside a cell.
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5.2 Material and method

5.2.1 Detector design

The 3D mushroom microdosimeter consisted of a 3D cylindrical sensitive volume

with a n+ core produced by ion implantation. Each sensitive volume was surrounded

with a complete p+ doped trench �lled with polysilicon, shown in �gure 5.2 and �g-

ure 5.3. The aluminium pads were used to increase the surface area to reduce metal

line breakage which commonly occurred over the p+ trenches. PMMA material was

placed on top of the oxide layer. Each individual sensitive volume was cylindrical

in shape with a diameter and height of 10 μm. A total of 2500 individual sensitive

volumes were connected in an array. The pitch between each individual sensitive

volume was 40 μm to reduce cross talk between neighbouring row of detectors. For

simplicity, the over layers and aluminium tracks were excluded from the image.

Figure 5.2: Cross sectional side and top view of the 3D mushroom microdosimeter
con�guration, indicating the Al pad thickness (1.2 mm) and thickness of the oxide
layer over each region.
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Figure 5.3: 3D schematic of the 3D mushroom microdosimeter.

Figure 5.4: Scanning electron microgram image of 3D mushroom microdosimeter
a) Array of sensitive volume showing the odd and even rows. b) Single sensitive
volume.

The literature review section of this thesis touched on various 3D detector man-

ufactures and proposed approaches to 3D detector designs. The ability to create

p+ columns going all the way through the sensitive volume of the detector has an

interesting application in BNCT. A detector with a p+ column going through the

centre of the sensitive volume crudely represents a cell with an uptake of BPA (�g-
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ure 5.5). The current design of the p+ ring wrapped around the sensitive volume

can be related to a cell with an uptake of BSH (�gure 5.6).

Figure 5.5: Modi�ed 3D mushroom microdosimeter with p+ core through the centre
of the sensitive volume. a) Cross sectional top view. b) Cross sectional side view. c)
3D geometry. The overlayers and aluminium tracks were excluded from the image
for visual aid.
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Figure 5.6: Modi�ed 3D mushroom microdosimeter with p+ ring wrapped around
the centre of the sensitive volume. a) Cross sectional top view. b) Cross sectional
side view. c) 3D geometry. The over layers and aluminium tracks were excluded
from the image for visual aid.

5.2.2 Alpha particle spectroscopy

Spectral characterisation was performed using an 241Am source using the same ex-

perimental set up as described in chapter 4.

5.2.3 Charge collection study

The charge collection e�ciency for the mushroom microdosimeter was measured

using the IBICC technique with the ANTARES heavy ion microprobe at ANSTO,

described earlier in chapter 4. A monoenergetic beam focused to a diameter of

approximately 1 μm was raster scanned over the surface of the microdosimeter. A

24 MeV 12C was used for this study.
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5.2.4 Monte Carlo simulation

The detectors response under a neutron �eld used for BNCT was simulated using

the Monte Carlo calculation code PHITS. The energy deposition inside the sensitive

volume of the detector when irradiated by neutrons were calculated with and without

a boron converter in place. The microdosimetric spectrum, yd(y), was calculated

from the energy deposition by dividing the deposited energy by the average chord

length of the sensitive volume.

5.3 Results

5.3.1 Alpha particle spectroscopy

The energy of the 241Am alpha particles deposited in the sensitive volume of the

3D mushroom microdosimeter is shown in �gure 5.7. Using PHITS Monte Carlo

simulation, the energy deposited inside the sensitive volume was calculated to be

1514 keV. The experimental result was 1481 keV which agreed with the simulation

results within 3% uncertainty.
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Figure 5.7: Alpha particle spectrum of 241Am measured using the 3D mushroom
microdosimeter.
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5.3.2 Charge collection study

The energy spectrum of the 24 MeV 12C ion measured using the 3D mushroom mi-

crodosimeter is shown in �gure 5.8. The energy peak deposited in the 3D mushroom

microdosimeter was approximately 9000 keV, which was very close to the expected

energy deposition of 8872 keV from 24 MeV 12C ions traversing through the over

layers and 10 μm layer of silicon, calculated by PHITS, shown in �gure 5.9. The

median energy map at di�erent bias applied to the detector are shown in �gure 5.10.

Figure 5.8: MCA spectrum a 24 MeV 12C ion measured with the 3D mushroom
microdosimeter at 10 V.
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Figure 5.9: Simulated spectrum of 24 MeV 12C ions deposited inside the sensitive
volume of the 3D mushroom microdosimeter.

5.3.3 Monte Carlo simulation

5.3.3.1 Alpha particle

The ion track of 1.47 MeV alpha particles produced inside the p+ region is shown

in �gure 5.11. The left image show the tracks of alphas generated in the p+ core

through the centre of the sensitive volume and the right shows the tracks of alphas

generated in the p+ ring on the outside of the sensitive volume. It was found

the total �ux inside the sensitive volume was higher for the p+ core through the

centre. This was because not all alphas entered the sensitive volume for the p+ ring

design. The deposit energy inside the sensitive volume for both designs is shown

in �gure 5.12. The p+ core design was found to have higher number of counts

compared to the p+ ring design.
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Figure 5.11: Ion track of 1.47 MeV alpha particles inside a single sensitive volume.
Left) p+ core through the centre of the sensitive volume. Right) p+ ring on the
outside of sensitive volume.
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Figure 5.12: Deposit energy of 1.47 MeV alpha particles inside the sensitive volume
for p+ core (red) and p+ ring (blue).

151



Table 5.1: Dose delivered from alpha particles to the sensitive volume and surround-
ing material for both detector type

Dose delivered (Gy/n)

Detector type Sensitive volume Surrounding PMMA

P+ core 9.8×10-2 2.5×10-7

P+ ring 3.9×10-2 3.9×10-3

5.3.3.2 Lithium ions

The ion track of 840 keV 7Li particles produced inside the p+ region is shown in

�gure 5.13. The left image show the tracks of 7Li ions generated in the p+ core

through the centre of the sensitive volume and the right image shows the tracks of

7Li ions generated in the p+ ring on the outside of the sensitive volume. Similarly,

with the alpha particles, higher number of 7Li ions were deposited inside the sensitive

volume for the p+ core design. The range of 840 keV 7Li ions inside silicon is 2.46 μm,

so all the 7Li ions generated stopped inside the sensitive volume. The deposit energy

inside the sensitive volume for both detector design are shown in �gure 5.14. The

p+ core design was found to have higher number of counts compared to the p+ ring

design.
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Figure 5.13: Ion track of 840 keV 7Li particles inside a single sensitive volume. Left)
p+ core through the centre of the sensitive volume. Right) p+ ring on the outside
of sensitive volume.
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Figure 5.14: Deposit energy of 840 keV 7Li particles inside the sensitive volume for
p+ core (red) and p+ ring (blue).
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Table 5.2: Dose delivered from 7Li particles to the sensitive volume and surrounding
material for both detector type

Dose delivered (Gy/n)

Detector type Sensitive volume Surrounding PMMA

P+ core 4.5×10-2 0

P+ ring 1.9×10-2 1.7×10-3

5.3.4 Neutron irradiation

The deposit energy spectrum obtained with the p+ core and p+ ring detector when

irradiated by KUR mix irradiation mode are shown in �gure 5.15 and �gure 5.16, re-

spectively. Higher events were observed with the p+ ring detector, due to the larger

surface area of the p+ region. The main component was the 1.47 MeV alpha parti-

cle, followed by the 840 keV 7Li ion, red and blue line respectively. Small amount

of recoil silicon was calculated, however, compared to the 3D bridge microdosimeter

(chapter 4 and 5) the amount was much smaller due to the smaller volume of the

detector and replacing the surrounding silicon with PMMA. The energy deposited of

the p+ core detector with a 5 μm thick B4C converter placed on top on the detector

(similar set up to chapter 4 and 5) is shown in �gure 5.17. A broad spectrum was

obtained with the B4C converter in place. This is because the reaction particles that

are generated in the converter will travel through the over layers (aluminium tracks

and silicon oxide) through various angles, thus creating a broad energy spectrum.

The total number of events was the highest with the converter in place. The total

deposit energy for each detector con�guration, normalised to the max (i.e. alpha

peak) is shown in �gure 5.18. The low energy events below 10 keV were primarily

recoil silicon events. These events were prominent for p+ core calculation, purely

because the number of alpha events were low. As the number of alpha events in-

creased, the ratio of alpha events to recoil silicon increased and the recoil silicon
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events become small in comparison. The microdosimetric yd(y) distribution of each

detector con�guration is shown in �gure 5.19 The p+ core without the converter was

found to have the highest lineal energy distribution, with a peak at approximately

290 keV/μm. This value is close to the expected value of 270 keV/μm. The p+ ring

detector and p+ core with converter con�guration showed a similar distribution with

a peak at approximately 210 keV/μm.
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Figure 5.15: Deposit energy spectrum obtained from the p+ core detector when
irradiated with KUR mix irradiation mode.
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Figure 5.16: Deposit energy spectrum obtained from the p+ ring detector when
irradiated with KUR mix irradiation mode.
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156



 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

10
1

C
o
u
n
t 

[N
o
rm

al
is

ed
 t

o
 m

ax
]

Deposit energy (MeV)

p+ core with converter
p+ core
p+ ring

Figure 5.18: Total deposit energy of each detector con�guration. Each spectrum
was normalised to peak for visual comparison.
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Figure 5.19: Microdosimetric yd(y) spectrum of each detector con�guration. Each
spectrum was normalised to peak for visual comparison.
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5.4 Discussion and conclusion

Monte Carlo simulation was performed using PHITS to investigate the feasibility of

a concept design detector, based on the 3D mushroom microdosimeter, for BNCT

application. Two designs were investigated, a p+ core running through the centre

of the sensitive volume (simulating a cell with BPA uptake) and a p+ ring wrapped

around the sensitive volume of the detector (simulating a cell with BSH uptake).

The distribution inside the sensitive volume was calculated by simulating a single

detector and setting the source to the BNCT reaction particles, 1.47 MeV alpha

particle and 840 keV 7Li ions. In both cases, for the same number of particles, the

p+ core detector measured a higher number of events, which led to higher dose

inside the sensitive volume. The dose to the surrounding material (PMMA) was

higher with the p+ ring detector. This is an important to result, since the aim of

radiotherapy is to deliver dose to the tumour region and spare dose to the normal

tissue. A boron compound which accumulates to the cytoplasm (or to the nucleus

itself) will deliver high dose to the nucleus and minimal dose to the surrounding

cells. The idea is for this detector to simulate this situation and can measure the

e�ect of change in boron concentration and distribution it has on the delivered dose.

The yd(y) microdosimetric distribution also indicated the p+ core design detector

had the highest lineal energy distribution. This is because almost all alpha particles

generated in the p+ core were crossers and deposited the largest amount of energy

inside the sensitive volume, compared to the other two con�gurations. The PHITS

Monte Carlo simulation showed the p+ core detector would be suitable for BNCT

dosimetry application. By using the p+ ring detector in conjunction, a comparison

between the dose delivered to the sensitive volume with di�ering boron distributions

can be made. Also, by changing the boron doping concentration in the p+ region,

the e�ect of dose on boron concentration can be measured.
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Chapter 6

Summary and conclusion

This thesis investigated the use of two types of radiation detectors; a tissue equiv-

alent proportional counter and a silicon semiconductor detector for use in BNCT

�eld to measure and determine the beam quality of a neutron �eld and its potential

use for quality assurance of BNCT. These detectors are capable of measuring mi-

crodosimetric quantities, which is important in determining the biological e�ect of

radiation. particularly useful in a mixed radiation environment. A summary of the

conclusion of chapter 3 through to 5 are shown below.

Chapter 3: Investigation of the use of tissue equivalent proportional counters

for microdosimetry in BNCT Two types of proportional counter were used in this

chapter; a tissue equivalent proportional counter and a graphite walled proportional

counter. The response of the proportional counters in a neutron �eld was examined

using a 252Cf source. The proton edge and high LET components were detected

using the 252Cf source. However, the electronic noise in the system was high and

the electron events from the gamma rays could not be accurately identi�ed. The

graphite walled proportional counter was able to detect events down to approxi-

mately 1 keV/μm. The graphite walled proportional counter was used to measure

the gamma ray component of the 252Cf source. A good agreement between experi-

mental and simulated results were found. A longer irradiation time for the graphite

walled proportional counter was required to increase the statistics. Once the TEPC

detector system was tested with the 252Cf source, the beam quality of various neutron
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sources that are utilised for BNCT was measured.

The three neutron sources used were (i) KUR epithermal irradiation mode, (ii)

KUR mixed irradiation mode, and (iii) QSC accelerator-based neutron source. The

mixed irradiation mode has a larger component of thermal neutrons compared to

the epithermal irradiation mode. This resulted in a higher number of proton events

detected with the mixed irradiation mode, due to the 14N(n,p)14C reaction. The

accelerator-based neutron source has a similar spectrum to the KUR mixed irra-

diation mode. The measured microdosimetric distribution were similar in shape,

however, the yd(y) distribution of the accelerator-based neutron source had a larger

proton event. This was due to the higher number of fast neutrons present in the

accelerator-based neutron source. Similar RBE values between the three neutron

sources (KUR mixed, KUR epithermal mode and accelerator-based neutron source)

were obtained. The results showed that the TEPC can be used to measure sin-

gle event microdosimetric quantities and the RBE can be derived from the yd(y)

distribution.

Chapter 4: Investigation of the use of 3D bridge silicon on insulator micro-

dosimeter for BNCT. The previous chapter demonstrated the TEPC was capable of

measuring microdosimetric single event spectra and the RBE of the neutron �eld

was successfully measured. However, the TEPC can only mimic a single cell and

adding boron inside the TEPC cavity is di�cult. These limitations motivated the

CMRP at the UOW to develop the 3D bridge SOI microdosimeter. It consists of

an array of micron sized sensitive volumes that mimic an array of biological cells.

The detector characterisation was performed at the detector lab in ANSTO. Alpha

particle spectroscopy and charge collection studies were performed to measure the

response of the detector to alpha radiation. Following the detector characterisation,

the detectors response to BNCT irradiation �eld, with and without a boron con-

verter, was simulated using PHITS. The optimal B4C converter thickness was found

to be 5 μm. To accurately measure the lineal energy distribution, the particles must

traverse all the way through the sensitive volume of the detector (i.e. crossers).
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The current design of 10 μm thick sensitive volume was found to be too thick for

the alpha and 7Li ions. A detector with a thinner sensitive volume was found to

be necessary to accurately measure the lineal energy distribution. To increase the

number of crossers going through the sensitive volume of the detector, a thinner

2 μm thick 3D bridge SOI microdosimeter was designed and tested using PHITS.

It was found that the number of crossers increased and lineal energy distribution

shifted closer to the expected value. However, the number of particles that came to

a full stop inside the sensitive volume was still high. This was because the lateral

dimension of the detector was still larger than the range of the particles of interest.

An ideal detector to measure accurate lineal energy distribution was found to have

small dimensions in all directions.

Chapter 5: Investigation of the use of 3D mushroom microdosimeter for mi-

crodosimetry in BNCT. The 3D bridge SOI microdosimeter had the limitation of

only being able to pattern the silicon 1 � 2 μm below the surface. This created a

non-uniform charge collection inside the sensitive volume. To overcome this issue,

the CMRP developed an optimal SOI microdosimeter called the mushroom with 3D

sensitive volumes embedded in PMMA using 3D active edge detector technology.

The charge collection characterisation of this new detector was performed using the

IBICC system at ANSTO. The results showed an excellent response of the mush-

room detector and full charge collection within the sensitive volume of the detector

was observed. Following on from this result, two con�gurations of the mushroom

microdosimeter was designed and tested using PHITS. The detector con�guration

simulated the two main boron compounds used in BNCT, BSH and BPA. A p+ ring

wrapped around the sensitive volume of the detector simulated a cell with BSH up-

take and a p+ core through the middle of the sensitive volume simulated a cell with

BPA uptake. The response of both detector types under a BNCT �eld was evalu-

ated. It was found that the lineal energy distribution of the alpha particle was very

close to the expected value. Calculation showed a higher dose detected inside the

sensitive volume for the BPA type detector. By adjusting the boron concentration
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inside the p+ region to clinically utilised values, the dose from the boron component

can be measured and it may be possible to calculate the CBE factors. The beam

quality of various neutron sources for BNCT were measured using the proportional

counter and veri�ed against Monte Carlo simulation. The RBE was calculated and

similar values were obtained compared to clinically utilised values and other reported

work. Silicon microdosimeter characterisation work showed fully functioning arrays

of individual micron sized sensitive volumes and Monte Carlo simulation showed

its potential use for BNCT dosimetry. The PHITS Monte Carlo simulation was

compared against measured data across various conditions and showed good results.

Future work

To perform measurements using the 3D bridge SOI microdosimeter and mushroom

microdosimeter using a BNCT neutron source to validate the simulation results.

Using the current fabrication technology, the SOI microdosimeters have the advan-

tage of being able to implant boron into the sensitive volume of the detector, as

well as adjusting the doping concentration. This would allow a detector, having a

similar dimension to a human cell, the capability of measuring the e�ect of boron

distribution inside a cell. This would provide new information to the clinicians and

ultimately bene�t the patients receiving BNCT.
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Appendix

Calculation of Watt �ssion spectra

The following expression was used to calculate the 252Cf neutron spectrum

f(E) = C exp(−E
a

) sinh(
√
bE) (6.1)

where a and b are constants and C is a normalisation constant used in MCNP

[137].
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Figure 6.1: 252Cf spectrum calculated from the Watt �ssion spectra

Gas pressure calculation

TEPC

According to ICRU report 36 [80], if the atomic composition of tissue and gas are

identical, and if the mass stopping powers are independent of the density, it follows

that:

ρg =
ρt
kgt

(6.2)
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where subscripts ρgand ρt correspond to density of the gas and tissue, respectively

and kgt is the ratio of the diameter of the two medium. Assuming a unit density tissue

the above expression becomes:

ρg =
1

kgt
(6.3)

Therefore, the the mean energy loss of charged particles is equal in both spheres

if the ratio of the density of the gas to the density of the tissue is chosen to be equal

to the ratio kgt .

Table 6.1: Parameters used to calculate the density inside the cavity.

Tissue diameter (cm) 1×10−4

TEPC cavity diameter (cm) 1.27

kgt(unitless) 1.24×104

ρg(g/cm3) 7.87×10−5

Table 6.2: Atomic composition inside the TEPC cavity.

Hydrogen Carbon Nitrogen Oxygen

Atomic mass (u) 1.00794 12.011 14.00674 15.9994

CH4 (64.4%) 4×0.644 1×0.644 0 0

CO2 (32.5%) 0 1×0.325 0 2×0.325

N2 (3.1%) 0 0 2×0.031 0

Corrected atomic mass (u) 2.596 11.639 0.868 10.399

Total atomic mass of gas = 2.596 u + 11.639 u + 0.868 u + 10.399 u
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= 2.596 u

= 25.502 u

= 25.502 u/NA

= 4.235× 10−23 g

Number density of gas = 7.87×10−5 g·cm−3

4.235×10−23 g

= 1.858× 1018 cm−3

= 1.858× 1024 m−3

For an inhomogeneous system, the pressure inside a cavity can be calculated

using the following equation:

P = kBnT (6.4)

where kB is the Boltzmann constant, n is the number density and T is the tem-

perature.

Pressure = 1.38× 10−23 J/K × 1.858× 1024 m−3 × 293.15 K

= 7516.5 J/m−3

= 75.17 hPa

Graphite walled proportional counter

Table 6.3: Atomic composition inside the graphite walled proportional counter cav-
ity.

Hydrogen Carbon Nitrogen Oxygen

Atomic mass (u) 1.00794 12.011 14.00674 15.9994

CO2 (100%) 0 1×12.011 0 2×15.9994

Corrected atomic mass (u) 0 12.011 0 31.9988
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Total atomic mass of gas = 12.011 u + 31.9988 u

= 44.0098 u

= 44.0098 u/NA

= 7.308× 10−23 g

Number density of gas = 7.87×10−5 g·cm−3

7.308×10−23 g

= 1.077× 1018 cm−3

= 1.077× 1024 m−3

Pressure = 1.38× 10−23 J/K × 1.077× 1024 m−3 × 293.15 K

= 4356.97 J/m−3

= 43.57 hPa

190


	Thesis outline
	Acknowledgement
	Preamble
	Publication
	Presentation
	Awards
	Introduction
	Introduction to cancer treatment
	Overview of Boron Neutron Capture Therapy 
	History of BNCT 
	KUR BNCT 
	Accelerator BNCT
	Microdosimetry
	Radiobiological model
	Current challenges in BNCT quality assurance and quality control
	Dose calculation in BNCT

	Literature review
	Experimental microdosimetry
	Tissue equivalent proportional counter
	Silicon microdosimeter
	3D detector technology

	Investigation of the use of tissue equivalent proportional counters for microdosimetry in BNCT
	Introduction
	Tissue equivalent proportional counters
	Neutron source

	Material and method
	Calculation of microdosimetric quantities
	Proportional counter
	Calibration
	Experimental set up
	Reactor system
	Accelerator system

	Calculation of RBE 
	Monte Carlo simulation

	Results
	Measurement of microdosimetric spectrum of 252Cf 
	Measurement of microdosimetric spectrum of KUR epithermal mode
	Measurement of microdosimetric spectrum of KUR mixed mode 
	Measurement of microdosimetric spectrum of an accelerator-based neutron source
	Comparison of microdosimetric spectrum of a reactor based to accelerator based neutron source for BNCT
	Estimating relative biological effectiveness

	Discussion and conclusion

	Investigation of the use of 3D bridge silicon on insulator microdosimeter for BNCT
	Introduction
	3D bridge silicon on insulator microdosimeter
	Modified 2 mm thick sensitive volume detector

	Material and method
	3D bridge microdosimeter detector characterisation
	Current-Voltage characteristic
	Alpha particle spectroscopy
	Ion Beam Induced Charge Collection study

	Monte Carlo simulation 

	Results
	3D bridge microdosimeter detector characterisation
	Current-Voltage characteristic
	Alpha particle spectroscopy
	Ion Beam Induced Charge Collection

	Monte Carlo simulation under neutron field
	Optimal converter thickness
	Energy deposition


	Discussion and conclusion

	Investigation of the use of 3D mushroom microdosimeter for BNCT
	Introduction
	Material and method
	Detector design
	Alpha particle spectroscopy
	Charge collection study
	Monte Carlo simulation 

	Results
	Alpha particle spectroscopy
	Charge collection study
	Monte Carlo simulation
	Alpha particle
	Lithium ions

	Neutron irradiation

	Discussion and conclusion

	Summary and conclusion
	Bibliography
	Appendix

