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Abstract

Boron Neutron Capture Therapy (BNCT) is an advanced dual approach to
treating cancer in humans. In BNCT a non-toxic boron-containing com-
pound is intravenously injected into the patient and accumulates in the tu-
mour to be treated. A beam of low-energy neutrons is then directed at the
tumour containing the boron (}°B) compound. In the tumour, the boron
atoms capture the neutrons and split into two new atoms. This releases
locally high energy that kills the tumour cell and is usually accompanied
by the release of y-radiation. This project evaluated the feasibility of using
a Compton camera detector system to analyse this v-radiation to produce
an image of the region being treated. It has been shown that spectroscopy
of 19B is possible, but the image reconstruction is not efficient for small

volumes in the short time period required for clinical treatment.
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Introduction

Global cancer rates increase significantly every year. Some cancers are treatable with
chemotherapy alone, while others need radiotherapy and sometimes surgery. Chemother-
apy and radiotherapy are two different types of treatment and used in different ways.
Chemotherapy refers to the treatment with drugs aiming to stop the cancer cells from
reproducing and dividing. It is usually given in a series of sessions before an operation
to shrink the tumour and weaken its attachment and is also used to destroy left over
cells after an operation. As with any type of medication, there are side effects and
healthy tissue can be damaged. Radiotherapy is less severe than chemotherapy. It
uses radiation to destroy the cancer cells in a specific spot by damaging the DNA of
cancerous cells. The radiation can be directly applied to the tumour instead of inject-
ing drugs into the blood vessels. Up to now, y-rays were often utilized, but recently
carbon ions and protons have been used for treatment. Radiotherapy is a more pre-
cise treatment, because it is based on type, location and stage of the cancer. Boron
Neutron Capture Therapy seems to be a very promising radiotherapy in the future.
It is a dual approach of cancer therapy which uses a boron-containing compound that
preferentially concentrates in tumor sites before being exposed to a neutron beam.
The neutrons in the beam interact with the boron in the tumor to cause the boron
atom to split into an alpha particle and lithium nucleus, mostly accompanied by the
release of a 478 keV ~-ray. Both alpha particle and lithium nucleus have a very short
range (about one cellular diameter) and cause significant damage to the cell in which
they are contained. Thus, damage is only done to the tumor cell, while largely spar-

ing healthy tissue. Boron Neutron Capture Therapy has been experimentally tested



primarily as an alternative treatment for brain tumours as well as head and neck cancer.

In summary, Boron Neutron Capture Therapy is a highly selective type of radiation
therapy that can target the tumor at the cellular level without causing excessive radia-
tion damage to the adjacent normal cells and tissues. Weighted doses up to 70 Gy can
be delivered to tumor cells within approximately one hour compared to 6 to 7 weeks for
conventional external photon irradiation. However, the effectiveness of Boron Neutron
Capture Therapy is dependent upon a relatively homogeneous distribution of boron
within the tumor, and this is still one of the key stumbling blocks that has limited
its success. There is no doubt that Boron Neutron Capture Therapy is a promising
cancer therapy in the near future, but one of most important problems is to solve the
monitoring of the treatment effect during neutron irradiation; it is not possible to get
a real-time image of the region being treated so far. This project evaluated the use of
a Compton camera system to obtain an image of the region being treated by using the

characteristic 478 keV v-rays emitted.



Boron Neutron Capture Therapy

In Boron Neutron Capture Therapy (BNCT), the patient is given an intravenous in-
jection of a boron-containing chemical, that preferentially binds to tumour cells. After
the injection, the typical boron (!°B) concentration in blood and brain is 15 % and in
a tumor 52.5 % (13). When the B is accumulated in the tissue, the patient is ex-
posed to a neutron beam. The neutrons produced by the source pass through a neutron
moderator, which shapes the neutron energy spectrum suitable for BNCT treatment.
Before entering the patient the neutron beam is shaped by a beam collimator. While
passing through the tissue of the patient, the neutrons are slowed by collisions and
become low energy thermal neutrons. The thermal neutrons are captured by the °B
nuclei, forming a compound nucleus (excited ' B) which then promptly disintegrates
to “Li and an alpha particle. Both the alpha particle and the "Li have a high energy
and range of approximately 5-9 micrometres, which is about the dimension of a cell.
Thus the damage occurs only to the tumour cells, in which the reaction products are
created, while healthy tissue can be largely spared. The two possible reactions during
BNCT are the following,

YB4+n " B a+"Li+2792MeV (7% branching fraction) (2.1)

VB +n =11 B = a+*7 Li4~(478 keV) +2.310MeV (93% branching fraction) (2.2)

The characteristic y-ray is emitted in 93% of the cases, when the excited "Li de-
excites into its ground state as seen in figure The 478 keV v-ray has an attenuation

coefficient of around 0.1cm ™! in soft tissue and can therefore escape from the patient’s



body to be detected as a measure of the boron dose. This project evaluated the feasibil-
ity of using a Compton camera system to analyse this characteristic 478 keV radiation

to obtain an image of the region being treated.

108 + n — 1B

2., 93%
L
S ——————— 478 keV
.-. 2+
7% %
. “Li 0
—

Figure 2.1: Decay of excited !' B - 1B captures a neutron and decays either into the
excited state of "Li (93%) or the ground state of "Li (7%). A 478 keV ~-ray is emitted

when the *7Li de-excites into the ground state

It is possible to provide a neutron source suitable for BNCT from a particle accel-
erator, which makes it attractive for clinical treatment. Such a facility can be found in
Birmingham. BNCT is a complex treatment, which is still in its infancy, but it offers

great promise for treating cancer in future.

neutrons

y-ray (478 keV)

Figure 2.2: Process during BNCT - This is an illustration of the process during
BNCT. The '°B captures a neutron and then ''B disintegrates in 93% into an alpha
particle excited “Li nucleus, releasing a 478 keV 7-ray when it de-excites to its ground

state



3

Principles of Radiation Detection

3.1 Radiation Interaction Mechanisms

The operation of radiation detectors depends on the way in which radiation interacts
with the material of the detector. There are three main interaction processes that
play an important role in v-radiation measurements: Photoelectric absorption (PA),
Compton scattering (CS) and pair production (PP). All these processes lead to the
partial or complete transfer of the y-ray energy to electron energy [ﬂ The different
mechanisms are dominant at different energies as shown in figure [3.1
Each of the mechanisms contributes to the total linear attenuation coefficient u; for
~-rays,

pt = ppA + pos + Hpp (3.1)
The linear attenuation coefficient is used to calculate the intensity I of an incident ~-
ray after traveling a distance z through an absorbing material. The intensity can be

calculated as follows,
I = Ipe "', (3.2)

where I is the initial intensity of the ~-ray before entering the absorbing material.

3.1.1 Photoelectric Absorption

During photoelectric absorption the y-ray transfers all its energy by producing a en-
ergetic photolelectron. Due to energy conservation, the kinetic energy of the photo-

electron depends on the binding energy Ej and the energy of the incident ~-ray F.,

'In pair production energy is also transferred to a positron
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Figure 3.1: Absorption coefficients of the various interaction processes - This plot

shows the linear absorption coefficients for photoelectric absorption, Compton scattering

and pair production in germanium. At 478 keV 7-ray energy both photoelectric absorption

and Compton scattering can occur. Pair production is energetically not possible.



3.1 Radiation Interaction Mechanisms

as
E. = E’y — By (3.3)

In this project, the detector material is germanium with a binding energy of 12 eV
for an electron. As a bound electron is removed from the atom’s shell, higher state
orbital electrons start to rearrange to fill this vacancy. This leads to characteristic x-
rays emitted, which may be reabsorbed or may escape the material. The photoelectric
absorption primarily dominates at lower energies and is enhanced for absorber materials
with a high atomic number Z. The probability of photoelectric absorption per atom
can be roughly approximated to
an

E§'5

wpa ~
where the exponent n varies between 4 and 5 over the range of y-rays energies. (2] 4)

3.1.2 Compton Scattering

Compton Scattering takes place between the incident vy-ray photon and a loosely bound
electron in the absorbing material. It is predominant over a broad energy range and the
investigated Compton camera system is based on the kinematics of Compton scattering.
The incoming v-ray is scattered through an angle 6 with respect to its original direction.
During this process, the ~-ray transfers some of its energy to the electron, which is
assumed to be initially at rest. This electron is referred to as the recoil electron. The
energy of the scattered ~-ray depends on the scattering angle, as

/ 1
E, = ,
1+ —5(1 — cosh)

E.
Mec?

(3.5)

where mqc? = 511keV, E; is the energy of the recoil electron and 6 is the scattering
angle. This relationship is derived from the conservation of energy and momentum. The
probability of Compton scattering per atom of the absorber depends on the number of
electrons available as potential scattering targets. Thus, it increases linearly with Z.
The Klein-Nishina formula predicts the angular distribution of scattered ~-rays for the

differential scattering cross section g—g, as

do 9 1 1+ cos?0 a?(1 — cosf)?
_— Z’]“O P 1 + 2 ?
dQ2 14+ (1 — cosh) 2 (14 cos?6)[1 + a(1 — cosh)]

(3.6)




3.1 Radiation Interaction Mechanisms

where o = mho”c 7 and rg is the classical electron radius. Figure shows a polar plot
of the number of photons Compton scattered into a unit solid angle at the scattering

angle 6, and it can be seen that foward scattering dominates at 478 keV.

90°

1 keV

00 keV

1

2 MeV
500 keV
10 MeV (/]
0°

180°

(

0°

Figure 3.2: Polar Plot of Compton scattered photons - A polar plot of the number
of photons Compton scattered into a unit solid angle at the scattering angle 6. The curves

are shown for the indicated initial energies. At 478 keV forward scattering dominates.

3.1.3 Pair Production

If the energy of the incoming vy-ray exceeds twice of the rest mass energy of an electron
(2 % 511keV = 1.02MeV), pair production is energetically possible. Therefore this
process predominates at high energies in the many-MeV range. In pair production, the
photon disappears and is replaced by an electron-positron pair, with the electron and
positron escaping in opposite directions. During the interaction, all the excess energy of
the incident y-ray is transferred to the electron-positron pair in form of kinetic energy
shared between the electron and positron. After the interaction has taken place, the
positron will subsequently annihilate after slowing down in the absorber material, and
two annihilation photons are normally created as secondary products of the interaction.
There is no simple expression for the probability of pair production per nucleus, but
its magnitude varies approximately as the square of the absorber atomic number. (2)).
As the energy of the photon emitted during BNCT is only 478 keV, pair production is

not energetically possible.

oo



3.1 Radiation Interaction Mechanisms

LR RN LR LLLL T TTTH I T TTT
120+ : —
1 1 -
100 | : ~
- Photoelectric effect | Pair production —
2 s} 1 dominant —
5 1
2 I
_"_’ 60 b
- fe ¢ompton effect
" 40 — 1 dominant
b e A T N
1
20 |- 1
1
1
0 P L 1L
0.01 05 1 5 10 50 100
hv in MeV

Figure 3.3: Relative importance of main interaction mechanisms - The relative

importance of the three main interaction processes. The lines show the values of Z and

energy for which the two neighbouring effects are just equal. The red dotted line belongs

to Z=32 (germanium) and 478 keV incident energy.

Figure [3.3| shows the domination of the three interaction mechanisms for different

absorber materials and ~-ray energies. The black line at the left represents the energy

at which photoelectric absorption and Compton scattering are equally probable as a

function of the absorber atomic number. The black line at the right represents the

energy at which Compton scattering and pair production are equally probable. An

illustration of all three interaction mechanisms can be seen in figure [3.4]

E

Photoelectric absorption

Figure 3.4: The main

511keV

Compton scattering Pair production

interaction processes - Illustrations of the three main in-

teraction mechanisms: (a) photoelectric absorption, (b) Compton scattering and (c) pair

production



3.2 Electron Interaction Mechanisms

3.2 Electron Interaction Mechanisms

The understanding of electron interaction mechanisms is very beneficial in terms of ~-
ray detection methods. The radiation interaction mechanisms described in the previous
section are all leading to the creation of electrons (and positrons in pair production).
Electrons and positrons are charge carriers and play an important role in radiation
detection as charged particles can easily be detected. In contrast to «-rays, which lose
their energy in discrete processes, electrons transfer their energy continuously as they
pass through material. The linear stopping power S = — (%) is a measure of the
average rate of energy loss along the trajectory of a charged particle. The main two
types of energy loss for electrons are collisional losses (%)c and radiative losses (%)T,

which sum to give the total linear stopping power as,

().~ (&), (%), @

3.2.1 Collisional Energy Loss

The collisional Bethe-Bloch formula describes the specific energy loss % of an electron
with velocity v incident on an absorber material of number density N and atomic

number Z due to electromagnetic collisions,

dE 2me*NZ mov’E
(38 S (i ). o

. T mov?
where g(5%) is the density effect correction, a function of the electron velocity and
f = 7. The parameter I represents the average excitation and ionisation which takes
place as the electrons interact with atomic electrons and nuclei through inelastic and
elastic scattering. g(3?) = —In(2 = 1)B? for high energies and g(5%) = (n2 + 1 for low

energies.

3.2.2 Radiative Energy Loss

Energy is also lost through Bremsstrahlung (braking radiation). Bremsstrahlung is a
radiative loss caused by the deceleration and deflection of electrons in the Coulomb
field of the nucleus. Energy is transferred from the electrons to a continuous spectrum

of emitted photons which can either be reabsorbed within or escape from the material.

10



3.3 Neutron Interaction Mechanisms

This energy loss is described by the radiative Bethe-Bloch formula which uses the same
notation as the equation for the collisional energy loss,

B (dE)  NEZ(Z +1)e* <4ln 2F 4>.

dr 137m3c* moc2 3

= (3.9)
T
The loss of energy through radiative terms is much less than via collisional losses and

the ratio between them is approximated, as

(3.10)

Thus, radiative losses only become significant if the electron energy is high (many MeV)
or if the Z of the absorbing material is high. For low electron energy and absorber

material Z radiative losses are minimal. (2] 22])

3.3 Neutron Interaction Mechanisms

As neutrons are neutral, the mechanisms for detecting neutrons in matter are based
on indirect methods. The main two types of interactions with matter available are

scattering and absorption. The various interactions of neutrons are shown in figure

3.3.1 Scattering

Scattering events can be subdivided into elastic and inelastic scattering. In elastic
scattering, the total kinetic energy of the neutron and nucleus is unchanged by the
interaction. During the interaction, a fraction of the neutron’s kinetic energy is trans-
ferred to the nucleus. A nucleus of atomic weight A loses on average an energy of %,
when colliding with a neutron with kinetic energy E. Elastic scattering is a significant
interaction for slow neutrons. Because of the small kinetic energy of slow neutrons, very
little energy can be transferred to the nucleus and thus this interaction cannot be used
as a basis of neutron detectors. Fast neutrons also undergo scattering, and as the fast
neutron can transfer a significant amount of energy in one collision, the secondary radi-

ations in this case are recoil nuclei, which have picked up a detectable amount of energy.

If the energy of the fast neutron is sufficiently high, inelastic scattering with nuclei

can take place in which the recoil nucleus is lifted to one of its excited states during

11
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Total

Elastic

(n,n)

Inelastic

(n,n’)

Absorption

Electromagnetic

(n,y)

Charged

(n.p)

(n,a)
(n,d)
etc.

Neutral

(n,2n)

(n,3n)
(n,4n)
etc.

Fission
(n,f)

Figure 3.5: Neutron interactions - This shows the various types of neutron interac-

tions. The letters separated by commas show the incoming and outgoing particles.

12



3.3 Neutron Interaction Mechanisms

the collision. The nucleus quickly de-excites, emitting a y-ray, and the neutron loses a
greater fraction of its energy than it would in an equivalent elastic collision. Inelastic
scattering and the subsequent secondary ~-rays play and important role in shielding
of high-energy neutrons, but are an unwanted complication in the response of most

neutron detectors based on elastic scattering.

3.3.2 Absorption

Instead of being scattered by a nucleus, the neutron may also be absorbed or captured.
A variety of emissions may follow as seen in figure [3.5] The nucleus may rearrange
its internal structure and release one or more ~-rays. Charged particles like protons,
deuterons, and alpha particles may also be emitted. There may also be fission events,
leading to two or more fission fragments E| and more neutrons. For slow neutrons
the significant interactions include a large set of neutron-induced nuclear reactions.
They create secondary radiations of sufficient energy to be detected directly. As the
incoming neutron energy is low for slow neutrons, the reactions must have a positive
Q-value to be energetically possible. In most materials, the radiative capture reaction,
or (n,y) reaction, is the most probable and plays an important part in the attenuation
or shielding of neutrons. Neutron-induced reactions useful for detection are not that
important for fast neutrons as the probability of the reactions drops off rapidly as the

neutron energy increases.

3.3.3 Moderation

During BNCT fast neutrons have to moderated. The moderation increases the inter-
action cross section which follows a % trend The expression for elastic scattering
shows that in order to reduce the speed of neutrons with the fewest number of elas-
tic collisions, target nuclei with small A should be used. A neutron with 2 MeV of
kinetic energy will have 1 MeV left after one collision in water, 0.5 MeV after the sec-
ond collisions and so on. To achieve thermal energy, about 27 collisions are needed,
which is achieved after a few centimetres. From the relation £ = kT where kg is
Boltzmann’s constant, an energy of ~ 0.025eV corresponds to a temperature of 20

degrees. A material with a large moderating power might nevertheless be useless as a

'Nuclei of intermediate atomic weight
210 B has a cross section of 3845 barns for thermal neutrons and 2.68 barns for 1 MeV neutrons

13



3.3 Neutron Interaction Mechanisms

Neutron classification

« Cold < 1 meV
*  Thermal <0.5eV
* Epithermal 0.5eV—50keV
*  Tast > 50 keV
*  Medium energy > 1 MeV
*  Highenergy > 10MeV
Cold Thermal Epithermal Fast Medium Energy High Energy
- —
Diffraction Fission

Elastic Scattering

Capture Inelastic Scattering

Figure 3.6: Neutron classification - This figure shows which interactions are dominant

at different neutron energies.

practical moderator if it has a large absorption cross section. Such a moderator would
effectively reduce the speeds of those neutrons that are not absorbed, but the fraction
of neutrons that survive may be too small to be used in a practical manner. Ordinary
water has a higher moderating power than heavy water because the atomic weight of
hydrogen is half that of deuterium. But the hydrogen nucleus (a proton) can absorb a
neutron and create deuterium much more readily than a deuterium nucleus can absorb
a neutron and create tritium. This difference in absorption cross sections gives heavy
water a much more favorable moderating ratio. Polyethylene is commonly selected as

a moderator because of its high moderating power and moderating ratio.

14



3.3 Neutron Interaction Mechanisms

Moderator Moderating Power Moderating Ratio
(1 eV to 100 keV) (Approzimate)
Water 1.28 o8
Heavy Water 0.18 21000

Helium at STP 45
Beryllium 130
Graphite 200
Polyethylene (C'Hy) 122

Table 3.1: Neutron moderator characteristics - The table shows characteristics of

various neutron moderators. The higher the moderating ratio, the quicker high energetic

neutrons get moderated.
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3.4 Radiation Detectors

3.4 Radiation Detectors

The previously explained interaction mechanisms of radiation with matter all lead to
creation of secondary charged particles. A net amount of charge is subsequently cre-
ated inside the detector volume which is then converted into an electrical signal for
detection. For this purpose, often solid state detectors are used, which are much denser
than comparable gas detectors and have higher stopping powers and higher efficien-
cies. The main two types of solid state detectors are scintillators and semiconductors.
While scintillators offer greater efficiency, semiconductors are preferred for precision
experiments as the energy resolution is much better. In this project a semiconductor
detector was mainly used for the y-ray spectroscopy. For the thermal neutron detection

a Helium-3 (3He) tube was used, which will be described later on in this chapter.

3.4.1 Germanium Detector

The germanium detector belongs to the class of the semiconductor detectors, which
uses an elemental or compound semiconductor crystal as the detection medium. Semi-
conductor detectors offer an excellent energy resolution and are widely used when pre-
cise energy measurements are required although they are less efficient than common
scintillation detectors. Furthermore, they offer a good stability and excellent timing
characteristics. The fundamental principles of semiconductors in radiation detection

are briefly explained in the following sections.

Band structure of solids In a free atom the electrons can occupy precisely deter-
mined energy levels. Each electron in the solid must lie in one of these energy bands,
which are separated by gaps or ranges of forbidden energies. Solid materials can be
grouped into insulators, semiconductors and conductors according to their electrical
properties. Figure [3.7| shows the band structure for electron energies in insulators,
intrinsic, n-type and p-type semiconductors. The uppermost occupied energy band is
known as the valence band and the next higher-lying band is called the conduction
band. The two bands are separated by the band gap, the size of which determines
whether the material is a semiconductor or an insulator.

Valence electrons may be liberated with enough energy to overcome the band gap

and transfer to the conduction band, resulting in conductivity. The band gap in insula-
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3.4 Radiation Detectors

Conduction
A Band
tConduction ’ ‘ Conduction Conduction ’
Band Band Band
Electron E>5 Hole
g>5eV TR T S levals energy
energy E =1eV Donor levels
g
Acceptor levels
Valence Valence Valence Valence
Band Band Band Band v
insulator intrinsic n-type p-type
Semiconductor Semiconductor Semiconductor

Figure 3.7: Bandstructure of insulator and semiconductor - Schematic diagrams to
describe the band structure for electron energies in insulators, intrinsic, n-type and p-type

semiconductors

tors is typically larger than 5 eV and therefore conductivity is minimal. Semiconductors
have a band gap of approximately 1 eV which can be more easily overcome through

thermal excitations.

Charge Carriers When an electron is promoted from the valence band to the con-
duction band consequently a vacancy is left in the valence band. This vacancy is
referred to as hole. The liberated valence electron and hole are called electron-hole pair
which are the charge carriers for a semiconductor detector. The probability that an
electron will be promoted to the conduction band is strongly influenced by temperature

as follows,

3 E
T)xT2 - 3.11
p(T) p( M) (3.11)
The number of electron-hole pairs produced, N, in the detector depends on the
energy of the incident y-ray, £, and the ionisation energy, E;,, of the absorbing material
Ly

N =
E’ion

(3.12)

After electron-hole pairs have been created, they have to be detected. Both charge
carriers move in a random ways and eventually recombine. Therefore a strong electric
field, to avoid large charge recombination, must be applied, so the charge carriers can

migrate to the surface of the detector in opposite directions, parallel to the direction
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3.4 Radiation Detectors

of the electric field. Therefore most of the semiconductor detectors are operated with
sufficiently high electric fields as the drift velocity for the charge carriers saturates. The
mobility p for both electrons and holes can be defined by

Vp = UhE (3.13)

Ve = [Le€ (3.14)
where € is the electric field magnitude. For germanium detectors the mobility of the
electron and hole are roughly of the same order as shown in table The drift
velocity increases proportionally as the electric field field strength is increased. The
drift velocity typically saturates at the order of 107%. Therefore the time required
to collect the carriers over typical dimensions of 0.1 ¢m or less will be under 10 ns.

This is the reason, why semiconductor detectors are among the fastest-responding of

all radiation detector types.

T ‘ll||rrrl T uu-lnnl T v||r|n! T 1l[l1‘lr|— T Illrllll |Tl|lr|[
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Figure 3.8: Drift velocity in germanium - The drift velocity in germanium as a func-
tion of electric field strength applied parallel to the < 111 > and < 100 > crystallographic
direction for electrons at 80K and holes at 77K and 190K.

Figure 3.8 shows how the drift velocity varies for electrons and holes in germanium
when the electric field is applied parallel to the < 111 > and < 100 > crystallographic
axes. The drift velocity of electrons is shown to saturate at an electric field strength
of over 104%7 whereas a much higher electric field is required to saturate the drift
velocity of holes in germanium. The drift velocity for electrons and holes in the < 111 >

direction is shown to saturate at a lower drift velocity than for the < 100 > direction.
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3.4 Radiation Detectors

Energy resolution The overall energy resolution of a semiconductor detector is given

by the combination of four factors

AEtotal = \/(AED)Q + (AE)()2 + (AEE)Q + (AEDoppler)Q (315)

AFEp is the inherent statistical fluctuation in the number of charge carriers created and
depends on the ionisation energy of the material. The ionisation energy is the energy
expended by the primary charged particle to produce one electron-hole pair. For ger-
manium, the ionisation energy is about 3 eV, which is a lot lower than for a scintillation
detector (e.g. sodium iodide), which has an ionisation energy of the order 100 eV D
This quantity is observed to be independent of both the energy and type of radiation.
The number of charge carriers, which produce the electrical signal that can be detected,
is directly related to the energy of the incident ~y-ray and the ionisation energy; number
of charge carriers equals the energy of the incident radiation divided by the ionisation
energy. In addition to the mean number of charge carriers, the fluctuation or variance
in the number of charge carriers is important. The observed statistical fluctuations in
semiconductors are smaller than expected if the formation of the charge carriers were
a Poisson process. In the Poisson process it is assumed that every electron-hole pair
is totally independent from each other and thus predicts that the variance of the to-
tal number of electron-hole pairs is equal to the total number produced. This is not
the case as more electron- hole pairs are created when the photoelectron is moving.
Therefore the so called Fano factor, F, is introduced to adjust and AE% = (2.35)2F¢F,
where € is the ionisation energy.

AFEx arises from incomplete charge collection, which takes place when the charge carri-
ers recombine before they reach the surface of the detector. Recombined charge carries
will not give rise to a signal and therefore lowers the resolution of the detector. The
incomplete charge collection can be improved by increasing the detector size, but this
is practically limited by cost.

AFEFE is due to the broadening effects off all the electronic components following the
detector like the pre-amplifier, amplifier or multi channel analyser. The last factor

AFEpoppier is from the Doppler broadening from a moving source.

!The chain of events that must take place in converting the incident radiation energy to light and

the subsequent generation of an electrical signal involves many inefficient steps
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3.4 Radiation Detectors

Silicon Germanium
Atomic number 14 32
Atomic weight 28.09 72.60
Stable isotope mass numbers 28-29-30 70-72-73-74-76
Density (300 K); —L; 2.33 5.32
Atorps 4.96 %102 4.41 % 10%
Dielectric constant (relative to vacuum) 12 16
Forbidden energy gap (300 K); eV 1.115 0.665
Forbidden energy gap (0 K); eV 1.165 0.746
Intrinsic carrier density (300 K); cm ™3 1.5 1010 2.4 %1013
Intrinsic resistivity (300 K); w % cm 2.3 % 10° 47
Electron mobility (300 K); &2 1350 3900
Hole mobility (300 K);&n2 480 1900
Electron mobility (77 K); 2 2.1 % 10 3.6 % 104
Hole mobility (77 K); &2 1.1 % 10% 4.2 %104
Energy per electron-hole pair (300 K); eV 3.62
Ionisation energy (77 K); eV 3.76 2.96
Fano factor (77 K) 0.085-0.16  0.057 - 0.11

Table 3.2: Properties of intrinsic silicon and germanium - The table shows the

properties of intrinsic silicon and germanium, which are two common semiconductor ma-

terials.
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3.4 Radiation Detectors

3.4.2 Sodium lodide Detector

The Sodium Iodide (Nal) detector belongs to the class of the scintillation detectors. It
offers a superior efficiency over the semiconductor detectors, but the energy resolution
is not very good. It is based on absorbing kinetic energy of incident particles and
then radiating away this energy as photons. Photomultiplier tubes (PMT) are used for
electronic counting an hence giving a signal. There are mainly two different kinds of
scintillation detectors, organic E| and inorganic. The scintillator used in this experiment
was a Sodium lodide detector doped with Thallium (Nal(Tl)), which belongs to the
inorganic alkali-halides class. It yields a very high efficiency and produces intense burst

of light compared to other spectroscopic scintillators.

Scintillation process Similarly to the semiconductor charge carrier collection, pri-
mary electrons produced by the ~-ray interaction raise secondary electrons to the con-
duction band leaving holes in the valence band. In some cases the energy given to
the electron may not be quite sufficient to raise it to the conduction band. Then the
electron and hole could remain electrostatically attracted to each other, as an entity
called an exciton. If the electrons are allowed to de-excite by falling back to the valence
band they will emit electromagnetic radiation. If this radiation is in, or near optical
wavelengths it can be detected by a photomultiplier or other light measuring device
to provide the detector signal. Hence the detector material must have a reasonable
number of electron-hole pairs produced per unit of «-ray energy. It would be desir-
able to a have material with high stopping power for ~-radiation. The spectrometry
of the response must be proportional to energy. Scintillators must be transparent to
the emitted light and the decay time of the excited states must be short to allow high
count rates. The material should be available in optical quality in reasonable amounts
at reasonable cost. The refractive index of the material should be near to that of glass
(around 1.5) to permit efficient coupling to photomultipliers. Sodium iodide is such a

material.

Scintillation activation The band gap of Nal is large and photons emitted by de-
excitation of electrons directly from the conduction band would be far outside the visible

range. This problem is overcome by using activators. Nal is activated with thallium.

! Organic scintillator detectors are mainly used for neutron detection
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3.5 Neutron Detection

The introduction of about 10~ mole fraction of the impurity produces defect lattice
sites which give rise to extra levels within the forbidden band between the valence
and conduction bands. The ground of these activator sites lies just above the valence
band and the excited states somewhat below the conduction band. When an electron-
hole pair is formed the hole may migrate to a nearby activator site. Electrons in the
conduction band and within the exciton band will tend to be captured in by the excited
activator states. This means that the photon energy released when these levels de-excite
will be lower and the electromagnetic radiation will be of longer wavelength. Nal(T1)
ons

offers an excellent light yield of around 4 x 104% and has the highest known signal

output per unit of radiation absorbed of all presently known scintillators.

3.5 Neutron Detection

In this project, the detection of slow neutrons is required, as BNCT is based upon the
capture of thermal neutrons. It is difficult to detect neutrons directly, as they carry
no charge. Therefore neutrons are generally detected through nuclear reactions that
result in prompt energetic charged particles such as protons, alpha particles, and so
on. These charged secondary particles can be easily collected. The cross section gives
the probability of a particular event occurring between a neutron a nucleus. The cross
section for neutron interactions in most materials is a strong function of neutron energy.
0B has an cross section of 3845 barns for thermal neutrons, but only 2.68 barns for 1
MeV neutrons. ®He has an cross section of 5337 barns for thermal neutrons and only
2.87 for 1 MeV neutrons. Therefore different methods have been developed to detect

neutrons.

3.5.1 Nuclear Reactions

The cross section for the reaction must be as large as possible so that an efficient de-
tector can be built with small dimensions. The Q-value is an important quantity in the
nuclear reactions as it determines the energy liberated in the reaction following neutron
capture. All the conversion reactions are sufficiently exothermic, so that the kinetic
energy of the reaction products is determined solely by the Q-value of the reaction
as the energy of the incoming thermal neutron is negligible. Due to the conservation

of energy and momentum, the reaction products escape in opposite directions. Thus,
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3.5 Neutron Detection

to capture the full kinetic energy of these products, the detector must be designed
with an active volume that is large enough to fully stop the particles. If the detection
medium is a solid, this requirement is easily achieved, because the range of any of the
reaction products does not exceed a few tenths of a millimeter in any solid material.
If the detector material is a gas, like 3H used during this project, however, ranges of
the reaction products (typically several centimeters) can be significant compared with
detector dimensions and some may not deposit all their energy. This leads to the so

called wall effect that will be elaborated further in the next section.

The °B(n,a) Reaction One reaction for the conversion of slow neutrons into di-

rectly detectable particles is the °B(n, a) reaction. The reaction may be written
OB +n =7 Li+2.792MeV (ground state) (3.16)

or

B +n =7 Li+2.310MeV (excited state) (3.17)

When thermal neutrons with an energy of 0.025 eV are used to induce the reaction,
about 93% of all reactions lead to the excited state and only 7% directly to the the
ground state. In either case, the Q-value of the reaction is very large (2.310 or 2.792
MeV) compared with the incoming energy of the slow neutron, so that the energy
imparted to the reaction products is essentially just the Q-value itself. Because the
incoming linear momentum is very small, the reaction products must be emitted in
exactly opposite directions, and the energy of the reaction will always be shared in
the same manner between them. Individual energies of the alpha particle and lithium

nucleus can be calculated by conservation of energy and momentum,

ELi+E,=Q =231MeV (3.18)
MLV = MaVa (3.19)
V2xmpiEr = /2 moFEq, (3.20)

Solving these equations simultaneously gives
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3.5 Neutron Detection

Ep; = 0.84MeV (3.21)

and
Eo = 1.47MeV (3.22)

where the calculation has been carried out for the case of populating the excited
state of "Li. A similar calculation would yield larger values by 21% for reactions leading

to the ground state.

The ®Li(n,a) reaction Another reaction for the detection of slow neutrons is the
(n,a) reaction in 6 Li. Here the reaction proceeds only to the ground state of the product
and is written as

SLi+n —3 He + a + 4.78MeV (Q-value) (3.23)

The calculation of the reaction product energies for negligible incoming neutron energy
yields the following:
Espg =2.73MeV (3.24)

Eq = 2.05MeV (3.25)

The alpha particle and triton produced in the reaction must be oppositely directed

when the incoming neutron energy is low.

The 3He(n, p) reaction The gas He is also widely used as a detection medium for

neutrons through the reaction
SHe 4+ n —3 H + H 4 764keV (Q-value) (3.26)

For reactions induced by slow neutrons, the Q-value of 764 keV leads to oppositely

directed reaction products with energies
Eig =573keV (3.27)

and
Bz = 191keV (3.28)

The thermal cross section for this reaction is 5330 barns, significantly higher that

that for the boron reaction.
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3.5.2 Helium-3 Detector

In this project, a Helium-3 (3He) detector was used for the thermal neutron detection,
which is based on the 3He(n, p) reaction. As most of the proportional counters, the
3He tube is constructed using a cylindrical outer cathode and central wire anode. The
detector used in the neutron lab is manufactured out of stainless steel. This is superior
to aluminum as aluminum normally shows a small amount of low-level alpha activity.

An important consideration in many applications is the ability to discriminate

against y-rays, which often are found together with the neutron neutron flux to be
measured. ~-rays interact primarily in the wall of the counter and create secondary
electrons that may produce ionization in the gas.
In a large detector, each thermal neutron reaction would deposit 764 keV in the form
of kinetic energy of the triton and proton reaction products. Because the range of these
reaction products is not always small compared with the dimensions of the proportional
tube, however, wall effect have to be taken into account.

An advantage of the Helium-3 detector is that its neutron cross section is almost
40% higher than the cross section of 1°B. It is also a better proportional gas than BF3.
But Helium-3 is expensive as its natural abundance is very low; Helium-3 0.000138%,
Helium-4 99.999862%. Helium is poor at stopping neutrons, so Ar or Kr (at 5-20%

levels) are sometimes added to increase the stopping power.

Wall effect Figure shows the expected spectrum of a 3 He-tube in which the wall
effects are significant. In a detector with very large dimensions, nearly all the reactions
would occur sufficiently far from the walls of the detector to deposit the full energy of
the products within the proportional gas. In this case all of the energy of the reaction
would be deposited in the detector. However, for a smaller detector, the size of the tube
is no longer large compared to the range of the reaction products. In this scenario, some
events no longer deposit the full reaction energy in the gas. If either of the particles,
proton or triton, strikes the chamber wall, a smaller pulse is produced. This effect of
this type of process is known as the wall effect in the gas counters. In figure [3.9] the
continuum to the left of the peaks correspond to partial energy deposition in the gas of
the tube. The two steps or discontinuities in the continuum are an interesting feature
and can be explained through the following argument. Because the incoming neutron

has negligible momentum, the two reactions products must be oppositely directed. If
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Figure 3.9: Expected pulse height spectrum from a 3He-tube - This shows the

expected pulse height spectrum from a 3He-tube in which the wall effect is significant

the proton strikes the wall, the triton is therefore directed away from the wall and likely
to deposit its full energy within the gas. Conversely, if the triton strikes a wall, the entire
energy of the proton from the same reaction is fully absorbed. Thus it is expected to see
wall losses for only one of the reaction products at a time. Nevertheless, the reaction
could also occur at a distance from the wall that might be anywhere between zero and
the full proton range. The amount of energy deposited in the gas can then vary from
Eiriton 10 Eiriton + Eproton- Because all locations of the reactions are more or less
equally probable, the distribution of deposited energy will be approximately uniform
between these two extremes. Parallel arguments can be made, to show that the energy
deposited in the gas will vary from Eproton t0 Eproton + Etriton.. Therefore figure
shows the two wall effect events and the location of the full-energy peak, that results,
when both products are fully absorbed in the gas. The wall effect continuum extends

from Ejriton = 191keV up to the full-energy peak Eiriton + Eproton = 764keV. (2)
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Figure 3.10: Walleffect in 3He-tube - The decay products, proton and triton, ionize
and the created electrons are collected at the positively charged anode (wire). This shows
the possible energy depositions in a He-tube leading to the walleffect continuum.: (a)
both proton and triton deposit the full energy, 764 keV (b) triton only deposits a part of
its energy while proton deposits full energy (c) only proton deposits its energy, 573 keV
(d) both proton and triton escape the detector and no energy is deposited (e) only triton
deposits its energy, 191 keV (f) proton only deposits part of its energy while triton deposits
full energy.
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Compton Camera

The Compton Camera is a very promising tool in medical imaging. Compton cameras
are used for source imaging based on the Compton scattering kinematics. The system
consists of at least two position and energy sensitive detectors; scatter detector and
absorber detector. The feasibility of utilising a Compton camera in medical applications
has been shown through Monte-Carlo simulations and prototype systems, but the full
potential has not yet been met as these early investigations were hindered by practical

limitations (4)). A Compton Camera requires
e Detectors with very low noise properties
e Readout electronics with high data-rate processing capabilities

e Computing resources capable of processing the data through intensive image re-

construction algorithms

4.1 Operation Principle

In an ideal system, the y-rays emitted from a source placed in front of the scatter detec-
tor will Compton scatter from an electron in the first detector, depositing a fraction of
its energy before getting fully absorbed in the analyser detector H The sum of the two
energies detected in the detector equals the energy of the incident y-ray and the posi-

tions, where the y-ray interacts with the detector are known. The Compton scattering

!The incident y-rays can also undergo multiple interactions in the detectors. These events are more

difficult to process.
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4.2 Image Quality

formula is used to calculate the scattering angle between the incident and the scattered
photon. This scattering angle is then used to form a cone with apex angle 20 as shown
in figure [£.1] Although the scattering angle is known, the direction in which the v-ray
travels is not. The possible origins of the incident y-ray lie somewhere on the perimeter

of this cone. Images are created by overlapping cones from many interactions.

source

E1w\
I~

Ex
scatter absorber
detector detector

Figure 4.1: Dual layer Compton camera - This is an illustration of a dual layer
Compton Camera. It consist of a scatter detector and an absorber detector. The cone is

reconstructed using Compton kinematics

4.2 Image Quality

The generation of high quality images by the Compton camera system is required when
used in medicine. There are three main factors influencing the image quality; energy
resolution, position resolution and Doppler broadening. The overall angular uncertainty

and therefore uncertainty in the image reconstructed is given by,

Aetotal = \/(AHDoppler)2 + (AeE‘nergy)2 + (AePosition)2 (41)

where AfOpeppier is due to Doppler Broadening in the scatter detector material and
defines the ultimate performance of the camera, A0gyergy is due to the energy resolution
in the detectors and Afpysition arises from the position resolution. These contributions

can be briefly explained as follows.
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4.2 Image Quality

4.2.1 Position Resolution

Position sensitivity of the interactions is responsible for determining the cone axis,
about which the cone angle is situated. It is estimated by using the actual hit positions
from the strip/pixel size of the detectors. The segmentation of the detectors used in
this experiment allows the interaction position to be determined within a 5 mm x 5 mm
pixel. In another experiment it has been shown that the position sensitivity through
pulse shape analysis can be reduced to a 1 mm x 1 mm x 1 mm voxel, thereby increasing

the accuracy of the cone axis position (5)).

4.2.2 Energy Resolution

The energy deposited in the scatter detector from the photon is used to calculate
the angle of the reconstructed cones axis. A poor energy resolution gives a larger
uncertainty in the angle of the cone, leading to a larger uncertainty in the position of
the cone base. Germanium has a much better energy resolution than Sodium lodide for

example and is despite its lower efficiency the better detector material for this purpose.

4.2.3 Doppler Broadening

The other contribution to the overall image resolution is Doppler broadening. The
reconstruction is performed on the basis of Compton kinematics, in which the target
electrons are assumed to be free and at rest. In a real detector, however, target elec-
trons are bound to their atomic nuclei with non-zero orbital momentum. Thus, the
uncertainties of the binding energy and the orbital momentum lead to a degradation of
the angular resolution in Compton cameras. The effect of the Doppler broadening be-
comes smaller as the incident energy becomes higher, because the binding energy and
momentum of electrons in material are relatively small for y-rays at higher energies
(21)). The Z-dependence of Doppler broadening has been investigated and it was shown
that the energy spread for germanium is larger than that of the silicon. The germanium
crystal with the higher atomic number has potentially more pre-collision momentum

states available for their atomic electrons than the silicon crystal with lower Z does.

3)
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GAMOS simulations

5.1 Objective

To investigate the feasibility of using a Compton camera system during BNCT, GAMOS
simulations with the 478 keV ~-ray were performed. GEANT4 is an object-oriented
toolkit that implements extensive Monte-Carlo techniques in the C++ programming
language to simulate in detail the interaction of particles in matter. GAMOS is a
GEANT4-based framework primarily developed for the use in medical physics. Sim-
ulations were run to investigate various features like the position resolution and the
minimum number of cones E] for a good image reconstruction. Subsequently, simula-
tions were performed to optimise the Compton camera system. The GAMOS simulation

have previously been validated by Dr Laura Harkness for an «-ray energy of 122 keV.

)

5.2 Implementations and Detector Geometry

GAMOS requires an accurate input of the experimental setup. In this project, the
Compton camera setup consisted of two germanium detectors. The detectors and
an isotropic source emitting 478 keV v-rays were simulated. As at 478 keV forward
Compton scattering dominates, the detectors were positioned behind each other. Figure
shows a snapshot of the two detectors of the Compton camera placed inside the

"world”. The world represents the space, in which the particles are tracked ﬂ

land the number of 4-rays required for this number of cones
2The bigger the world, the longer it takes to compute the simulation.
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5.3 Data Generation and Processing

Figure 5.1: Snapshot of Compton camera in GAMOS - Snapshot of the two de-
tectors of the Compton camera placed inside the ”World”. The green lines represent the

~-rays emitted from a point source in front of the Compton camera

Two main files, input and geometry, are required to run the simulation. The input
file (Appendix A) includes various information about the simulations, e.g. it defines
what physics packages E| are used and what histograms are produced. Furthermore, the
input file defines the energy and gate for the photopeak of interest and includes event
classifiers to get information on the sensitivities. It also contains the information about
the resolutions E| in both detectors and the measuring time of both detectors. The
geometry file (Appendix A) contains information about the size and the material of the
detectors. It also defines the distances between the source and the scatter detector and

the separation between the two detectors.

5.3 Data Generation and Processing

Data were generated using GEANT4 to produce a chosen number of isotropic primaryﬁ
~-rays for the photopeak energy of 478 keV. A catalogue of information regarding each
gamma ray interaction was extracted from the simulation, such as energy deposited,

time of interaction and position of interaction using standard GEANT4 functions to

!GEANT4 is a versatile package which provides the user the choice of physical processes to be

attributed to the particles which have been defined.
2Infinitely good resolution is chosen in most of the cases to give the best possible reconstruction
3 A primary particle in GEANT4 is defined as a particle which arises through the initial generation of

events, whereas secondary particles are produced through the interactions of the primary particles, for

example an electron becomes a secondary particle in the Compton scattering interaction of a primary

v ray.
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5.3 Data Generation and Processing

write the information to an output file.

Each primaryy-ray was given a unique ID number, so it is possible to independently
track each gamma-ray. In addition, each gamma-ray interaction was assigned an inter-
action number i corresponding to the i interaction of that particular gamma ray. An
algorithm written for the ROOT E] data analysis framework was used to analyse the

number of full energy deposits in the simulation.

Event Classification The incident y-rays on the Compton camera system can un-

dergo multiple interactions in the detectors. This can be seen in figure By default,
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y

Figure 5.2: Event classification in GAMOS - This is an illustration of how GAMOS
classifies events with multiple interactions. A single/single event represents a ~y-ray that

Compton scatters in the first detector before being absorbed in the second detector.

GAMOS only uses so called single/single interactions when generating the output files.
A single/single event represents the case, in which a ~-ray scatters once in the first
detector before being fully absorbed in the second detector without further scatter-
ing. Single/single events are easy to process and can easily be reconstructed. This is of
course not the only possible event an incident «-ray can undergo. A single/double event
describes an ~-ray, that is being Compton scattered in the first detector, undergoing
another scattering in the second detector before being fully absorbed.

It has to be stated, that the event classification in GAMOS is simplified. The detectors

1 An object oriented framework for large scale data analysis.
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5.4 Image Reconstruction

of the Compton camera are segmented into voxels El [mm?3]. In GAMOS a single inter-
action states that the energy is deposited in only one voxel, but it does not specify how
many interaction have actually taken place. Therefore a -ray can theoretically interact
three times ] in the same voxel, but still be recorded as one interaction in GAMOS.
Furthermore, GAMOS always considered the interaction to take place in the centre of
one voxel. This gives rise to an uncertainty in position resolution, when reconstructing

the cone.

5.4 Image Reconstruction

Potentially each ~-ray can be used to reconstruct a cone and the source location is

identified as the area with the greatest overlap of the Compton cones. The images are

Source

Image Plane

1st Detector

2nd Detector 4

Figure 5.3: Image reconstruction - Illustration of the image reconstruction by over-

lapping cones

created by overlapping cones, using an imaging code, Compton 3.5, written by Dr Dan
Judson. The code is fed with the GAMOS output file to create ROOT files to produce
plots of the source. The code is written in C+4 and allows to input the required
data to call the imaging code before producing the intensity plots. The code takes a

Compton camera data set from the GAMOS simulation to produce the intensity plots

LA voxel is a volumetric pixel
2The three interactions are simulated by GEANT4
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5.4 Image Reconstruction

or Compton images. The program works by calculating the size and position of the
2D conics that are produced, when a cone is sliced at a given angle and z-distance H
These conics are then projected onto a 2D imaging plane to produce 2D images. The
program produces a 2D matrix (slice) of intensity vs position in the xy-plane along
with the 1D intensity profiles, in the x- and y-axis of this slice through the point of
maximum intensity. These 1D profiles are fitted using a custom function to determine
the FWHM, which is the position resolution of the distribution. The FWHM is then
plotted for a number of different z distances to get an indication of the source location
in depth. For the source to be reconstructed, a number of data have to be entered in
Compton 3.5. The input file has to be entered and the correct offset chosen in order
to produce a good image. It has to be specified whether 1 or 2 peaks should be fitted
and how many channels should be used for the reconstruction. The code produces slice
images with Lorentzian fits to the x and y slices and also produces chi-squared and
FWHM values, that are displayed. The spectra and fits are written to a ROOT file for
each slice that is imaged.

It is important to note that the imaging code does not draw a continuous line along
the perimeter of the cone base. Instead it draws one voxel per degree (360 in total).
Therefore an overlap is only recorded if two voxels of two cones intersect with each

other.

Images and Plots The Compton imaging code will read through the data file and
determine the total number of events and the number of events which pass the entered
energy and angle gates. Each of the accepted events will then be reconstructed into a
Compton image for each specified z slice. For each slice a 2D plot of intensity in the
xy-plane is produced, along with a slice through this in both the x- and y-planes. These
x and y planes are then fitted assuming a Lorentzian peak on a quadratic background.
The FWHM and Chi-squared/DOF E| for each fit are displayed. For each z value, a
ROQT file is produced which contains the 2D and 1D intensity plots along with the
fits.

!The z-distance equals the distance of the source to the detector
2DOF = degree of freedom
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5.5 Results

5.5 Results

5.5.1 Position Resolution

The position resolution of a point source, which is located a distance away from the
detector system, has been investigated. The simulation was setup with a total of
70,000,000 beams to give a sufficient number of y-rays and cones for the reconstruction
of the source. Figure [5.4] shows the geometry of the simulation. The two detectors
have the same width and length, 60 mm x 60 mm, but vary in thickness. The scatter
and absorber thickness is 5 mm and 20 mm, respectively. This represents a realistic
setup, as the scatterer and analyser detector have to be placed in vacuum chambers.

Therefore the minimum separation between the two detectors is 30 mm.

5mm 20 mm

P 20mm | 30 mm _ 15mm _ 15mm _ 15mm

Source

A
\ 4
y
v
A
A
y
\

Figure 5.4: Detector setup in GAMOS - The detector setup of the GAMOS simula-
tion. The detectors are separated by 30 mm. The black boxes represent the vacuum boxes,

in which the detectors would be placed in an experiment.

The simulations were run for 25 different points on a 10x10cm grid. The setup can
be seen in figure [5.5 The isotropically 478kev gamma-ray emitting source was placed
successively at each point of the grid D It can be seen that always around 86% of the
cones given by GAMOS are used for the image reconstruction. The loss of the 14%,
can be explained with the ”drawing” of the cone as explained in the previous section.

In order to investigate how the number of cones used for the image reconstruction

varies at different distances away from the detector, the output file was fed into a

!The detectors are stationary, while the source is moved relatively to the detectors
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5.5 Results

[50 mm, 50 mm)]
[ o [ ) o [ A

[25 mm, 25 mm)]
[ [ ] o [ ] [ ]

[0 mm, O mm)]
° ° ° ° ° 10cm

[-25 mm, -25 mm]
[ ] N ° o o

[-50 mm, -50 mm] v
[ ] ° o o o

< >
10cm

Figure 5.5: Source positions in GAMOS - This is the investigated 10 cm x 10 cm
grid in GAMOS with each dot representing a position of the point source.
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5.5 Results

MATLAB code, which produces a colour intensity plot.

Offset +300mm in both directions B =10

24

2.z

int proc

320

300

| 300
y - direction (mm)

280 x - direction (mm)

260 260

240 240

Figure 5.6: Number of events at different source positions (3D) -

This colour

intensity chart shows the number of cones used tor the image reconstruction against the

x-position and y-position (in mm) of the source in 3D. An offset of 300 mm was added in

both directions.

As figure [5.6] and illustrate, the number of cones decreases significantly as the

source moves away from the center of the detector. Figure [5.8 shows how the recon-

structed position of the source differs from the actual position of the source HThe

position of the sources drifts towards the inside of the grid and the further away the

point is from the center, the greater is the difference between the reconstructed and

actual location. This is a systematic error that must be taken into account for a cor-

rect image reconstruction. Figure shows a typical source image and its projection

in x-direction El

!The actual position refers to the position as it is defined in GAMOS
2The projection is similar in y-direction
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Offset +300mm in both directions 4

w10

24

C.2

y - direction (mm)

X -direction (mm)

Figure 5.7: Number of events at different source positions (2D) - This colour
intensity chart shows the number of cones used tor the image reconstruction against the
x-position and y-position (in mm) of the source in 2D. An offset of 300 mm was added in

both directions.
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Offset +300mm in both directions
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Figure 5.8: Quiver plot - The quiverplot shows the difference between the measured

and actual positions of the point source represented with vectors.
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Figure 5.9: Typical image reconstruction of point source - (a) shows the 10cm x
10cm grid being investigated, (b) shows the typical reconstruction of a source by overlap-
ping cones at the [0mm,0mm]| and (c) shows the fit of this image. A Lorentzian peak is
fitted on a quadratic background.
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5.5 Results

5.5.2 Energy Deposition in the Detectors

The energy deposition in the scatter and absorber detector was investigated. Only the
fully absorbed events E| were considered, so the full 478 keV has to be deposited in both
detectors. To visualise the amount of energy in the scatterer and absorber detector
respectively, a script in MATLAB was written to plot a matrix showing the energy
absorbed in the scatterer against the energy absorbed in the analyser detector. Three
different positions, (0,0) E| , (25,25) and (50,50), have been plotted.

On average 173 keV is deposited in the scatter detector, and the remaining 305
keV is absorbed in the second detector. By zooming into the region of interest, it can
be seen that as the source moves away from the center of the detector, the region of
interest shifts to the left. This means, that more energy is lost during the scattering.
This can be explained with the solid angle effect as a larger scattering angle leads to

more energy loss in the first detector.

5.5.3 Peak to Total

The number of counts in the peak of the sum energy of all coincident events was divided
by the total number of events. For the (0,0) position with 70,000,000 ~-rays, the peak to
total was found to be 0.326. The corresponding peak to total for the (25,25) and (50,50)
position were found to be 0.335 and 0.374 respectively. The highest peak to total at the
(50,50) position is expected, as the y-rays lose more energy due to the larger scattering
angle in the first detector and therefore have a higher chance of being absorbed in the
absorber detector. If the scattering angle is small, the ~v-rays are more energetic and

might travel through the second detector or undergo multiple interactions.

LA event is considered to be fully absorbed within +1 keV of the photopeak energy
2((),()) represents source position at x = 0 mm and y = 0 mm.
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Figure 5.10: ROOT histogram of all coincident events - (0,0) position with

70,000,000 y-rays - ROOT histograms showing the sum energy of all coincident events,

scatter detector energy of all coincident events and absorber detector energy of all coinci-

dent events
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Sum energy all fully absorbed single_single events (keV)

Counts .
F Entries 24736
r Mean 477.9
2500 (@) ( RMS 3673
2000| ‘ }
1500 l
1000[
500[ H |
L H L
ol - T PR TR L M
400 450 500 550 60
Energy (keV)
Counts : Scatter detector energy fully absorbed single_single events (keV)
= Entries 24736
E Mean 148.5
40— (b) ” RMS 8184
350 \ﬁ
300
250/
200
150 f
) !
100 l
. W\.‘qﬂpﬂIfhrl.VJﬂl‘{ﬂ‘ﬂAflﬂrl 1,
5
"
oo . | | ﬂ‘\‘\"'\ ] rmw""""”T’“Hh L M .
0 100 200 300 400 500 600
Energy (keV)
Counts Absorber detector energy fully absorbed single_single events (keV)
= Entries 2;1736
400[— Mean 3294
) RMS 81.9
350—
300— }
250
B v
200—
150— / \
100 Iq
:
ok M‘lr "VN‘“r"‘"M"‘jf"l““mm1
0 Ay g g T o L
100 200 300 400 500 600
Energy (keV)

Figure 5.11: ROOT histogram of fully absorbed single/single events - (0,0)
position with 70,000,000 y-rays - ROOT histograms showing the sum energy of fully

absorbed single/single events, scatter detector energy of fully absorbed single/single events

and absorber detector energy of fully absorbed single/single events
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Figure 5.12: Matrix of deposited energy in scatter detector against deposited
energy in absorber detector - Matrix representation of the energy deposited in the
scatter detector against the energy deposited in the absorber detector; (a) for (0,0) position,
(b) for (25,25) position and (c) for (50,50) position. The zoom shows the mean energy
deposited in the scatter and absorber detector. The increasing scattering angle at (50,50)

compared to the (0,0) position leads to greater energy deposition in the scatter detector.
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5.5.4 Efficiency

The efficiency is a very important parameter as it shows how many cones are recon-
structed for a given number of y-rays. Hence the efficiency can be easily calculated
as
e= ]éiC_O:; (5.1)
For the produced grid, 70,000,000 v-rays are generated. Depending on the position
of the point source, only a very small fraction of these «-rays is actually used for the
image reconstruction. This can be seen in table . The efficiency is not fluctuating
for a different number of ~-rays.
This seems like a tiny fraction that has been used for the reconstruction , but it

can be explained as follows

1. The source is isotropic and hence the -rays are escaping in all directions. By
taking the area of the sphere with a radius equal to the distance to the scatterer
detector and dividing by the area of the detector, the fraction of v-rays incident
on the scatter detector can be found. By doing so, roughly 89% of the v-rays do
not hit the first detector. — 7,000,000 ~-rays left

2. More ~v-rays are lost due to the attenuation in the scatter detector. This means
some of the y-rays lose their energy in the scatter detector and will not make it

to the absorber detector. — 4,500,000 ~-rays left

3. More v-rays are lost due to the scattering out of the detector. — 1,000,000 ~-rays
left

x-position y-position No. of beams Used no. of cones % used

0 0 70000000 20990 0.030%
0 0 800000 232 0.029%
50 20 70000000 9896 0.014%
50 50 800000 110 0.014%

Table 5.1: Efficiency of Compton camera - The table shows the number of y-rays and
the number of cones used for the image reconstruction at two different positions. Only a

very small fraction of cones used for the image reconstruction to emitted number of y-rays
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5.5 Results

4. Another fraction of y-rays is lost due to multiple interactions in one of the detec-
tors. Only single/single interactions were taken into account, discarding all other

types of events. — 350,000 y-rays left

5. Another factor reducing the number of «-rays and therefore number of cones for
image reconstruction is the separation of the two detectors. Some ~-rays are
scattered in the first detector, but do not reach the second detector. This is again

a solid angle effect. — 100,000 ~-rays left

6. Finally, some of the incident 7-rays scatter out of the absorber detector. This

reduces the number to 20,000 ~-rays

This derivation of ~-ray loss also indicates, what could in principle be improved
to yield a higher ratio of cones to ~-rays. But one has to be aware that for example
reducing the distance between the source and the first detector could lead to more
uncertainties when reconstructing the image. It is therefore a trade off between number
of cones and increase of error in position resolution. This will be shown in the next

section.

5.5.5 Minimum Number of v-rays for Image Reconstruction

A clinical treatment requires a short time period for the treatment to minimise un-
necessary damage to the patient. Therefore the number of cones that are required for
a good image reconstruction had to be found. It has been shown that a minimum
number of 100 cones is sufficient for a good image reconstruction of a source. Various
simulations were run, to find the minimum number of ~-rays to achieve this. It was
found, that 800,000 ~-rays are required for this number of cones. Figure shows the
reconstruction of a point source at (0,0) with 800,000 ~-rays and it can be seen that

the quality is significantly better than a reconstruction with 500,000 vy-rays as seen in

figure [5.16]

Updated image reconstruction code An updated version of the Compton imag-
ing reconstruction code has been used to investigate how the image quality could be

improved. In Compton 3.6 the imaging space resolution (pixel size) can be defined
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Figure 5.13: Image reconstruction - (0,0) position with 800,000 v-rays - Image
reconstruction of the source at the (0,0) position with 800,000 ~-rays.
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Figure 5.14: Image reconstruction - (25,25) position with 800,000 ~-rays - Image
reconstruction of the source at the (25,25) position with 800,000 ~-rays.
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Figure 5.15: Image reconstruction - (50,50) position with 800,000 v-rays - Image
reconstruction of the source at the (50,50) position with 800,000 ~-rays.
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Figure 5.16: Image reconstruction - (50,50) position with 500,000 v-rays - Image
reconstruction of the source at the (50,50) position with 500,000 v-rays.
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H A larger imaging space resolution gives a better image using fewer statistics. The
updated code also allows to vary the number of points used to create a conic. Instead
of one point drawn per degree (360 in total), multiple points can be drawn per degree.
Figure and show the reconstruction of the images with 8 mm imaging space
and five points per degree for 800,000 and 70,000,000 ~ -rays respectively. The image
quality for 70,000,000 does not increase, but the fit for 800,000 looks better.

xy_profile Fit to X slice through Z = 105, Y = 304, ChiSq/DOF = 44.54
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Figure 5.17: Updated image reconstruction - (0,0) position with 800,000 v-rays
- Updated image reconstruction of the (0,0) position with 800,000 ~-rays. The voxel size
has been increased and more points on the perimeter of the cone base are produced.

!Compton 3.5 used a Imm x 1mm pixel size
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Figure 5.18: Updated image reconstruction - (0,0) position with 70,000,000 ~-

rays - Updated image reconstruction of the (0,0) position with 70,000,000 v-rays. The voxel

size has been increased and more points on the perimeter of the cone base are produced.
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5.6 Optimisation of Compton camera system

5.6 Optimisation of Compton camera system

As previously shown, the efficiency E| is very low. The Compton camera system has to
be optimised, to increase the number of usable ~-rays. Several GAMOS simulations
were utilised to determine the configuration of detectors which produce the maximum
number of events. The optimisation of the detector configuration involved determining
the ideal thickness of both scatter and absorber detector as well as the effect of taking
into account multiple interaction events. The different variables were investigated with

the other variables being kept constant.

5.6.1 Scatter Detector

In order to optimise the Compton camera imaging system for the boron energy at 478
keV, the thickness of the scatter detector was changed to investigate the number of cones
reconstructed. For a better image reconstruction, this number has to be maximised.
During the simulations, the detector separation was constant, so no solid angle effect
would have an impact on the results. The analyser detector is a 60 x 60 x 20 mm
thick germanium detector with 5 mm x 5 mm pixel sizes and only single/single events
have been taken into account. The results can be seen in table 5.2l The simulations
were carried out using the constant detector surface area of 60 mm x 60 mm and the
two detectors were separated by 30 mm. As previously mentioned, HPGe E| is a good
detector material as it has a high cross section for the Compton scattering process.
HPGe also offers an excellent energy resolution of around 2 keV at 478 keV E| and
the position resolution can be improved from the raw detector segmentation to 1 mm
through the application of pulse shape analysis techniques.

As it can bee seen in figure [5.19| a scatter detector thickness of 10 mm gives the
greatest number of counts for the boron energy. Beyond a thickness of 10 mm, the
number of events decreases with increasing thickness. This is due to the increased
probability of full absorption in a thicker detector, as photoelectric absorption is a very

likely interaction mechanism.

Yield of cones used for reconstruction for a given number of y-rays
2HPGe = Hyper Pure Germanium Detector
3For simplicity an infinitely energy resolution of the detectors is assumed.
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5.6 Optimisation of Compton camera system

Thickness (mm) No. total cones No. used cones % used

5 24750 21028 84,96%
75 29621 25321 85,48%
10 30943 26779 86.,54%

12,5 30613 26731 87.32%

15 29343 25809 88,26%
17,5 27650 24640 89,11%
20 25565 22909 89,61%

Table 5.2: Optimum thickness of germanium scatter detector - The table shows
the number of cones used for image reconstruction as the germanium scatter detector

thickness is increased.

35000 [

30000
25000 | ./,’_.—-‘\‘\‘\.
20000 [

; 1000 |
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10000 [ —e—No.total cones
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soo0 |
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Thickness [mm]

Figure 5.19: Optimum thickness of germanium scatter detector - The plot of the
number of cones used for image reconstruction against scatter detector thickness peaks at

around 10mm for germanium.
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5.6 Optimisation of Compton camera system

Thickness (mm) No. total cones No. used cones % used

) 9286 8571 92,30%
7,5 11935 10949 91,74%
8 12404 11331 91,35%
10 14017 12809 91,38%
12,5 15480 14093 91,04%
15 16394 14925 91,04%
17,5 16866 15375 91,16%
20 16770 15271 91,06%

Table 5.3: Optimum thickness of silicon scatter detector - The table shows the
number of cones used for image reconstruction as the silicon scatter detector thickness is

increased.

Varying scatterer detector size to find ideal thickness of a silicon scatter
detector With the same germanium detector and a silicon (Si) detector as scatter

detector, the same simulations were run for a Si/Ge detector setup.
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Figure 5.20: Optimum thickness of silicon scatter detector - The plot of the
number of cones used for image reconstruction against scatter detector thickness peaks at

around 17.5mm for silicon.

Figure [5.20] suggests that a thickness of 17.5mm gives the best results for the 478
keV photopeak.



5.6 Optimisation of Compton camera system

Thickness (mm) No. total cones No. used cones % used

10 30750 26625 86,59%
15 29175 25703 88,10%
20 25551 22871 89,51%
25 21378 19307 90,31%
30 17266 15701 90,94%
35 13825 12758 92,28%
40 10909 10055 92,17%
45 8546 7972 93,28%
50 6736 6303 93,57%
60 4007 3765 93,96%
70 2435 2299 94,41%
80 1394 1325 95,05%
90 815 e 95,09%
100 484 458 94,63%
150 41 38 92,68%
200 2 2 100,00%

Table 5.4: Optimum thickness of germanium absorber detector - The table shows
the decrease in number of cones used for image reconstruction as the germanium scatter

detector thickness is increased.

5.6.2 Absorber Detector

Simulations were performed to find the total thickness of the absorber detector, which
leads to a full absorption of the incident 478 keV ~-ray. As GAMOS is set by default
to only record single/single interactions, the number of recorded cones should decrease
as the scatterer thickness increases. The thicker the detector, the more likely full
absorption of the incident y-rays is and hence less y-rays will escape the scatter detector.

As seen in table the number of cones approaches zero towards a scatter detector
thickness of about 200 mm. At the moment, 90 mm thick germanium detector can be
achieved. For economic reasons, a 40 mm thick detector is considered to be sufficient

for BNCT giving the best trade-off between number of events and cost of the detector.
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Figure 5.21: Optimum thickness of germanium absorber detector - This plot
shows the decrease