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Abstract

Medical linear accelerators (linacs) used for radiotherapy with photons pro-
duce an undesirable neutron contribution as treatment energies exceed the
(7,n) threshold of the high-Z constituents of the linac. Secondary neutrons
in radiotherapy can contribute to an additional dose outside the treatment
volume in the patient. Treatment techniques offering improved confinement
of the dose to the target volume are rapidly evolving and will contribute
differently to the production of neutron doses outside the volume at target.

The intention in this work has been two-fold: (1) Investigation of the
characteristics and the responses of the detectors applied. (2) Measure-
ments of the secondary neutron yield outside the treatment volume of a 15
MV photon beam produced by a Varian 23iX medical linac at Haukeland
University Hospital (HUS). Neutron yields measured during the treatment
techniques Three-Dimensional Conventional Radiation Therapy (3D-CRT)
are compared to Intensity Modulated Radiation Therapy (IMRT).

The neutron measurements were performed using bubble detectors and
Thermoluminescence Detectors (TLDs). The TLD-600 is photon and ther-
mal neutron sensitive, and the TLD-700 is photon sensitive. Pairs of TLDs
were applied together in order to discriminate against the photon compo-
nent of the mixed field. The bubble detectors employed were the Bubble
Detector Spectrometer (BDS) used for obtaining information on the neu-
tron energy spectrum, and the Bubble Detector Thermal (BDT) sensitive
to thermal neutrons.

The response of the detectors was also measured in the mixed photon
thermal-neutron field of the nuclear reactor at Institute for Energy Technol-
ogy (IFE) at Kjeller (Norway). The BDS detectors were found to be sensitive
in this field, either to neutrons with lower energy than the discrimination
thresholds given from the vendor or to the photon component of the field.
The BDT set was calibrated in this field and the sensitivity obtained from
the measurements was four times higher than the calibration factors sup-
plied by the manufacturer. The TLDs applied in the reactor field detected
a strong photon background, which made reliable photon discrimination in
the TLD signal a challenge.

The spatial distribution of the neutrons produced by the medical linac
was measured outside the target volume with TLDs positioned in a plastic
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phantom. The neutrons were principally detected in the outer layers of the
phantom, close to the treatment head where the neutrons are produced.

Two dose plans were created in the Eclipse dose plan system in order to
compare the neutron yield during the IMRT and 3D-CRT treatment tech-
niques. Measurements were performed in a solid state plastic phantom, with
TLD and BDS detectors situated outside the photon treatment field. The
IMRT dose plan resulted in a higher neutron dose than the dose produced
during the 3D-CRT dose plan. The ratio of the neutron dose produced
during the delivery of the two plans scales roughly with the ratio of the ra-
diation output of the linac; the Monitor Units (MUs). The neutron fluences
measured were on the order of 107 n/cm? per treatment Gy delivered to
the target volume. For a full treatment of 70 Gy, the additional neutron
doses measured were 0.2+0.1 Sv for the 3D-CRT plan and 0.440.3 Sv for
the IMRT plan. Two characteristic features of the neutron energy spectrum
were observed; the low energy continous distibution from neutron evapo-
ration processes and a rather distinct peak from direct neutron knock-out
processes.

The sensitivity of the detectors to neutron energies, and potentially to
photons, should be further investigated with respect to the correspondence
between the response to fluence and dose. To obtain further information of
the neutron energy spectrum, the use of TLDs with moderators of different
sizes can be an alternative method.
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Chapter 1

Introduction

Cancer is today one of the main causes of death worldwide. The current
cancer treatment methods include surgical removal, chemotherapy, radia-
tion therapy, or combinations of these. About 50% of all cancer patients
receive radiation therapy. During radiotherapy, the overall objective is to
deliver a treatment dose to the target volume, and at the same time spare
the surrounding healthy tissue as much as possible.

The most common form of radiation therapy is the use of photon beams
produced by medical linear accelerators (linacs). In order to limit the pho-
ton beam to the target volume, collimators of tungsten and lead are used
to shape the beam. As photon energies exceed the photonuclear thresh-
old of the collimator material, production of undesirable neutrons will take
place [1]. Neutrons are a significant secondary particle due to their long
range and relatively high biological effect in tissue [2]. Therefore neutrons
will contribute to the dose depositions at photon energies exceeding 7-8 MeV.
The exposure to low doses of ionizing radiation deposited outside the target
volume is associated with an elevated risk of irradiation induced secondary
cancer, even many years after the initial exposure [3].

In this thesis, the secondary neutron yield from a Varian medical linac,
used for cancer treatment at HUS, has been investigated. The detectors have
been positioned in solid state plastic phantoms situated in photon beams of
energies up to 15 MeV, and measurements have been performed applying
different field configurations. In order to investigate the spatial distribution
of thermal neutrons outside the treatment volume, Thermoluminescence De-
tector (TLD) measurements were performed in multiple in-phantom posi-
tions outside the target volume. To compare the neutron fluences and doses
emerging from the two treatment configurations Three-Dimensional Con-
formal Radiotherapy (3D-CRT) and Intensity Modulated Radio Therapy
(IMRT), treatment plans were constructed in a dose plan system, and the
treatments were executed during neutron measurements.
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Depending on the treatment technique applied during the radiation ther-
apy, different dose contributions from neutrons will result. The 3D-CRT
method employs Multi Leaf Collimators (MLCs) in a static manner during
the treatment, of which the dose is delivered from multiple angles to dis-
tribute the unavoidable entrance dose to the tissue surrounding the treat-
ment volume. IMRT is another beam delivery technique that has been im-
plemented within radiotherapy during the last two decades. In IMRT, the
beam intensity can be varied across the treatment field utilizing dynamic
MLCs. In this way the radiation dose can be delivered to the target volume
whilst maintaining quite sharp dose gradients with respect to the nearby
healthy tissue or critical organs close to the target volume. However, the
extended use of collimators during IMRT requires several times higher radi-
ation output compared to 3D-CRT. With increasing radiation output from
the linac, the dose contribution from neutrons is expected to increase [4].

In order to investigate the neutron dose contribution from medical linacs,
suitable detectors for such an environment must be obtained. Measurements
of the neutron fluences in the surrounding of a medical linac can be a chal-
lenge. The high photon background requires the detectors to have good
photon discrimination. Due to the pulsed nature of the photon beam, pas-
sive detectors are preferred to avoid the dead time losses associated with
active devices. The biological effects of neutrons are energy dependent, and
a detection method that enables a neutron energy spectrum to be obtained
is of great significance.

The aim of this thesis has been two-fold; (1) to examine the properties
of the neutron detectors used, in order to gain a better comprehension of
their response and manner of operation, and (2) to investigate the neutron
contribution from a medical linac by applying different photon field config-
urations.

The detectors used in this work are i) two types of bubble detectors
and ii) pairs of TLDs, both are passive devices. The bubble detectors used
are able to discriminate against photons [5], whereas for the TLD pairs ap-
plied, the photon component of the signal can be subtracted. Of the bubble
detectors, one set was mainly sensitive to thermal neutrons; Bubble Detec-
tor Thermal (BDT), and one set was intended for spectrometry; Bubble
Detector Spectrometer (BDS). The BDS detectors cover the neutron en-
ergy spectrum and consist of subsets of detectors having individual energy
thresholds, with the lower threshold set starting at 10 keV. Several mea-
surements were performed in this thesis in order to investigate the detector
properties; both in the surroundings of a photon field producing medical
linac at Haukeland University Hospital (HUS), Bergen, and in the field of
the nuclear reactor Joint Establishment Experimental Pile (JEEP II) at the
Institute for Energy Technology (IFE) outside Oslo.

The investigations of detector properties is a continuation of the master



thesis work of K. Ytre-Hauge, released May 2009 [6]. This study included
tests of durability and temperature dependence of the bubble detectors, and
these results have been made use of in this work.

An alternative to radiotherapy with photons is the use of particle beams
such as protons and heavier ions. These techniques can offer an improved
confinement of the dose to the target volume, resulting in lower doses in the
healthy tissue compared to photon beams [7]. A part of the motivation for
this work has been to gain knowledge of radiotherapy using particles in con-
trast to photons. The project have involved visits at the heavy ion research
facility, Gesellschaft fiir Schwerionenforschung (GSI), Darmstadt, Germany
and the Heidelberg Ion Therapy (HIT), Heidelberg, Germany. GSI has ten
years of experience with radiotherapy using carbon ions.

In Chapter 2 of this thesis, the basics of radiation physics and relevant
terminology in this work are presented. Interactions of charged particles,
photons and neutrons with matter will be described. In addition, defini-
tions within radiation dosimetry, such as dose and the biological effects of
radiation, are included.

Chapter 3 describes concepts in radiotherapy including details on the
photon generating linac and the deposition of the radiation dose. Due to the
importance of particle therapy as a motivation for this master thesis project,
the last part of this chapter concerns particle therapy. Further, in Chapter
4, aspects of the neutron production during radiotherapy with photons are
explained.

Chapter 5 starts with general considerations within neutron detection,
and finishes with a description of the detector types used in this work. In
Chapter 6, the experimental set-ups and measurement procedures at HUS
and IFE are specified, followed by a presentation of the experimental results
in Chapter 7. The results have been divided into i) investigations of detec-
tor performance, ii) calibration issues and iii) application in radiotherapy.
Finally, the conclusion of the results obtained and an outlook on further
work is presented in Chapter 8.
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Chapter 2

Radiation Interactions and
Dosimetry

In this chapter the basic interaction mechanisms of photons, charged parti-
cles and neutrons with matter are presented. An introduction to dosimetry
and biological effects is also given.

2.1 Interactions of Photons With Matter

Photons penetrating matter interact through several processes depending on
the photon energy and the matter being traversed. The interactions with
matter will result in the photon either being fully absorbed, or a change
of the direction and energy of the photon by scattering processes. The
principal mechanisms of photon energy deposition in matter are i) the pho-
toelectric effect, ii) Compton scattering and iii) pair production. The result
of the primary interactions above is either a total or a partly transfer of
photon energy into electron energy. The possible reaction products are;
electrons (and positrons), scattered photons and excited atoms. A fourth
interaction mechanism, the photonuclear reaction, is important in certain
radiation environments, e.g. in the surrounding of a medical linac. The
photonuclear processes are possible at energies above several MeVs, result-
ing in neutrons, protons or heavier nuclear fragments being released from
nuclei. Less significant interaction mechanisms are Thompson and Rayleigh
(coherent) scattering.

The total photon cross section, o, of the photon interactions in lead is
shown in Figure 2.1, and oy, is the sum of all the individual cross sections
for the various processes.
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Figure 2.1: Total photon cross section, oy, as a function of energy in lead
(Pb), showing the contributions of different processes: o,... = The photoelec-
tric effect, ocompton = Compton scattering, xnye = Pair production, nuclear
field, ke = Pair production, electron field, ogayicign = Rayleigh (coherent)
scattering, 04 4, = The Giant Dipole Resonance (GDR) of the photonuclear
interactions [8].

2.1.1 The Photoelectric Effect

In the process of the photoelectric effect, illustrated in Figure 2.2.a, the
incoming photon has an energy on the order of the binding energy of an
atomic electron. The photon collides with the electron and will transfer
all of its energy to the electron, resulting in the photon being totally ab-
sorbed. Subsequent, the electron is emitted as a photoelectron with the
energy E, = hv — E}, where hv is the photon energy and FEj is the binding
energy of the electron in its shell. The atom of the absorber is now left in
an ionized state with a vacancy in one of its shells. This vacancy is rapidly
filled by electrons of other shells or from the absorber, and the emission of
characteristic photons follows.

The photoelectric absorption cross section, 0,.., depends on Z of the
absorber and the photon energy. The proportionality of o, , is approxi-
mately expressed as Z°/ E,?;f), and as a consequence the photoelectric effect
becomes increasingly important in high-7 materials.
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2.1.2 Compton Scattering

The process of Compton scattering is illustrated in Figure 2.2.b. An incom-
ing photon with energy, hv, is scattered off an electron of the absorber. The
result is a recoil electron, which will be absorbed by the material within a
few centimetres, and a photon escaping at an angle, 6, from its incident di-
rection, with a reduced energy hr’. The kinematics of the scattered photon
is expressed as

hv

hv' = .
g 1+~(1—=cosb)

(2.1)

Conditioned by the scattering angle, energy transferred to the recoil
electron varies continuously from almost zero as § — 0, to a large fraction
near the Compton edge as § — 7. The more energetic photons, the higher
is the probability of the photon and the electron being forward directed [9].
The Compton scattering cross section, ocompton, depends on the electron
density in the absorber and increases linearly with Z.

2.1.3 Pair Production

Pair production occurs as a photon is transformed into an electron-positron
pair in the vicinity of a nucleus as illustrated in Figure 2.2.c. Pair production
becomes energetically possible at photon energies of more than twice the
electron rest mass (2m, = 1.022 MeV), and becomes dominant as the energy
increases further. The cross section, &, is approximately proportional to Z2
in a media of low atomic number, and the proportionality decreases in denser
materials due to atomic screening.

Electromagnetic Showers

Energetic electrons and positrons can emit Bremsstrahlung photons as they
penetrate matter. Bremsstrahlung is emitted as charged particles decelerate
in the Coulomb field of a nucleus [10]. At sufficiently high energies, photon
interactions result in a electromagnetic shower. This is the combined effect
of pair production and Bremsstrahlung emission, and the result is a cascade
known as electron-photon (electromagnetic) showers.

2.1.4 Photonuclear Interactions

Photons with energies on the order of several MeVs can undergo nuclear
reactions leading to the ejection of one or more nucleons. These processes
are possible if the photon energy is greater than the binding energy of a
given neutron or proton within the nucleus. The nucleon is emitted with
energy E, = hv — Ej, where hv is the energy of the incoming photon and
E} is the binding energy of the nucleon.
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Figure 2.2: Photons interacting with the electrons of a material. a) The
photoelectric effect. b) Compton scattering. ¢) Pair production.

The probability of photonuclear reactions is several orders of magnitude
lower than the combined probability of the three primary photon interac-
tions. The photonuclear processes are nevertheless important, due to the
possibility of neutrons and radioactive nuclei being produced.

The photonuclear cross section, 0.4, can be seen as a small peak just
above 10 MeV in Figure 2.1. This is referred to as the Giant Dipole Res-
onance (GDR), and its properties have influence on the photoneutron pro-
duction. The area under this peak is known as the strength of the GDR,
and is found to approximately equal the dipole sum rule:

& 2m2e?h NZ NZ
(E)E = 22 0.06—2 2.2
| ovatprae = EENE 0007 (2.2

Here e is the electron charge, h is the Planck constant divided by 2w, M
is the nucleon mass, c is the velocity of light, N is the neutron number, Z
is the proton number, and A = N + Z is the mass number of the nuclide.
The unit of the GDR strength is MeV barns. For the light nuclei having
mass numbers of less than 40, the GDR is located between 20 and 25 MeV
as can be seen in Figure 2.3. At increasing mass numbers the mean energy
of the GDR decays and falls below 15 MeV around mass numbers of 150.
The width of the GDR vary by a factor of approximately two, depending on
the shell structure of the respective element. The narrowest resonances are
for those nuclei with closed shells, whereas the broadest are for the highly
deformed nuclei [11].

To escape from the nucleus, a proton has to overcome both the nuclear
and the Coulomb potential, whilst the electrically neutral neutron is only
required to penetrate the nuclear potential. This feature affects the proba-
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Figure 2.3: Mean giant resonance energies as a function of mass number
A, as presented in NCRP report 79 [11]. The different markers are used to
distinguish different data origin.

bilities of (v,n) and (v, p) reactions. In the lightest elements, the Coulomb
barrier is located below the energy of the GDR, and the two reactions have
nearly equal probability. However, in the heavy elements, the Coulomb bar-
rier can be located far above the mean energy of the GDR, making the (v, n)
reaction predominant at energies above the Coulomb barrier [12]. The pho-
toneutron production within the GDR can be explained by the two following
mechanisms: Evaporation and direct knock-out [13]:

Evaporation

The mechanism of evaporation is the emittance of a neutron as the ground
state is reached in a decaying nucleus. As an incoming photon is absorbed
by a nucleus as a whole, the nucleus is left in an excited state followed by
the emittance of one or several neutrons. The angular distribution of the
outgoing neutrons is in this case isotropic.

Direct knock-out

The direct mechanism contributes if the incoming photons are sufficiently
energetic to directly interact with a neutron, and thereby kick the neutron
out of the nucleus. The angular distribution of the outgoing neutrons is



10 2. RADIATION INTERACTIONS AND DOSIMETRY

forward peaked: ~ a4+ bsin?6, where a and b are semi empirical parameters
with angle 6 between the flight direction of the incident photon and the
emitted neutron.

2.1.5 Attenuation of Photons

The attenuation of photons is governed statistically by the probability of
the photon to be absorbed or scattered per unit travelled distance. This
probability is given by the linear attenuation coefficient, and it is the sum
of the individual contributions from the interactions that may remove the
photons from the initial flight direction. The linear attenuation coefficient,
1, is given by the product of the total photon cross section, oy, and the
number of atoms, N, in a volume:

n = NUtot- (23)

The unit is em?g~", and equals the inverse of the average distance the pho-
tons travel in matter between interactions; the mean free path. The attenu-
ation of photons has an exponential decrease. After penetrating an absorber

of thickness, x, the remaining photon intensity, I(x), is given by:

I(x) = Ipe ™ H*. (2.4)

of where I is the initial intensity of the photons as they enter the absorber.

2.2 Interactions of Charged Particles With Matter

Charged particles traversing matter interacts differently depending on the
type of particle, the matter being traversed and the energy of the particle.
The heavy, charged particles, that being charged particles other than the
electron and the positron, will here be the main focus.

2.2.1 Heavy, Charged Particles

For heavy, charged particles at velocities on the order of several MeV, the
energy loss is dominated by excitation and ionization of the atoms in a
material [12]. As the projectile is heavy compared to the electrons of the
material, only a small fraction of the energy is passed on in each collision.
The heavy, charged particle will loose its energy continuously in tens of
thousands of collisions, and the matter will be traversed in almost a straight
line.

Occasionally, the charged particle will interact with a nucleus of the
target material. The interaction can lead to the projectile being deflected
(elastic scattering), or a nuclear fragmentation can occur (inelastic scatter-
ing). The resulting secondary fragments can be neutrons, protons or other
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heavier particles, depending on the energy of the projectile and material
traversed.

2.2.2 Stopping Power and LET

The stopping power is the quantity expressing the energy loss for a charged
particle traversing a medium. The stopping power is defined as the aver-
age linear energy loss, dE, as a distance, dx, of a medium traversed. Its
functional dependencies are described by the Bethe Bloch formula below,
and varies with the type of charged particle, its energy and the medium
traversed. A common notation is —dFE/dz in units of MeV /cm.

The Bethe Bloch Formula for Stopping Power

Inelastic collisions between a heavy, charged particle and the electrons of an
absorber, occurs with a certain probability [14]. For each macroscopic path
length the collisions happen in great numbers and thereby the total energy
fluctuations are kept minimal. Equation 2.5 is the Bethe-Bloch formula and
gives the mean energy loss of charged particles per unit path length of an
absorber material. The Bethe-Bloch is generally valid for different types of
heavy charged particles with energies ranging from a few MeV up to the GeV
region [8]. The energy loss is proportional to z2M/E, given that E < mc?.

dE 9 9 4 22 2me 20> Winaa 9 C

with

Symbol Definition

Te Classical electron radius = 2.818 fm
Electron rest mass = 0.511MeV/c?
Avogadro’s number = 6.022 x 102 /mol
Mean excitation energy (eV)
Atomic number of absorber
Atomic weight of absorber (g/mol)
Density of absorber
Charge of incident particle in units of e
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Figure 2.4: Stopping power of different charged particles in air as a function
of the particle energy [15].

The energy loss of different charged particles over a wide energy range is
shown in Figure 2.4. As can be seen from the curve, the stopping power in-
creases strongly towards lower particle energies. At higher energies, a broad
minimum is prominent, reaching from the MeV range to several hundreds
MeVs of where relativistic energies are approached.

Linear Energy Transfer

Linear energy transfer, LET, is similar to the stopping power, but is not
quite the same quantity. When a particle liberates a considerable portion of
its energy at a distance from the particle track, the quantities are different:
The stopping power includes the energy deposited both near and far away
from the particle track of where the primary interactions occur. In the LET
value, the locally imparted energy deposition is included exclusively [9].
For uncharged primary radiation, like photons, LET refers to the energy
imparted in the local medium by the secondary charged particles produced.
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Figure 2.5: Schematic Bragg curve. Stopping power of a heavy charged
particle in arbitrary units as function of penetration depth. Towards the
end of its track is the characteristic Bragg peak.

2.2.3 Range and Bragg Curve

After having lost its energy continuously in a material, a charged particle
will come to a stop at the end of its track, referred to as the range of the
particle. For identical monoenergetic heavy charged particles of a few MeV
or more, the ranges only vary by a few percent or less. This leads to a
beam of monoenergetic heavy charged particles having a well defined range,
with only a minor statistical variation of the path lengths, called range
straggling [14].

As the charged particle is substantially slowed down close to its range in a
material, the interaction rate and probability of high energy transfer in each
collision increase. The charged particle is now given more time to interact
with the surrounding matter, and the binding energy of the electrons will
have more impact. The result of the increased energy loss is a maximum
energy deposition towards the end of the path. The Bragg curve illustrates
the increase in energy deposition by a charged particle as it traverses matter
(Figure 2.5). The peak of where a charged particle reaches a maximum in
energy loss is referred to as the Bragg peak. After the Bragg peak, energy
loss falls off sharply as the particle charge is reduced by picking up electrons
from the material.

2.2.4 Electrons and Positrons

As any charged particle reaches sufficiently high energies, energy loss by
Bremsstrahlung becomes an important interaction mechanism, and this will
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totally dominate at relativistic energies. For heavy charged particles, Brems-
strahlung will not be of significance until energies of several hundred MeVs
are reached. However, the lighter charged particles like electrons and positrons
becomes relativistic at much lower energies than the heavy charged parti-
cles. The stopping power for electrons and positrons consists of two terms:
a radiative term, (%)md representing the emittance of Bremsstrahlung, and
a collision term, (%)Cou. The latter term is a modified version of Equation
2.5, taking into account the low mass of the projectile, and the effects of
indistinguishable particles for the case of the electron. The total energy loss
of the electrons and positrons is therefore:

dE dE dE
(), () () 25)
dx tot dx rad dx coll

The track characteristics of the electrons and positrons differs from that
of the heavy charged particles. For a light charged projectile, the target
electrons are of comparable masses, and each single energy transfer is more
significant. The light charged particle thus experiences relatively large en-
ergy losses and deflections in each collision, which lead them to have a
tortuous path through an absorber.

Bremsstrahlung Spectrum

The radiative term of the energy loss is not only increasing as an effect
of increasing energies, but also as an effect of the density of an absorber.
The Bremsstrahlung photons are strongly dependent on the strength of the
Coulomb field, or screening, that the incident electron experiences in dense
materials. As the electrons decelerate through the Coulomb field in the
vicinity of a nucleus, photons of a broad energy spectrum are emitted up
to the kinetic energy of the incident electron. The most energetic pho-
tons are peaking in the forward direction, whilst the less energetic photons
can emerge from a (thin) target having an angle with respect to the direc-
tion of the incident electrons. The average energy of the photons of the
Bremsstrahlung spectrum is roughly 1/3 of the maximum energy.

2.3 Interactions of Neutrons With Matter

The neutrons exist in stable form only within the nucleus of a stable element.
The mass of the neutron is 940 MeV/c, just above the mass of a its fellow
nucleon; the proton. A free neutron is unstable and will decay into a proton
with a mean lifetime of just under 15 minutes. As described in the previous
sections, neutrons can eventuate both from photonuclear interactions and
from nuclear fragmentation processes as a result of charged particles. In
general, a nucleus can decay by neutron emission if it is created with an
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Table 2.1: Neutron characterization by kinetic energy according to Turner
[12].

Neutron characterisation Kinetic energy, T

Thermal T ~ 0.025 eV
Slow T <0.5eV
Intermediate 0.5eV < T <0.1 Mev
Fast T 2 0.1 MeV

excitation energy above that of the neutron binding energy. The potential
sources of residual radioactivity are any places where neutrons are produced
or absorbed, leading to neutrons often being served special attention from
a radiation protection perspective.

2.3.1 Neutron Energy

The interactions of the neutrons with matter are strongly energy restricted
and will also depend on the characteristics of the material traversed. The
kinetic energy can be used in dividing the neutrons into categories. Ther-
mal neutrons refer to the neutrons having kinetic energies of 1/40 eV. This
is the most probable energy in the energy distribution of neutrons in ther-
mal equilibrium with the environment at typical room temperatures. Next
follows slow, intermediate, and fast neutron energies as listed in Table 2.1.
At approximately 0.5 eV, is a border line called the cadmium cut-off en-
ergy. Above this energy an abrupt drop in the absorption cross section in
cadmium is observed, and this property can be utilized in separating slow
neutrons from those of higher energies during neutron detection.

2.3.2 Interaction Mechanisms

The neutron lacks electromagnetic charge and consequently do not interact
via the Coulomb force. Its principal interaction is through the short ranged
strong force, which requires the neutron to come very close to the nuclei
before being able to interact. In normal dense matter, nuclei are separated
by great distances and the neutron is therefore a very penetrating particle.
The total neutron cross section, oy, expresses the total probability of all the
various types of neutron interactions listed in Figure 2.6. The interaction
mechanisms of neutrons with matter can be divided into scattering and
absorption. If a neutron is scattered off a nucleus, the energy and direction
can be considerably changed. If it is absorbed, the neutron is captured by the
nuclei and replaced by radiation in form of secondary particles, e.g. photons,
charged particles, additional neutrons or fission fragments. A fast neutron
will mainly loose its energy by a series of elastic scattering events as it
traverses through matter, a process known as neutron moderation. Recoiling
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Figure 2.6: Categories of neutron interactions given as incoming and outgo-
ing particles. Each type of interaction has its energy dependent interaction
cross section [16].

nuclei of the material penetrated, assures fulfilment of energy conservation
as the neutron gradually slows down. As the neutron energy decreases,
the interaction modes of absorption becomes increasingly prominent. If the
neutron reaches thermal energies, it will scatter inelastically about until
absorbed by a nucleus of the material.

2.3.3 Neutron Attenuation and Mean Free Path

As the case with photons, the neutron is also attenuated in a material it
traverses. To describe the attenuation of neutrons, the macroscopic cross
section, 3, is often used in analogy with the attenuation coefficient of pho-
tons. The macroscopic cross section can thereby be expressed as ¥ = Noy,
where N is the number of nuclei per volume of a material. However, when
comparing with photon interactions, the concept of the macroscopic neutron
cross section is more complicated due to the importance of neutron scatter-
ing processes. The neutron cross section, oy, is strongly energy dependent.
The attenuation of neutrons, will therefore vary widely as a function of the
neutron energy [17]. The neutron mean free path, A, in analogy with pho-
tons, equal 1/¥. In solid materials, A, may be in the range of a centimetre
or less for slow neutrons. While the case for fast neutrons, A, can reach tens
of centimetres [16].

2.4 Dosimetry and Biological Effect of Radiation

Radiation dosimetry is the quantification of the biological impact that fol-
lows from the exposure to radiation. The dosimetry entities presented here
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are the sets defined in the 1990 Recommendations of the International Com-
mission on Radiological Protection (ICRP) [18] and in 1993 International
Commission of Radiation Units and Measurements (ICRU) [19].

2.4.1 Absorbed Dose

The absorbed dose, D, further on referred to as dose, is a fundamental
dosimetic quantity and is the amount of energy, dF, deposited per unit of
mass, dm, in a medium:

dFE
D=—.
dm

Its unit is Gray (Gy), which in SI-units is Joule/kg.

2.7)

2.4.2 Biological Effects of Ionizing Radiation

On a microscopic scale, ionizing radiation changes the atoms in living tissue
and as a consequence the molecules that the atoms are a part of. In molecules
that are part of a living cell, the chemical bonds can be damaged by ionizing
radiation. If the DNA structure of a cell is affected by ionizing radiation, the
survival or the reproduction of the cell is at risk. Assuming that a sufficient
amount of cells in an organ is damaged, loss of organ function occurs. This
predictable effect of high dose radiation is defined as a deterministic effect
[18]. In cases of low dose exposures where only partial damage is imposed,
the cell can repair itself. The result may be a healthy repaired cell, or
the result can be a modification that can increase the risk of cancer in the
individual or in its descendants through the genetic material. These somatic
and heredity effects are known as stochastic effects.

Relative Biological Effectiveness (RBE)

Different types of radiation have different capabilities in producing effects in
biological systems. The pattern of energy deposition in a biological system,
is a characteristic of the specific radiation quality involved. The energy de-
position by radiation in biological materials depends on the rate of ionization
along the radiation tracks; - the ionization density. A dense energy deposi-
tion along the tracks results in a high LET, whereas a more sparse ionization
track results in a lower LET. Photon radiation have a relatively low ioniza-
tion density, while neutrons, protons or heavier nuclei have a denser energy
deposition. These differences in energy deposition results in that neutrons,
protons and heavier nuclei produce more severe biological effects per unit
of absorbed radiation dose, than what the effects of photons produce. To
quantify these variations, the biological impact of different types of radiation
are contrasted in terms of their Relative Biological Effectiveness, RBE. The
RBE values are based on experimental studies of the biological impact of a
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Figure 2.7: Dose versus cell survival curves for particles and photons [21].
Relative biological effectiveness, RBE, is the dose required for inactivation
of 90% of the irradiated cells in same biological material.

given radiation type in contrast to the impact of a test dose of a reference
radiation, usually photon radiation.

Other factors that contribute to differences in RBE comprise the energy
of the radiation applied, the total dose received, the temporal pattern in
which the dose was deposited and the repair capacity of the of the biological
tissue irradiated [20]. According to cell survival curves for particles and pho-
tons (Figure 2.7), RBE is defined as the dose rate required for inactivation
of 90% of the irradiated cells in the same biological material. The high LET
radiation is more biological efficient than the low LET as illustrated. The
RBE is a highly useful quantity in describing the relative efficiency of dose
depositions in radiotherapy.

2.4.3 Equivalent and Effective Dose

For radiation protection purposes, the quantities equivalent dose and effec-
tive dose are commonly used. These entities relate biological effects to the
type of radiation applied and the tissue in which the radiaiton deposites
dose. Typical area of application is those involving low dose levels as in the
recommendations of dose limits.
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Table 2.2: Radiation Weighting Factors from ICRP [18].

Radiation type and energy Radiation weighting factor, wp
Photons, all energies 1
Electrons, muons, all energies 1
Neutrons

< 10 keV )
10 keV to 100 keV 10
> 100 keV to 2 MeV 20
> 2 MeV to 20 MeV 10
> 20 MeV 5
Protons > 2 MeV )
Alpha particles, fission fragments,

heavy nuclei 20

Equivalent Dose

The radiation weighting factor, w, can be used as a simplified measure of
the RBE. The equivalent dose, Hp, is the radiation weighted dose:

HT = ZwRDT,R (28)
R
where, Dr g, is the average physical dose received by a specific organ or
tissue, T', delivered by a radiation of quality, R. Values of w, are listed in
Table 2.2. The unit is Sievert (Sv) which have the same SI unit as Gy. The
Sv is normalized such that 1 Sv of any radiation will have the same effect
as 1 Gy of photon radiation.

Effective dose

To account for the different radiation sensitivities in various organs, the unit
effective dose is used. The individual organ dose values are multiplied by the
normalized tissue weighting factor, wp. The effective dose, F, is the tissue
weighted measure of the stochastic risks in relation to a uniform irradiation
of the whole body.

E = ZwTHT7 (29)
T

where Hr is the equivalent dose in the tissue or organ, T'. The unit is Sv.

2.4.4 Quality Factor and Dose Equivalent

The quality factor, Q, also is intended to relate the biological effectiveness
of a radiation to the absorbed dose in tissue. The quality factor is similar to



20 2. RADIATION INTERACTIONS AND DOSIMETRY

Table 2.3: Quality factors, Q, for different energies. [18]

LET, in water (keV/um) Q

<10 1
10-100 0.32xLET - 2.2
>100 300/+/LET

RBE, but the Q is defined directly as a function of the LET. The related unit
of dose equivalent, H, is defined as the amount of any type of radiation, that
when absorbed in a biological system, results in the same biological effect
as one unit of absorbed dose delivered in the form of low LET radiation [9].
For the low LET photon, Q is unity in analogy to the RBE definition. The
dose equivalent is expressed as:

H = DQ, (2.10)

where D is the absorbed dose. The units are also in Sv.
Table 2.3 shows how the quality factor increases with LET. For electrons
and photons Q is unity and is approximately 20 for protons [9].

2.4.5 Fluence-to-Dose Conversion

Fluence is generally defined as ® = dN/da where dN is the differential num-
ber of photons or neutrons incident on a sphere (detector) with differential
cross sectional area da [9]. For conversion to dose, energy ambient conver-
sion factors, hg, in units of Svem? is multiplied with the fluence to obtain
the dose equivalent. Neutron fluence-to-dose conversion factors are listed in
Appendix C.

2.4.6 Dose Response Relationship

The biological effects of ionizing radiation on the human body can be quan-
titatively described in terms of dose-response relationships, that is, the in-
cidence or severity of a given effect, expressed as a function of dose [12].
Response to radiation depends on age, gender and cell type, as well as the
amount of dose deposited. Although the potential cancer risk as a result of
dose exposure is acknowledged [3], the functional relationship contains many
uncertainties. The ICRP has defined acceptable dose limits as a guideline for
annual dose exposure: Annual effective doses are not to exceed 1 mSv and
20 mSv for the general public and for the occupationally exposed personnel
respectively, unless there is some justifying reason for surpassing this guide-
line. The limits are occasionally revised, and have been gradually reduced
over the years. The general advice is to sustain the radiation exposure to
humans as low as possible [18].



Chapter 3

Radiotherapy

Radiotherapy has been applied as cancer treatment for more than a hundred
years, with its earliest roots traced back to Wilhelm Rontgen’s discovery of
X-rays in 1895. In the early 1900s, a growth in the field of radiation therapy
came about thanks to the the work of Nobel Prize winning scientist Marie
Curie, who opened a new era in medical research and treatment through the
discovery of the radioactive elements polonium and radium. Since the late
1940s, linacs have been applied as radiation sources of photons, and is the
most widespread modality within radiotherapy today.

In 1946, Robert R. Wilson suggested radiotherapy using charged parti-
cles in his publication 'Radiological Use of Fast Protons’ [22]. The advan-
tages of treating tumours with charged particle beams are acknowledged,
and is an important part of radiotherapy of both today and will probably
evolve in the future [23].

Cancer evolves when cell division occurs outside the control mechanisms
of the human body. An accumulation of such cells is called a tumour, and tu-
mours can be of malignant or benignant nature. In either case, the tumour,
referred to as the target volume, can be treated with the use of external
radiation therapy. The overall objective in radiotherapy is to inactivate
all cancer cells, while at the same time spare healthy tissue around the
tumour(s). In order to achieve this goal during radiotherapy, sharp dose
gradients between the target volume and the healthy tissue will be of help
wherever these can be applied in the field set-up during the planning stage.

3.1 Photon Therapy

The most common form of radiotherapy, as of 2010, utilizes linac produced
photon beams with energies in the MeV range. In a medical linac, the
therapeutic photon beam is generated by colliding accelerated electrons into
a heavy metal target producing Bremsstrahlung photons. The emerging
photon field is modified by a system of filters and collimators, arranged in
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Figure 3.1: A block diagram of a medical linear accelerator [24].

such a way that the radiation is delivered to the target volume in the most
beneficial way for the patient.

3.1.1 The Linear Accelerator and Photon Beam Production

The medical linacs use high frequency alternating voltage to accelerate the
electrons up to energies in the MeV range. The block diagram in Figure
3.1, shows the major components of a medical linear accelerator [24]: A
power supply provides a modulator with DC power. In the modulator, high
voltage pulses in intervals of a few microseconds are produced. These pulses
are further simultaneously delivered to the electron gun and the microwave-
producing klystron or magnetron. From the klystron or magnetron, the
pulsed microwaves are transported to the accelerating structure through a
wave guide system. Electrons, produced by the electron gun, are injected
into the accelerating structure synchronized with the arrival of the pulsed
microwaves. The electrons enters the accelerating structure with an energy
of about 50 keV, and are accelerated in bunches by the electromagnetic
microwave field. Emerging from the accelerating structure is an electron
beam, that is steered and focused an angle of 270° between the accelerating
structure and the treatment head. The electron beam reaching the treatment
head are now in place for modifications prior to final use as a treatment field.

Figure 3.2 illustrates the process of creating bremsstrahlung photons and
the shaping of the radiation field in order to obtain a flat homogeneous treat-
ment area. To produce the actual photons, the electrons arriving from the
bending magnet are absorbed in a suitable target, such as gold plated tung-
sten. As the electrons decelerates in the target, they emit bremsstrahlung,
thus emit deeply penetrating photons in a forward lobe [25]. Next, the pho-
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Figure 3.2: Production and shaping of a therapeutic photon field in the
treatment head of a linac. See text for full description. [24] modified.

tons reach the primary collimators which absorbs all but the photons trav-
elling in the required directions. Given the, energy dependent, directional
distribution of bremsstrahlung photons, where the photons produced in the
target have momentum mainly in the forward (0°) direction, the transversal
beam intensisty has to be modified in order to create a flat ”therapeutic”
field of any given size. This modification of the transverse intensity distibu-
tion is done by inserting a so called flattening filter into the beamline subse-
quently after the target. This conically shaped flattening filter will dampen
the beam in the central, forward direction. By finetuning the thickness and
shape of the flattening filter in order for it to match the spatial distribution
of photons, the linac designers obtain an optimally flat field for all available
treatment field sizes.

The beam further proceeds through an ion chamber to enable monitoring
of the beam. In order to modify the radiation field, the secondary collimators
are applied. Final collimation of the beam is accomplished by the use of the
MLCs. The MLCs are a set of collimator leaves that can narrow down the
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edge of the radiation field to fit any geometrically shaped area. The MLCs
are also applied in a dynamic mode in one of today’s most conformal photon
treatment techniques, the IMRT. Some of these techniques are described in
Section 3.1.6.

3.1.2 Photon Beam Energy

The pulsed photon beams produced by the linac, are in most cases of energies
up to 6 or 15 MeV. Such beams are not monoenergetic, but they contain an
energy spectrum reaching from zero to the maximum that corresponds to the
energy of the electrons used for producing the photon beam. Photon beam
energies, or beam qualities, are in radiation treatment linacs described by the
depth dose curve that the given photon beam will produce in water. In order
to distinguish the therapeutic photon energy from a monoenergetic beam,
the photon beam energy is quantified in units of megavoltage, MV [25]. The
photon beam settings of the linac will therefore further be given in units of
MV.

3.1.3 Dose Deposition

As the effective atomic number in the human body ranges from approxi-
mately 5 to 14, this results in Compton scattering being the dominant in-
teraction mechanism of photons in the therapeutic energy range. Compton
electrons have a forward directed range limited to a few centimetres in tis-
sue, and leads to an increase in the energy deposition in the first centimetres
of the entrance channel of the beam (Figure 3.3). This is called the build-up
region of where the dose deposition increases until a maximum, D,,q;, is
achieved in the tissue. After the D;,q2:, a slowly exponential decrease fol-
lows as greater depths are reached inside a patient. Higher photon energies
reach greater depths in human tissue such that the position of D,,, can be
varied a few centimetres in depth from around 1.5 cm (6 MV) to 3 cm (15
MV). The target volume is almost always located at greater depths than the
Dinaz, resulting in the healthy tissue in the entrance channel of the beam
receiving a higher dose than the target volume. To enable a safe delivery of
a sufficiently high dose to the target volume without placing a severe dose to
the exterior layers of tissue at the same time, the beam is usually delivered
through multiple entrance channels. In this way, a lower dose to the healthy
tissue in the entrance channel is obtained by redistributing the dose over a
greater volume.

3.1.4 Photon Beam Delivery

To enable delivery of a prescribed dose to the target volume from multiple
beam angles, the general arrangement of the linac is such that the thera-
peutic photon beam can be oriented around the patient as can be seen in
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Figure 3.3: Photon depth-dose curve in water. The photon field entering the
water or tissue, generates a dose build up in the first couple of centimetres
of the medium traversed until reaching a maximum dose, Dyq:. A slowly
exponential decrease follows as greater depths are reached [26].

Figure 3.4. The linacs are bolted with a stationary structure and a rotating
machine head, or gantry, mounted to this. Inside the gantry the accelerating
structure and all the components for producing and collimating the beam
are located. The orientation of the patient table can be altered in the lat-
eral, horizontal or longitudinal directions with respect to the gantry head.
Linacs are oriented around a common center, the isocenter. The isocenter is
the point around which i) the gantry head, ii) the collimators in the gantry
head and iii) the patient table are rotated. This reference position is thus the
point in space around which the central axis of beams from different gantry
angles intersects. It is common to calibrate the dose output from the linear
accelerator with respect to dose to the isocenter, which for linacs is located
1 m below the photon producing target in the gantry head. This point is
the basis for the dose calculations, and the patients are ideally positioned
with the isocenter in the target volume during treatments.

The radiation output of the linac is quantified in Monitor Units (MUs).
The linacs at HUS are calibrated such that 130 MUs correspond to a dose of
1 Gy in the isocenter at 10 cm depth in water, applying a 10x10 cm? photon
field. The output of the linac is measured by the ionization chambers in
the beam line, positioned below the target. This output is applied when
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Figure 3.4: The linear accelerator is mounted on a gantry which allows the
therapeutic beam to be rotated around the patient. The isocenter is the
intersection point of the rotating central beam axis and the three axes of
rotation; the gantry, the collimators and the patient table, located 1 m from
the photon producing target [26].

adjusting the MU calibration in order to maintain the relation between
the MUs of the machine, and the dose in Gy, measured by an external
ionization chamber in the isocenter position. To deliver a dose to other
depths and when using other field sizes, tables for conversion factors are
applied. Increasing the photon field will increase the dose, and requires less
MUs. Vice versa, with a decreasing photon field, more MUs are required in
order to obtain the same dose at a point in the beam center.

3.1.5 Radiation Treatment Planning

To calculate dose distributions inside the patients (or a phantom patient), a
treatment planning software is utilized. A 3D image of the anatomy of the
patient is obtained using different imaging scanning techniques. Computed
Tomography (CT), Magnetic Resonance (MR) and Positron Emission To-
mography (PET), all provide different complementary information. During
a CT scan, photons traverses through the patient, and the attenuation coef-
ficients are obtained for the different organs or tissues in the patient. These
CT images are imported into a dose plan system, generating a 3D volume
of the relevant region of the patient. Each voxel, or volume pixel, in the
image has assigned CT-numbers, related to the attenuation coefficients in
the tissue imaged. The dose planning software can further be of assistance
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in designing the treatment in an optimal way within conditions described
by the user. A typical treatment plan have a total dose of 30 to 70 Gy
prescribed to the treatment volume, which is delivered in daily fractions of
1 to 2 Gy over a period of several weeks.

3.1.6 Radiation Treatment Techniques

An important objective in radiotherapy is often to make the dose fall rapidly
at the edge of the treatment volume; i.e. steepen the field gradient. Treat-
ment techniques using external photon beams are steadily evolving, aiming
at sparing the surrounding healthy tissue without having to compromise on
the dose to the target volume. Two advanced modalities are 3D-CRT and
IMRT.

During 3D-CRT, the beam is delivered to the patient from multiple an-
gle, typically from 4 to 6, while fixing the MLCs with the size and shape of
the tumour volume as well as avoiding the surrounding organs and tissues.
Because the radiation beams are very precisely directed, nearby normal tis-
sue receives less radiation.

One of the most advanced treatment techniques used today; IMRT, is
a specialized form of 3D-CRT that utilizes inverse dose planning. In this
type of planning procedure, the dose distribution is calculated first, based
on a set of criterias of dose to the target volume and the organs at risk,
and thereafter the beam delivery is calculated based on the optimized dose
distribution. IMRT dose plans can be delivered using dynamic treatment
fields by moving the MLC leaves during the irradiation. Not only is the
geometric beam conformed, but also the fluence across the beam is varied.
With IMRT, the radiation dose will be delivered from several fields divided
into many beamlets. The intensity of each beamlet can be individually
adapted for the geometry of the tumour. IMRT makes it possible to further
limit the amount of radiation received by the healthy tissue, in particularly
near the target volume. In some situations, the sharp field gradients that
can be accomplished in an IMRT treatment, safely allow a higher dose of
radiation to be delivered to a tumour located near a sensitive organ.

3.2 Particle Therapy

Particle therapy is the application of charged particle beams in radiotherapy.
Different particles have been tested in therapy during the last 70 years:
protons, helium ions, pions and carbon ions are among them [27]. There
are promising aspects in choosing particles over photons for radiotherapy.
The application of protons and ions offers physical, and in the case of carbon
ions, biological advantages compared to that of photon radiotherapy [28,29].
The energy deposition of carbon ions makes them suitable for treatments
of deep seated and radio-resistant tumours. The dose deposition is low in
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the entrance channel of the beam, and increases towards the carbon ion’s
range. A characteristic feature of particle therapy, is the sharp dose gradients
subsequently after the end of the particle track, resulting in a very low dose
exit dose behind the target volume. Proton beams are the most common
form of particle therapy applied today, exceeding 60 000 patients treated
on world basis. Number of patients treated with carbon ions are just above
5000, in 2009.

One of the most important disadvantages of radiotherapy using charged
particle beams is the high cost in obtaining a delivery system for this. To ac-
celerate the particles to the required energies, synchrotrons and cyclotrons
are utilized. From 1954 to 1990, the patients treated with particle ther-
apy were treated using accelerators originally designed for nuclear physics
research. In 1990, Loma Linda University Medical Center built the first
proton therapy facility designed to treat patients with protons in a hospital
setting. Today, there are several operating proton therapy facilities in hos-
pitals, mainly located in Japan, USA and Europe. See Appendix G for a
overview of particle therapy facilities in operation and at the planning stage.
Carbon therapy are currently performed at three heavy ion facilities; two are
located in Japan and one in Heidelberg, Germany [30]. The latter facility is
the dedicated particle treatment clinic HIT, which opened November 2nd,
2009.

In the following, the main features of particle therapy and some of the
technical aspects are described. The particle therapy facility HIT and its
developments from research at GSI, will be served special attention.

3.2.1 Physical Aspects of Charged Particles

The energy deposition of charged particle beams, differs from the energy
deposition of photons. As illustrated by the depth-dose curves in Figure
3.5.a, the dose deposition is lower in the entrance channel for particle beams
in comparison to that of photon beams. Towards the end of the charged
particle’s track, the dose increases drastically into a peak; the so-called
Bragg peak. After this peak, the dose falls off sharply, forming a low dose
tail. The less lateral scattering of the particle beam results in a high precision
of the dose delivered at the target volume [31]. In Figure 3.5.b, the lateral
scattering of photons, protons and carbons are shown. As can be seen,
carbon beams have less lateral scattering than photons and protons. This
contributes to a lower dose deposition in the entrance channel of the carbon
beam [32].

Determined by the initial energy, protons and ions have a well defined
range in tissue compared to photons and electrons. Figure 3.6 shows the
range energy dependence for protons; e.g would a proton beam of 150 MeV,
reach about 14 c¢m into water before the Bragg peak reaches a maximum
value. A carbon beam would require energies of 270 MeV /u, in order to reach
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Figure 3.5: a) Depth-dose curves of photons, protons and carbon ions in

water. b) Lateral beam profiles of photons, protons and carbon ions. The
beam width is plotted as as function of the depth in water [33].
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Figure 3.6: Range energy relationship for protons [24].

the same depth. By varying the energy of the beam, the depth position of
the Bragg peak can be modulated. Utilizing a wide range of specific beam
energies during a treatment, makes it possible to spread out the position of
the Bragg peak such that a quite homogeneous treatment dose is delivered
to the entire depth of a target volume. The sum of the overlapping Bragg
peaks is known as the Spread Out Bragg Peak (SOBP).

3.2.2 Biological Aspects of Charged Particles

The rate of locally deposited energy from charged particle beams can be
quantified as LET, as introduced in Section 2.2.2. The LET is a measure of
the local ionization density along the particle track, and depends on the type
of particle as well as the energy of the particle. Both protons and carbon
ions have a higher LET compared to that of photons. As energy of the
charged particle decreases towards the end of its range, the LET increases
additionally in the case of the carbon ion. The result is that the carbon ions
have an increased relative biological effectiveness (RBE) at the Bragg peak
as shown in Figure 3.7. In clinical applications, the absorbed dose in the
Bragg peak is multiplied by a RBE factor of 1.1 for protons, and can for
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Figure 3.7: Depth dose curves shown with SOBPs, illustrating the physical
advantages of protons and carbons (blue). Carbon ions have an elevated
biological effectiveness in the Bragg peak (red) [34].

carbon ions be as high as 4 [7].

The combined physical and biological advantages make radiotherapy
with carbon ions well suited for treatment of deep-seated tumours, also
for target volumes located near critical organs. In some cases involving
radio-resistant tumours that require particularly high doses, a sufficiently
high treatment dose can be delivered without compromising the surround-
ing healthy tissues or organs. This can in some cases not be accomplished
using other conventional treatment techniques available today.

Dose Deposition On A Microscopic Level

From studying the track structure of high LET carbon ions and the more
sparsely ionizing photons on a micrometer scale, the elevated RBE can be
explained. In Figure 3.8, the dose distributions in the frame of a cell is
displayed. Photons distribute the dose homogeneously across the cell. For
the high LET carbon ions, a large fraction of the cell is not hit, and the
dose is concentrated in a few sharp spikes of heavy impact [35]. This latter
way of depositing the dose is proven more efficient in breaking both strands
of the DNA helix of a cell. A double strand break is the most severe DNA
damage that can be implemented, and the cell repair system is likely to
fail at attempts of rebuilding the cell. This makes the DNA structures the
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Figure 3.8: Comparison of the energy deposition of sparsely ionizing photons
(left), and of high LET carbon ions (right) on the scale of the a cell. For
photons, the dose is homogeneously distributed across the cell. For carbon
ions, the dose is concentrated in a few sharp spikes. The distribution of
damage to the cell nucleus is shown in the lower row. Experiments have
shown areas of high local damage, as for carbons, is more effective in causing
fatal damage (yellow) to the DNA [31].

principal target in inactivating a cancer cell [18], which in order is more
effectively achieved by the a high local dose deposition as of a carbon ion.

3.2.3 Technical Solutions

In order to accelerate heavy, charged particles towards therapeutic energies
of 200-300 MeV, cyclotrons or synchrotrons are utilized. A proton beam
requires a cyclotron of 6-7 m diameter (or synchrotrons), while currently
only synchrotrons of about 20 m diameter are suitable for reaching suffi-
ciently high energies as needed for accelerating carbon ion beams. As the
range of the particles depends on the beam energy, the energy has to be
varied during the radiation treatment in order to cover the entire depth of
the tumour volume. This depth modulation can be obtained in a passive or
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an active manner. Due to the cyclotrons capabilities of only producing fixed
energies, the beam must be moderated physically by an appropriate moder-
ator in front of the beam; thus passive moderation. As for synchrotrons, the
extracted beam energy can easily be changed, and no absorbing material in
front of the beam is demanded.

The lateral dose distribution of the beam can also be achieved by a
passive or an active method. Passive spreading utilizes sophisticated scat-
tering foils followed by sets of collimators in front of the beam to obtain
depth modulation. The passive beam delivery techniques are the most com-
mon methods applied and have the advantage of simple treatment planning
and technical solutions [36]. A disadvantage of the passive systems, is that
the collimation in front of the beam is a source of secondary particles like
protons, neutrons and nuclear fragments contributing to dose outside the
treatment volume. To enable optimal conformity of the delivered dose, ac-
tive techniques are preferable. The active technique can be attained by
exploiting the electromagnetic charge of the particles. By applying mag-
netic fields, the charged particles can be deflected and thereby magnetically
guided across the transverse treatment plane [31]. With the appliance of
active scanning techniques, the dose deposited outside the treatment vol-
ume is limited to the unavoidable contribution in the entrance channel of
the primary particle beam, and a smaller contribution from beam fragmen-
tation [37]. The low dose tail right after the Bragg peak is due to this
fragmentation of the primary beam.

3.2.4 Heavy Ion Therapy at GSI and in Heidelberg

At GSI, the German Heavy Ion Research Center, advanced treatment tech-
niques using carbon ions (*2C) have been performed for ten years. The
research and experience gained from results at GSI have lead to the construc-
tion of HIT in Heidelberg; a dedicated medical center for proton, helium and
carbon ion therapy. The opening ceremony of HIT was held November 2nd,
2009 [38]. At HIT, treatments are carried out using active techniques where
the beam is laterally deflected by magnets, while modulated in depth by
varying the energy of the synchrotron. This method of intensity modulated
particle therapy, is known as the rasterscan technique, and is a result of the
joint effort at GSI and HIT. In Figure 3.9, the principles of the rasterscan
technique is sketched. During rasterscan, the target volume is dissected into
millimetre thick slices of iosenergetic levels and each slice is covered by a
grid of pixels. The intensity controlled ion beam scans this grid precisely,
remaining at one beam position until the prescribed dose as the calculated
number of carbon ions has been reached. After one whole slice is completed,
the beam is moved on to the next layer by changing the beam energy.

At HIT, the first carbon ion gantry in the world is introduced, offering a
high level precision by allowing the therapeutic beam to be oriented around
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Figure 3.9: Intensity modulated particle therapy using the raster scan tech-
nique. During irradiation the beam is guided by the magnetic system in a
row-by-row pattern through each slice that requires the same energy. [31].

the patient. In Figure 3.10, the dose distribution from a carbon therapy
treatment using the beam scanning technique is shown together with the
dose distribution from an IMRT photon treatment. The results illustrate
the conformity that carbon ion beams can offer in comparison with advanced
techniques of photon beam irradiation. These well conformed dose distribu-
tions are achieved with the dose being delivered from two beam angles for
the carbon ion treatment, in contrast to ten beam angles during the IMRT
photon treatment.

An additional advantage of the '2C' beam, is that some of the beam
fragments produced during therapy are unstable isotopes of °C and ' C.
These isotopes are natural positron emitters and can be detected from out-
side the patient using a camera for PET. By recording the positrons emitted
throughout the course of therapy, an on-line monitoring of the beam deliv-
ery is enabled. The PET imaging allows for an accessory quality assurance
of the beam positioning.
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Figure 3.10: Comparison of treatment plans using carbon ions from two
field angles (left) and a photon IMRT treatment of nine fields with photons
(right). In both cases the conformity to the target volume is good, but for
the treatment using carbon ions, the dose to normal tissue is less than what
it is in the IMRT photon plan [35].
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Chapter 4

Neutron Contribution in
Photon Therapy

Unwanted dose contribution outside the target volume during photon ther-
apy have different origins. From considering the depth dose curves of pho-
tons, it is evident that a large fraction of the photon dose is deposited
outside the target volume, both in front of the target volume and as exit
dose at greater depths. Laterally, the collimators conforms the beam con-
siderably. However, photons scattered from the field inside the patient will
deposit a substantial dose outside the treatment volume to the sides. Lower
levels of unwanted doses are associated with more peripheral areas of the
tissue. Photons contributing to peripheral doses are scattered photons and
the photons leaking from the treatment head. In addition, there will be a
dose contribution from neutrons, mainly produced in the high-Z compounds
of the collimators.

The greater part of the dose outside the treatment volume during photon
treatments is by far the dose deposited in the entrance and exit channel of the
photon beam. As treatment techniques develops and are able to conform the
prescribed dose in a better way than the conventional techniques, patients
today have better prospects after therapy. However, with the increased
patient survival rate, the long-term health effects associated with low dose
levels to healthy tissue, have become a significant health issue [39]. Specific
patient data have shown that the exposure to ionizing radiation above 50-
100 mSv increases the risk of irradiation induced secondary cancer up to 30
years after the initial treatment [3].

Photoneutron production in matter was explained in Section 2.1.4. In
the following the production of neutrons during radiotherapy with photons
are described.
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Table 4.1: Relative dose contributions from photons and neutrons outside
the target volume using different treatment energies. Results from Kry et
al [41].

Peripheral Dose Contribution

Linac setting Photons Neutrons
[MV] [7e] [70]
6 100 0
10 98 2
15 70 30
18 45 55

4.1 Neutron Production

Medical linacs operating above the (7y,n) threshold of the collimator mate-
rials (7 to 8 MeV for tungsten and lead), will produce neutrons [40]. Be-
sides the dominant production in the linac constituents, photoneutrons can
be produced in the patient and in the bunker walls, floor and ceiling. As
the treatment energy increases, the neutron contribution escalates. Relative
contributions of peripheral dose from photons and neutrons at various treat-
ment fields are shown in Table 4.1. In a 15 MV photon field, the neutrons
represent 30% of the peripheral dose contribution during the treatment.
Above linac settings of 18 MV, the neutron component becomes dominant.

The photoneutron production is governed by the GDR of a given mate-
rial as was described in Section 2.1.4. The constituents of the human body
are of typically low mass numbers and have mean GDR energies located be-
tween 20 and 25 MeV. Accordingly, photoneutron production in the patient
body is not of significance unless linac settings above 20 MV are applied.
The heavier composites of the linac head have primarily been chosen for
their photon shielding properties. In Table 4.2, the photoneutron energy
thresholds for typical collimator constituents are listed. For tungsten and
lead, the photoneutron production is well within reach for photon beams of
15 MV. The GDR for (**®Pb) is shown in Figure 4.1. As can be seen, the
cross section of the (v, n) reaction has its peak just below 14 MeV.

The various configurations of the collimators, filters and other structures
in the treatment head, can result in substantial differences in neutron pro-
duction. An example of percentage neutron production in the components
for one linac configuration is given in table 4.3. As can be seen, the main
neutron contribution comes from the primary and secondary collimators.

According to literature [42], the neutron production in the treatment
head results in a total produced neutron fluence on the order of 10! n.cm?
per Gy photon dose. The photoneutron energy spectrum produced in the
compounds of the linac have been calculated by several groups, e.g. Vega-
Carrillo et al [2]: The photoneutrons produced by 8 and 10 MV photon
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Table 4.2: Energy thresholds for (v, n) reactions in various nuclei typically
found in the linac head [40]. Tungsten (W) and lead (Pb).

Isotope (7,n) threshold energy [MeV]
82y 8.07
el 7.41
186y 7.19
206 p 8.09
207pp 6.74
208 P 7.37

Table 4.3: Monte Carlo calculations by Howell et al [4]. Example of relative
neutron yield in each of the major components in the accelerator head using
18 MV photons, having secondary collimators and MLCs fixed at 10x10 c¢m?
and 5x5 cm? field sizes, respectively.

Gantry head component Neutron production
per Gray photon dose

Target 14%

Primary collimators 51%

Flattening filter 8%

Secondary Collimators 18%

MLC ™%

Other 2%

Total 100%

beams are from the evaporation process only. As linac field settings reach
15 MV, additional knock-on photoneutrons of higher energies are produced.
The photoneutron energy spectrum produced in the treatment head using
15 MV photon beams, have consequently two contributors; the evaporation
component in the lower part of the spectrum, and a direct knock-out com-
ponent at energies above the (y,n) threshold. In 15 MV photon beams, the
contributions are 90% and 10%, respectively. This results in the majority
of the neutrons having an isotropic angular distribution, and a fraction of
one out of ten will be forward peaked with a higher energy than the residual
neutrons.

4.2 Moderation of Neutrons in the Treatment Head

Both tungsten and lead are accomplices in photoneutron production, how-
ever, they do also have a somewhat moderating effect on neutrons. Figure
4.2 shows how the neutrons, by inelastic scattering, decrease in energy as
they traverse tungsten and lead. The result is neutrons emerging from the
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Figure 4.1: The GDR in lead (?®Pb). The (y,xn) and (vy,1n) cross sections
are represented by cross and plus signs, respectively [11].

treatment head with approximately the same fluence as initially produced,
but with a significantly lower energy. This is beneficial from a radiation
protection point of view, due to the lower RBE of the moderated neutrons.

The cross sections for neutron absorption in heavy materials are very
small except at thermal energies, and little attenuation of neutron fluence
will occur in the treatment head. If the shielding in a machine consist
entirely of tungsten, as much as 15% of the fluence can be absorbed [11]. If
solely lead shielding is used, close to zero neutron attenuation would result.
In fact, a small build-up of neutron fluence can result due to (n, 2n) reactions.

4.3 Neutrons in the Patient Plane

The spectrum of neutrons reaching the patient is a result of the production,
the angular distribution, and the moderation as the neutrons traverses the
linac head. Further, the individual designs of machines and linac rooms as
well as the various treatment modalities applied based upon the individual
considerations for each patient, results in differences in dose contributions
from neutrons. The IMRT treatment technique is a demanding modality
with respect to the output of the machine and requires approximately 3-4
times more MUs than the 3D-CRT technique [4,43]. The low doses received
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Figure 4.2: Neutron energy moderation in lead and tungsten. The average
energy of the spectra measured from a neutron source (Pu-Be) as a function
of the thickness of spherical shell shields surrounding the source. Tungsten
has a superior moderating effect [11].

outside the target volume can be related to the number of MUs, and can
during IMRT lead to an increased area of low dose in the patient [44,45].

According to literature, the measured fluence in the isocenter plane of
a 15 MV linac is in the order of 10® — 10" n.cm =2 /Gy with mean neutron
energies reaching from 0.2 to 0.4 MeV, depending on the distance from the
central beam axis [46]. Figure 4.3 shows a Monte Carlo calculation of pho-
toneutron energy spectra in the isocenter plane, 8 cm from the central beam
axis [47]. Three different configurations of the secondary collimators and the
MLCs have been applied. Mutual for all three spectra are the two charac-
teristic features corresponding to evaporation and knock-out neutrons; the
evaporation component peaking in the range 200 to 700 keV, and the direct
component above 2 MeV.

The neutron dose contributions are in the literature reported to be on
the order of mSv per Gy. (Ranging from 0.5 - 4 mSv) [4,47-49]. Another
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Figure 4.3: Monte Carlo neutron energy spectra in the isocenter plane, 8
cm from the central beam axis calculated by Zanini et al [47]. The neutron
fluence for three different combinations of secondary collimators and MLCs
are presented.

circumstance that affects the neutron contribution from the linacs besides
the treatment energy, is the type of treatment technique employed.



Chapter 5

Neutron Detection

Neutrons are detected via the charged particles they produce in both in-
elastic and elastic nuclear reactions. Neutrons are only capable of ionizing
indirectly due to their lack of electromagnetic charge, and detection there-
fore relies on appropriate absorber materials. The detection depends on
the neutron energy, the sensitivity required, the radiation field of where the
detection is to be performed and whether the aim is to unfold an energy
spectrum (spectrometry) or to establish a presence of neutrons [12]. Due
to the distinct difference in detection mechanisms from the; (1) slow, to the
(2) fast and the intermediate neutrons, a division line is set between these
two categories.

5.1 Slow Neutrons

When detecting slow neutrons, the elastic recoil energy of the absorber is
negligible and the inelastic scattering will be the dominating process. All
the common reactions used to detect slow neutrons result in heavy charged
particles. Possible reaction modes are listed below [9]:

recoil nucleus
proton
alpha particle
fission fragment

neutron + target nucleus —

In choosing a proper detector material, several considerations must be taken
into account. In case of application in a mixed radiation field, the choice
of material depends on the reaction mode to provide a sufficient discrimina-
tion against the competing processes of the other particles in the field. For
this purpose, the Q-value, or the energy transferred from the neutron to the
reaction products should preferably be high. If an improved sensitivity is a
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Table 5.1: Nuclear reactions used for detection of slow neutrons. Q-values of
the reaction products and the cross sections for absorbing a thermal neutron
[9,12].

Q value Cross Section

Reaction (MeV) (barns)
I YB4ln—ILit3He 2.79 (2.31%) 3840
M SLi+in—3 H+ $He 4.78 940
1 23y +é n — fission fragment ~200 ~2000

priority, a high cross section is required.

The three most important nuclear reactions for slow neutron detection
are listed in Table 5.1, along with the kinetic energies of the reaction prod-
ucts and the cross sections for absorbing a thermal neutron. With the
incident kinetic energy of a thermal neutron being negligible, the sum of the
reaction products are equal to the Q-value itself.

The 6 Li-reaction listed secondly is utilized in the thermal neutron de-
tectors used in this work. The reaction is commonly applied in scintillation
detectors which will be further described in section 5.5. For slow neutron
detection in general, various other detection techniques exist. Some of the
detectors commonly applied are briefly described in the following:

Proportional gas counters

A frequently applied neutron detector is the proportional counter using BFj
(boron trifluoride) gas [15]. This is an active detector producing pulses of
heights at the Q-values of the '°B reaction described in Table 5.1. The
counter is capable of pulse discrimination in mixed fields, except in intense
photon fields where discrimination can be difficult.

Fission counters

Slow neutron induced fission of 233U, 23U or 23? Py is employed in fission
counters [12]. The Q-value of each fission reaction is in the order of 200 MeV,
resulting in large fission pulses from the fragments. This feature enables
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slow neutron counting at low flux levels, even in high background radiation
environments.

Activation foils

Activation foils are passive detectors and exist in a variety of materials, e.g.
Mn, Ag, and Au. When exposed to slow neutron radiation, the neutrons are
absorbed and thereby they induce radioactivity in the foil that subsequently
can be measured by a suitable counter.

5.2 Intermediate and Fast Neutrons

Nuclear reactions can also be used in detection of neutrons of intermedi-
ate and fast energies. In addition, neutrons of such energies, can transfer
a detectable kinetic energy to nuclei by elastic scattering. The detection
methods of fast and intermediate neutrons are divided into four groups:
neutron moderated detection, nuclear reactions, elastic scattering alone and
foil activation.

Neutron moderated detection

Detection of intermediate and fast neutrons can be obtained by covering
detectors used for detection of slow neutrons with a moderating material.
Suitable materials for this purpose are of low atomic numbers, where the
mass of the atoms are close to the neutron mass. Bonner spheres are an ex-
ample of such a system, where moderating polyethylene spheres of different
diameters surrounds lithium scintillators. Neutron spectral information can
be inferred from these devices that are widely used in dose measurements.
The BF3 counter is also frequently used in combination with a moderating
material.

Nuclear reaction detection

Neutron spectrometry can also be achieved by utilizing the nuclear reac-
tions SLi or 2He. The cross sections of these reactions are several orders
of magnitudes lower than the cross sections for the slow and intermediate
neutrons, and are therefore less common. To retrieve the energy spectrum
information, the pulse spectrum of the reactions must be analysed.

Elastic scattering

High energy neutrons can produce proton and hydrogen recoils in solid and
liquid materials. The entire recoil energy can be detected providing a neu-
tron energy spectrum. The elastic scattering process is utilized in the bubble
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detector spectrometry detectors used in this work, as described in Section
5.4.4.

Threshold foil activation

The threshold activation foils detect amounts of induced radioactivity, as in
the slow neutron activation foils. By utilizing various foils of different nuclear
reaction energy thresholds, a neutron spectrum can be obtained [12].

Fission counters

Fission counters can also be applied in the detection of fast and intermediate
neutrons. 238U can be utilized for this purpose and have the capability of
discriminating against light ionizing particles and photon radiation [50].

5.3 Detectors In a Mixed Photon Neutron Field

The required properties of a neutron detector depends on the type of radia-
tion environment the detector is to be applied in and which quantities that
is to be obtained. In the surroundings of a 15 MV medical linac, the radi-
ation environment consists of pulsed photon beams and bursts of neutrons
induced by the photons. In order to obtain the neutron fluence and dose
under such circumstances, important detector characteristics are:

1) Discrimination against photon radiation.

2) Passive readout is preferred due to the pulsed beam that would make an
active device suffer from dead time losses.

3) Devices that enables a neutron spectrum to be attained, due to the en-
ergy dependent biological effects of neutrons.

4) High sensitivity, near tissue equivalent dose response.

The bubble detectors applied in this work exhibit all these four require-
ments listed above. As for the TLD detectors used, they likewise are able to
meet the conditions stated above. However, during the measurements in this
thesis, TLDs were only applied for thermal neutron detection. To perform
spectrometry with TLDs, proper moderating materials must be utilized.

Other benefits of bubble detectors and TLDs are that both detectors are
small in size, they consist of a material near tissue equivalent, and none of
them are in demand of any electronics during exposure.

Bubble detectors have been applied in neutron detection around medical
linacs by several groups [1,48,51,52]. Moderators are commonly used with
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thermoluminescence detectors [2,45, 53] or surrounding activation foils [40,
54]. Monte Carlo simulations on the subject are also performed [42,51].

5.4 Bubble Detectors

Superheated Drop Detectors (SDD) and Bubble (damage) Detectors have
in the past two decades been utilized in personal neutron dosimetry. The
International Commission on Radiation Units (ICRU) and Organization for
Standardization (ISO) currently recognise them under the collective clas-
sification superheated emulsions, comprising the two types mentioned and
all other similar detectors manufactured [55]. This miniature relative of the
bubble chamber was first suggested by Apfel in 1979 [56], and have found its
application in nuclear science, safety, and medicine. The passive versions for
personal dosimetry offer high sensitivity and dose equivalent responses ac-
companied by photon discrimination [57], as well as discrimination against
any possible protons [58]. Still, reservations on reliability and durability
have somewhat hindered a widespread adoption in dosimetry services [59].

Two laboratories have been the primary developers of the superheated
emulsion technology and has promoted the creation of two commercial com-
panies; SDDs at Yale University!' and bubble detectors at Bubble Technology
Industries (BTI)2. The general detection principles of the SDD and bubble
detector are similar, but have two important distinctions: 1) The host media
in the SDD is an aqueous gel and the host media in the bubble detectors is
a stiffer polyacrylamide. 2) The SDD is mostly used as an active detector
together with an acoustic sensor, whereas the bubble detector is used as a
passive device. The BDs are utilized in this work and will in the following
be explained.

5.4.1 General Principles

Bubble detectors utilize thousands of microscopic superheated droplets sus-
pended in an elastic polymer medium. A substance is considered as su-
perheated if its liquid state is maintained above the normal boiling point
of the substance. These droplets of freon-based compounds, have a radius
of less than a 100 micrometers, and maintains pressure and temperature
adjusted such that the superheated droplets become metastable. Neutrons
can interact with the atoms of the superheated liquid droplets, resulting in
the formation of energetic, recoil ions. The recoil ions can further trigger
the droplets to undergo a phase transitions into visible bubbles [60]. The
number of bubbles in a detector is proportional to the initial neutron ex-
posure. Figure 5.1 shows bubble detectors, both exposed and unexposed to

! Apfel Enterprises Inc.,25 Science Park, New Haven, USA.
2Chalk River and BTI Chalk River, Ontario, Canada.
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Figure 5.1: Bubble detectors. Left image shows a bubble detector after
exposure to neutrons. Right image shows two unexposed types of bubble
detectors.

neutrons.

5.4.2 Physics of Bubble Formation

The physics of the bubble formation taking place in a superheated liquid is
known as the 'thermal spike theory’ or the ’Seitz theory’ [61]. This theory
postulates that the formation of a visible bubble requires the neutron pro-
duced recoil ion to deposit a minimum energy, F,,iy,, inside a liquid droplet.
The process involves two critical steps: 1) Formation of a critical size vapour
bubble inside the superheated liquid medium. 2) The growth of this vapour
bubble into a macroscopic, visible bubble:

Step 1

A bubble of critical size has a radius on the order of nanometres, and is
calculated using classical macroscopic concepts of pressure and surface ten-
sion. Figure 5.2 illustrates a static vapour bubble inside the superheated
liquid droplet. The vapour bubble is exposed to an external pressure, pe,
along with the pressure from the surface tension from the liquid, o, aspiring
to compress the bubble. From the inner surface of the bubble, an internal
vapour pressure, p;, is working outwards, attempting to expand the bubble.
The conditions of a critical size bubble formation of radius r., are achieved
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. Superheated
- liquid medium

Vapour
bubble

Figure 5.2: A vapour bubble of radius, r., inside a superheated liquid
droplet. The external pressure, p., along with the surface tension, o, make
up the external pressure working to compress the bubble. The internal
vapour pressure, p;, attempts to expand the bubble [58].

when the inward pressure are balanced by the outward pressure:

20
Pe + — = Di- (51)

Tc

The second term represents the effective surface tension from the liquid.

Step 2

A vapour bubble of a critical size is thermodynamically unstable, and is sen-
sitive to slight perturbation. If the vapour bubble radius becomes smaller
than r., the cavity collapses under the effects of the external pressure. On
the other hand, if the vapour bubble radius exceeds ., it will expand into
a macroscopic, visible bubble.

The minimum energy, E,,;n, required for visible bubble formation is a com-
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bination of the two steps, and expressed by Seitz as

Epin = 4mor? + gﬂrfp,,%,
where p,, is the vapour density, whilst H and M represent the molar heat of
vaporization and molecular weight respectively. The first part of equation
5.2 correspond to the energy required to form a critical size bubble (step
1), whereas the second term represents the energy demanded for expansion
into a bubble of a visible dimension (step 2).

The bubble detectors are highly sensitive to changes in temperature and
pressure. With rising temperature, the compressing surface tension, vapour
density and the heat of vaporization will decrease, whilst the difference be-
tween external and internal pressure is increased. Rearrangement of Equa-
tion 5.1 yields

(5.2)

20 20
pi—pe Ap

The effect of a decrease in surface tension and an increased pressure
difference, Ap, results in a lower critical radius. This further leads to, con-
sidering term 1 in Equation 5.2, a lower threshold energy required to form
an initial critical bubble.

It is possible to connect the minimum energy required for bubble for-
mation, Ep,, to the stopping power of the recoil ion [62]. By defining an
effective interaction length, L, over which the energetic recoil particle trans-
fers its energy in the liquid droplets, a relation to the dimensions of the
critical bubble, r., is postulated. By assuming that the stopping power is
constant, L is linearly related to the critical radius, 7., such that L = kr,
where k is a dimensionless coefficient. Knowing the relationship between L
and 7. enables one to predict the stopping power needed to create a bubble.
If L is assumed to be much shorter than the total length travelled by the
recoil particle, the energy deposited over the length, L, is given as:

Te =

(5.3)

dE dE
E-L () = r () , (5.4)
dw avr dw avr
where (%)aw is the average stopping power. A lower threshold value of
(%) can be found. No nucleation can occur under this value, (‘Cll—E) -
avr T/ mwn

given that the other parameters are fixed. The minimum average stopping
power required for bubble formation is retrieved from Equations 5.2 and 5.4

expressed as:
dE Ein
— = . 5.5
< dx )mm kre (5:5)

The right hand side of equation 5.5, depends strictly on the thermo-
physical properties (temperature and pressure) of the superheated liquid. It
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is therefore possible to determine the exact stopping power of a recoil ion
needed in order to form a bubble, given that the temperature and pressure
are fixed. This property is exploited in making bubble detectors with unique
energy thresholds, and forms the basis of using bubble detectors within neu-
tron spectrometry.

5.4.3 Detector Response

From the previous sections it is evident that the bubble formation depends
on the neutron energy, as well as the temperature. The response rate, R
(bubbles per second), for neutrons of an incident energy, F,, with temper-
ature, T, of the superheated liquid drop is given as [60]:

n m
R(En,T) = ¢(E)V Y N Y 03j(En) Fij(En, T) (5.6)
with
Symbol Definition
o(Ey) is the incident neutron flux (n/(cm?s))
Vv is the total volume of superheated liquid (cm?)
N; is the atomic density of the i species in the liquid
(atoms/cm?)

oij(En)  is the microscopic cross section for a j-type reaction
in the 7' species, at neutron energy E, (b)

Fij(E,,T) is the efficiency factor for a j-type reaction in the i"
species for a particular liquid temperature T and incident
neutron energy F, (dimensionless)

i is one of the atomic constituents of the compound
i is the type of neutron interaction

The visible bubbles will be of slightly different sizes. The size of the
visible bubble formed depends on the initial droplet in which the visible
bubble was created from, and does not reflect any property of the incoming
neutron.

From Equation 5.6 it can be established that the number, size and chem-
ical composition of the liquid droplets, as well as the holding polymer, can
be varied to adjust the detection efficiency and the sensitivity of the detec-
tor to specific energies. In order to attain information about the neutron
energy spectrum, a combination of such detectors having individual energy
thresholds can be utilized.

As the energy deposition is caused by energetic recoils produced from
elastic scattering neutrons, a satisfactory energy deposition is easily attain-
able within the fast and the intermediate neutron energies. For neutrons
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of thermal energy levels, elastic scattering processes are not able to create
sufficiently energetic recoils. To make neutron detection at these energies
possible in bubble detectors, a substance that creates energetic recoils by
neutron absorption is incorporated in the polymer.

5.4.4 Bubble Detector Spectrometer - BDS

The BDS set is used for neutron spectrometry at energies covering 10 keV
to 20 MeV.

Description of the BDS system

A complete package of spectrum detectors consists of 36 bubble detectors;
six sets of six different detectors formulated such that the lower neutron
energy thresholds equals 10, 100, 600, 1000, 2500 and 10 000 keV. The
predominant reaction for bubble creation is elastic scattering recoil nuclei of
carbon and fluoride [63].

The multitude of detectors is to ensure sufficient number of bubbles
required to achieve adequate counting statistics, as the number of bubbles
in each detector is limited. A normalized response of each detector can
be seen in Figure 5.3. The response increases sharply above each detector
threshold, and is more or less constant as the energy further increases. The
indicative detector responses are around 0.1-0.2 bubbles/uSv. The detectors
are calibrated at 20 + 5°C, and have to be thermalized and wrapped in an
isolating material if to be used at other temperatures [64]. In order to
reset a BDS after exposure, the detectors are re-compressed in a hydraulic
compression chamber, where over 400 psi are applied and recondences the
bubbles back into a liquid state.

Spectrum deconvolution

To unfold the neutron energy spectrum, a method known as spectral striping
is performed. This method assumes that the neutron spectral fluence can
be represented by means of step functions with six energy bins. The lower
edges of the bins are the energy threshold of a given detector, whereas
the highest energy is assumed to be 20 MeV. The fluence distribution is
determined by starting from the highest energy bin, and progressively the
fluence of the lower energy bins are unfolded by weighting each detector
response with values taken from a provided response matrix of the detectors.
The conversion procedure is further described in Appendix A. Spectral
striping results in relatively high uncertainties in the fluence distributions,
especially in the lower energy bins. Alternatively, if the aim is to obtain
integral quantities such as dose equivalent, the uncertainties are smaller due
to negative correlations in the adjacent energy groups [59]. Other more
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Figure 5.3: Response curves of the BDS detectors used for detecting neu-
trons of energies in thresholds between 10 keV and 20 MeV [64].

complex algorithms for obtaining the bubble detector neutron spectrum has
also been developed, such as the unfolding code BUNTO [13].

5.4.5 Bubble Detector Thermal - BDT

The BDT bubble detectors are intended for thermal neutron monitoring. A
6Li compound is dispersed within the elastic polymer, specifically formu-
lated to detect preferentially the o particle from the reaction SLi(n, o)3H.
The response is proportional with the ®Li cross section, having increasing
responses as the neutron energies decrease [65]. The sensitivity of the BDTs
is approximately 2.7 bubbles/uSv, and have a response to fast neutrons a
factor of ten times lower than the response to thermal neutron energies [66].
To reduce the temperature dependence of the detector, a compensating ma-
terial is added on top of the polymer in the tube. When the temperature
increases, the compensating material will inflict an extra pressure on the
polymer that corrects for the higher degree of superheat in the droplets.
The BDTs are calibrated by the manufacturer and are supplied with re-
sponse to dose equivalent conversion factors. The conversion factors are the
mean response results of a calibration performed at five different temper-
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atures ranging from 20-37°C. The BDTs are supplied with an integrated
compression system, that enables compression with a piston screw on top of
the closed vial.

5.4.6 Limitations

Several limitations exist in neutron detection with bubble detectors. Some
of the constraints are briefly reviewed in the following:

Durability

One of the weaknesses of the bubble detectors is their limited life time.
The BDS detectors are initially sealed with a volatile liquid keeping them
pressurized. In order to make them sensitive to neutron radiation, they
must be activated by removing the seal and let the liquid vaporize. After
activation, the manufacturer guarantees an optimum detector performance
for three months, or alternatively reuse of ten cycles. As the detectors age,
water will diffuse from the polymer out of the detector tube or into the
detector droplets, inflicting a swelling effect on the polymer. The effects of
ageing will usually cause the sensitivity of the detector to change, both in
altering the properties of the detector fluid and in degrading the detector
volume from visible signs of ageing [6]. The image in Figure 5.4 shows bubble
detectors with signs of ageing.

The BDTs are closed detectors, and the diffusion of water out of the de-
tector is less dominant. If stored under the proper temperature and humidity
conditions, the BDTs have a potential lifetime of one or two years [65]. The
manufacturers guarantee limit is nevertheless 3 months, and the sensitivity
should be tested regularly as visible damages are not present in the BDT
detector. Prior to activation, the detectors should have a shelf life of at least
six months, depending on the temperature, the humidity and the time they
are out of their storage tube.

Temperature dependence

Ambient temperature variations in the bubble detectors will modify both
the energy threshold and the overall sensitivity which strongly affects the
response, as was explained in the previous sections. If the detectors are
used at temperatures above that of the calibration, the result is a downward
shift in the neutron energy thresholds [67]. In measurements performed by
Ytre-Hauge [6], it was seen that an increase of 2°C can result in a 50% rise
in the detector response, depending on detector type. The BDS detectors
are calibrated by the vendor at 20 + 5°C, and must, in order to correctly
employ the calibration factor supplied, be operated in a temperature con-
trolled environment or wrapped in an isolating material after being kept in
a 20°C water reservoir.
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Figure 5.4: Bubble detectors with signs of ageing. The detector on left hand
side has two large bubbles which are no longer possible to re-compress into
droplets. On the right hand side, several small surface bubbles are trapped
against the detector wall. These effects tend to complicate the process of
bubble counting [6].

Range limitations

A weakness of the bubble detectors is their limited range of usage [68]. As
the number of bubbles become numerous, there is an increasing probability
that the bubbles will overlap and cause a decrease in accuracy of the bubble
count.

5.5 Thermoluminescence Detectors - TLD

TLDs are small lithium crystals that serves as a passive, integrating detec-
tors when exposed to a field of radiation to which the TLD is sensitive. The
crystal material is chosen such that the detectors are able to store the effect
of irradiation at normal room temperatures. After exposure, information
about the radiation can be extracted by heating the detectors while reading
out the light yield. The principles and the physical mechanisms of the TLD
is described in the following.

5.5.1 Band Structure and Electron Migration

The outer atomic shell level of a crystalline material, can be described by
means of an energy band structure. This energy band model assumes that
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there exists a lower energy valence band which contains the electrons consid-
ered as bound at their lattice sights. In a higher energy conduction band, the
electrons with sufficient energy to freely migrate within the lattice structure
is situated. The upper and the lower band are separated by a forbidden band
gap with no available energy levels for an electron to be situated. Depending
on the width of the band gap, electrons can migrate from the valence band
and up into the conduction band. The positively charged vacancy left in the
valence band is called a hole, which together with the electron is referred
to as an electron-hole pair. How attainable the creation of an electron-hole
pair is, determines the level of conductivity of the material. Accordingly, the
materials are classified as insulators, semiconductors and conductors. For
insulators, the forbidden band gap is typically 6 eV, which is too wide for
permitting elevation of electrons into the conduction band at normal tem-
peratures. In a semiconductor, the width of the band gap is approximately
1 eV, and ionizing radiation or a thermal disturbance can cause an electron
to migrate. For conductors, a typical metal, there is nearly no separation
between the upper and the lower band, and electron-hole pairs are easily
created.

5.5.2 Scintillation Mechanism

After the creation of an electron-hole pair, the electron will eventually de-
excite back into the valence band and recombine with a hole by the emission
of a photon. In a pure crystal, the band gap is usually to wide for allowing
a visible photon to be emitted. To enhance the efficiency of the process,
and adjust the energy level of the emitted photon, impurities, or activator
sites, are added to the crystal lattice. The additionally available energy
levels permits de-excitations in smaller steps, such that the electron-hole
recombination is accompanied by the emission of visible light. The emitted
visible photons can further be detected by a photomultiplier.

5.5.3 Thermoluminescence

The inorganic scintillation materials described above are used in active de-
tection methods, and are constructed to emit light in the form of prompt
fluorescence. TLDs are made from a different class of inorganic crystals that
permits storage of the effect of the radiation at normal room temperatures.
After irradiation, the crystal is heated to stimulate the emission of light that
further on can be detected. The physical distinction of the passive TLDs,
are the particularly impurities chosen for the creation of deep activator sites,
referred to as trapping centres. This is illustrated in Figure 5.5.a. Incident
radiation promotes electrons across the band gap in the usual way, leaving
the positive hole in the valence band. The electron is further trapped in an
electron trapping center; an available energy level situated below the con-
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Figure 5.5: The mechanism of thermoluminescence. a) Incident radiation
elevates electrons into the conduction band, leaving a positive hole in the
valence band. The mobile electrons and holes, will further be captured at
one of the trapping centers. b) At a temperature determined by the energy
level of the trap, electrons and holes are released back into the conduction
and valence band. The liberated electron can further migrate to a nearby
hole and recombine with the emission of a photon (left in image). A similar
process occurs for the hole (right in image) [9].

duction band. If the energy level of the trap is sufficiently deep, as is the
case with the TLDs, a captured electron will have a very low probability
of escaping at normal room temperatures. The holes will migrate to a hole
trap situated right above the valence band, and will be held fixed in this
position. Consequently, the number of trapped electrons and holes are a
measure of the amounts of created electron-hole pairs by irradiation.

To liberate the trapped electrons and holes, the TLD material is heated.
At a temperature determined by the energy level of the trapping centers, the
electrons are excited back into the conduction band, as illustrated in Figure
5.5.b. Assuming the trapped hole needs a higher temperature to escape
than the trapped electron, the now free electron may migrate to a nearby
trapped hole and recombine. Alternatively, a trapped hole can escape at a
temperature below the most probable temperature of release, and recombine
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Figure 5.6: Example of a glow curve. The TLD material is heated gradually,
and photons are emitted as the trapped electrons and holes gain enough en-
ergy to escape their respective traps and recombine. The photon yield is
read out by a photomultiplier and registered as a function of the tempera-
ture. The integrated signal is a measure of the number of electron-hole pairs
created during the exposure to radiation.

with a trapped electron. The two possible modes of recombination will both
result in the emission of a photon in the visible light region, and is referred
to as thermoluminescence [69].

The TLD read out system records the response of the TLDs after use.
This system reads out each dosimeter by gradually heating them to typical
temperatures of 300 °C, while recording the light yield with a photomulti-
plier. The signal is recorded as a function of temperature in a glow curve,
as exemplified in Figure 5.6. The thermoluminescence response is then the
integrated charge in nC. After read out the TLDs are annealed; exposed to
elevated temperatures for a period of several hours which depletes all rem-
nants of the trapped electrons and holes, and makes the dosimeters ready
for reuse.

5.5.4 TLD Neutron Detection

For neutron detection in a mixed photon-neutron field, two types of TLDs
have to be applied. The TLD-600 is both photon and neutron sensitive,
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whereas the TLD-700 is sensitive to photons [70]. With the application
of both, the photon contribution can be subtracted. These small crystals
are available commercially from several manufacturers, usually as Lithium
Fluoride (LiF) supplied with additional activator materials. Natural lithium
contains 7.4% SLi and is therefore primarily sensitive to thermal neutrons
via the °Li(n, a)H reaction. By using lithium enriched with ®Li (TLD-600),
sensitivity to thermal neutrons is enhanced. In crystals containing nearly
pure ‘Li (TLD-700), the sensitivity to thermal neutrons is suppressed [71].
The thermal neutron cross sections are 945 and 0.033 barns for TLD-600
and TLD-700, respectively [72].

The thermoluminescence response as a function of neutron energy of the
two types of TLDs is shown in Figure 5.7. For TLD-600 in 5.7.a, the neutron
response is increasing as energy decrease, and is significantly higher than the
negligible neutron response of TLD-700 in Figure 5.7.b.
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Figure 5.7: Thermoluminescence response of a) TLD-600 and b) TLD-700
as a function of neutron energy from 1 keV to 14 MeV. The y-axis is given
in dose 10712 Gy/(n.cm™2). The curves are the results of individual exper-
iments and calculations. Modified from Horowitz and Freeman [71].



Chapter 6

Experimental Set-up and
Procedures

The measurements were mainly carried out with a 15 MV linac beam at
HUS in Bergen. The experiments included detector characteristics and in-
phantom neutron detection in various treatment field configurations. In
addition to the measurements at HUS; further tests of the detectors were
executed in the radiation field of the nuclear reactor at IFE.

The set-ups can be summarized in five variations of constant radiation fields:
(1) Photon field - 6 MV at HUS.

(2) Moderated photon field - 6 MV at HUS.

(3) Photon neutron field - 15 MV at HUS.

(4) Moderated photon neutron field - 15 MV at HUS.

(5) Photon thermal-neutron field - IFE.

In the following the measurement set-ups at HUS and IFE are described. A
brief description is also given of the measurement procedures of the detectors
and the dose plan system used for generating the treatment plans:

6.1 Set-up at Haukeland University Hospital

The neutron measurements were performed using a Varian 23 iX medical
linear accelerator, being one of five linacs used for radiotherapy cancer treat-
ment at HUS. Figure 6.1 displays the measurement set-up of the linac, there
shown with a plastic phantom in the isocenter position on the patient table.
The gantry is in a 90° angle, such that the photon beam is applied from
the side. The measurements were performed in the isocenter plane, princi-
pally outside the actual treatment field. The tests without any moderation
material were performed with the linac in an upright position at a 0° an-
gle, whereas the linac head was rotated to 90° angle during the in-phantom
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Figure 6.1: Example of a set-up with a phantom at HUS, with the gantry
head in a 90° position. The laser lines are used for positioning with respect
to the isocenter. The measurements were performed in the isocenter plane,
both with and without the employment of the phantoms.

measurements. During those experiments at HUS that did not involve dose
planning, the photon field was defined by the secondary collimators in a 5x5
cm? fixed position and having the MLCs extracted to their outher position.

The majority of the measurements were performed applying linac photon
beams of 15 MV, resulting in a mixed photon neutron field. In order to
perform photon calibration in a field without neutrons, the 6 MV photon
beam was used under the assumption that the neutron production in this
mode is negligible.

The number of MUs applied to achieve the requested dose during the
measurements, were all estimated based on the specific photon energy and
isocenter depth employed for each measurement. These calculations were
performed manually with standard conversion tables for the manual fields
shaped by the secondary collimators. As for the complex treatment con-
figurations involving the MLCs, the dose plan system Eclipse was used to
design the dose plans.

The phantoms and the dose plan system applied at HUS are described
in the following:
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6.1.1 Phantom Specifications

Two different phantoms have been designed for the neutron measurements
at HUS. Both phantoms consist of water equivalent solid state plastic mate-
rial, originally applied for moderation purposes in the radiation environment
surrounding the medical linacs.

Phantom A

In Figure 6.2.a, Phantom A is shown. Phantom A was constructed with par-
ticular consideration for controlling the temperature of the BDS detectors.
A cavity enabling insertion of insulating Styrofoam is fitted and positioned
in such a way that the detector center is surrounded by at least 7 cm of ma-
terial; 5 cm of the water equivalent phantom material, and 2 cm of insulating
Styrofoam in all directions. As shown in Figure 6.2.b, the measurements in
this phantom were performed 7 cm outside the isocenter. Both the BDS
detectors and the TLDs were applied in these measurements in Phantom A.

Phantom B

In Figure 6.3.a, Phantom B is shown, in which both BDT and TLD mea-
surements were performed. The phantom comprises 36 holes for insertion of
detectors. Plastic rods are applied as filling material in the cavities when a
position is left empty of detectors. As sketced in Figure 6.3.b, this phantom
allows for measurements in multiple positions outside the field; here applied
is a 5x5 cm? photon beam with isocenter depth at 8.6 cm.

6.1.2 The Dose Plan System Eclipse

The dose plan system Eclipse (Varian Inc. Palo Alto, Ca, USA) was used to
calculate the dose distributions for the chosen field set-ups applied during
the measurements. Eclipse was employed in creating a 3D-CRT dose plan
and an IMRT dose plan to enable a comparison of the two treatment de-
livery techniques. The phantoms were scanned at the CT scanner used for
acquiring CT images for radiation treatment dose planning. A CT volume
of the phantom was reconstructed from the CT images and subsequently
loaded into Eclipse for processing. The program Eclipse, calculates the op-
timal way of accomplishing a treatment within the conditions requested by
the user. In Phantom A, a cylinder shaped volume has been contoured and
defined as a target, as described in Figure 6.4. 2 cm behind the (red) target
volume is a (yellow) cylinder shaped volume defined as an organ at risk,
having assigned a restriction in dose level to this volume. In order to make
comparable treatment plans of the two treatment techniques; 3D-CRT and
IMRT, three fixed field angles have been applied as a common basis.
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a) Phantom A

b) Phantom A top view
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Figure 6.2: a) Phantom A has a cavity which has been filled with Styrofoam
in order to insulate the bubble detectors. When the detectors are in position
a lid of phantom material covers the top of the detector. b) Top view of
Phantom A. The measurements were performed in the isocenter plane; 7 cm
outside the central beam axis of the photon field at 7 cm depth.
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a) Phantom B side view

b) Phantom B top view
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Figure 6.3: a) Phantom B side view. b) Sketch of the top view of Phantom
B. The 36 holes allows for in-phantom measurements with BDs and TLDs
in various positions.
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Figure 6.4: Following a CT-scan, a 3D image of Phantom A was generated
in the dose plan system Eclipse. Volumes of particular interest have been
defined; a red target volume and a yellow organ at risk. The blue volume is
the Styrofoam insulating the detectors during the measurements.

For the Phantom B, no advanced treatment plan was created. Never-
theless, it was scanned into the treatment system in order to simulate the
dose distribution from the field configuration that was applied.

The dose distributions calculated by Eclipse, does not include dose from
neutrons or from photons leaking from the linac head.

6.2 Set-up at the Institute for Energy Technology

The detectors were tested in the mixed photon thermal-neutron field of the
nuclear reactor JEEP II at IFE. IFE operates the only two existing nuclear
reactors in Norway, and has its main office at Kjeller.

The JEEP II is mainly a research reactor which uses heavy water for
both cooling and moderation. The reactor uses low enriched Uranium-235
as fuel (3.5% U-235) in the form of uranium dioxide, and the reactor has
a thermal output of 2 MW [73]. During the fission reactions, an incident
thermal neutron enters the nucleus of U-235 and splits it into two large
fragments accompanied by an average of 2.5 prompt neutrons and more than
10 photons [74]. The neutrons resulting from the reaction are moderated in
heavy water in order to further induce fission. To sustain the necessary chain
reaction, one thermal neutron is required. The residual neutrons will either
be captured by cadmium rods in the reactor core or they will contribute to
the radiation environment outside the core. An example of one of the many
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reactions in the fission process of U-235 is:
on o U — (33°U)* —55° Cs +37 Rb+ 3(jn). (6.1)

The average total energy released by neutron induced fission in U-235 is
around 200 MeV, where the majority of the kinetic energy is carried off by
the large fragments. The rest of the energy is carried by neutrons, photons,
electrons and neutrinos, emitted either promptly, or as delayed radiation
of the decaying fission products. In each fission, the photons will take an
average total energy of 7 MeV and 6.3 MeV for the prompt and delayed
photons, respectively [75]. The average energy of each photon emitted is
0.97 MeV [76].

The fission processes that occurs within the reactor core results in the
radiation field outside the core thus being dominated by thermal neutrons
and photons. Just outside the reactor core, the flux of thermal neutrons is
107 times higher than the flux of neutrons of 10 keV. The neutron energy
spectrum at various distances from the fuel elements can be seen in Appendix
F.

In Figure 6.5, the top area of the JEEP II reactor and the pool in which
the measurements were performed, can be seen. The external moderating
water pool is located several meters on the side of the reactor, and assures
that all the neutrons reaching the water pool are being thermalized. To ob-
tain a sufficiently high thermal neutron flux, the detectors had to be lowered
down to the level of the reactor core inside an aluminium container. In order
to calibrate the response of the detectors in a known thermal neutron flux,
the flux was measured with gold activation by the IFE personnel in a com-
mon position with the bubble detectors and the TLDs. The gold activation
measurements showed a thermal neutron flux of 7230 n.cm~2s~1 [77].

6.3 Measurement Procedures

A thorough description of the physics of the detectors and their general
mode of operation was made in Chapter 5. This section provides a brief
description of the actual detectors used in this work and the measurement
routines employed.

6.3.1 Bubble Detectors

The two types of bubble detectors used in this work are the bubble detectors
commercially available from BTI, Chalk River, Canada: (1) the spectrome-
ter set used to detect neutrons in several energy intervals; BDS, and (2) the
set for detecting thermal neutrons; BDT.

As we have seen, the BDS spectrometer set consists of 36 bubble detec-
tors of six different types with lower neutron energy thresholds of 10, 100,
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Figure 6.5: The working area is located on top of the research reactor JEEP
II. Between the working area and the reactor core are several meters of
concrete shielding. On the side of the reactor core is a pool of moderating
water. The radiation environment in the pool is dominated by photons and
thermal neutrons.

600, 1000, 2500 and 10 000 keV. As suggested by the manufacturer, the
spectrometry has been performed using all 6 detectors within one threshold,
in order to achieve good statistics in each measurement sequence. With the
detectors, follows an unfolding algorithm from BTI, converting the responses
into a fluence spectrum with six energy bins. The unfolding procedure is de-
scribed in Appendix A. To further obtain the neutron dose from the fluence,
fluence-to-dose factors listed in Appendix C have been applied.

To stay within the calibration temperature of the detectors during the
measurements, all BDS detectors were consistently thermalized in a 20 +
0.5°C water bath prior to usage, and further wrapped in insulating Styro-
foam. All measurements have been performed within the limited guaranteed
optimal time of use (within 3 months after initial usage), and the number
of measurements have not exceeded the maximum, recommended number of
cycles (10-15 cycles). Detector storage have been according to the recom-
mendation at 4 °C in a cooler.

For the thermal neutron measurements, the BDT set of 5 pieces were all
utilized. The BDTs have an integrated temperature compensation mecha-
nism, therefore no insulating material were required during these measure-
ments. The BDTs are calibrated and supplied with factors for their response
to dose. To obtain the thermal neutron fluence, the fluence-to-dose conver-
sion factors were used.
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Figure 6.6: Rods of TLD 600 and TLD 700 are placed inside plastic con-
tainers for easier handling and for enabling positioning of TLDs in a fixed
position during measurements.

The counting of bubbles was performed by the automatic optical scan-
ner; Bubble Detector Reader. According to the manufacturer, the amount
of bubbles should not exceed 200-300 bubbles per measurement. This cor-
responds to equivalent doses on the order of mSv for the BDS detectors
and on the order of uSv for the BDT detectors. After each measurement, a
re-compression of the bubbles was performed.

6.3.2 Thermoluminescence Detectors

The two types of TLDs used in this work are the LiF:Mg:Ti (Lithium Flu-
oride with added Magnesium and Titanium) from Harshaw:

(1) TLD-600, enriched with SLi, is both neutron and photon sensitive, and
(2) TLD-700, consists primarily of "Li, is photon sensitive. Figure 6.6 dis-
plays three TLDs along with a plastic container applied for easier handling.
Each TLD rod is 1 mm in diameter and 6 mm in length. To gain sufficient
statistics and thus reduce the uncertainty, six TLD rods of each type were
used during each measurement.

The TLD readout set-up is shown in Figure 6.7. After exposure, the
TLDs were read out by the TLD readout unit, in which a photomultiplier
records the light yield as each individual TLD is heated gradually up to
300°C . The response is the integrated charge of the glow curve, obtained
by using the TLD readout software Winrems. After usage, the TLDs were
annealed for 4 hours at 400°C .
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Figure 6.7: TLD readout system: The oven is used for annealing the TLDs.
The TLD Reader is connected to a computer with the software Winrems
displaying the integrated charge.



Chapter 7

Results and Discussion

The results from the various experiments performed are presented in this
chapter. They have been divided into i) investigations of detector perfor-
mance, ii) calibration issues and iii) the application of the detectors in neu-
tron measurements during radiotherapy.

These experiments were conducted in the field from the medical linac at
HUS and in the field of the nuclear reactor at IFE.

7.1 Characteristics of Detectors

The investigations of the detector properties included information on the re-
producibility and the linearity of the detectors. In order to obtain a basis for
the uncertainty calculations in the measurement data, reproducibility tests
were performed. The linearity tests provide information on the detectors’
response to different amounts of dose, thus revealing possible limitations
with respect to the valid range for dose measurements with the detectors.

7.1.1 Reproducibility

The reproducibility tests of the detectors were performed by exposing the
detectors repeatedly under the same conditions in the mixed photon neutron
field by using the 15 MV photon beam at HUS. The bubble detectors were
positioned 4 c¢m outside the isocenter of the linac, without any neutron
moderating material. The BDS 10 000 was not applied in the experiments,
as test measurements with these detectors at HUS did not result in bubble
formation.

Due to the limitations in repeated measurements without exhausting
the bubble detectors, the measurement sequence was performed three times
for each of the six individual detectors within a threshold. The results are
presented in Table 7.1. The uncertainties are estimated from the rms values
of the response in number of bubbles and varies from 5% to 20%.
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Table 7.1: Summary of the reproducibility tests of the bubble detectors.
Detector type Uncertainty [rms/mean]

BDT 12%
BDS 10 10%
BDS 100 18%
BDS 600 21%
BDS 1000 5%
BDS 2500 10%

The reproducibility tests for the two types of TLDs were performed in-
phantom with the TLDs situated 4 cm from the isocenter of the linac. Figure
7.1 displays the results of the reproducibility tests performed with the TLD-
600 and the TLD-700, along with Gaussian fits applied. In Table 7.2, the
estimated uncertainties of the TLDs are displayed, and range from 2.5% to
5.5%.

Table 7.2: Summary of the reproducibility tests of TLDs.

Detector type Uncertainty [rms/mean]
TLD-600 2.5%
TLD-700 5.5%

7.1.2 Linearity

According to the manufacturers, the response of each bubble detector is
linear within a narrow interval of Sv or mSv, corresponding to a maximum
of 200-300 bubbles in each detector. The TLDs are stated to have a quite
wide linear range, reaching from 10 uGy - 10 Gy.

Assuming that the restrictions in the valid range of a bubble detector
mainly depend on the number of generated bubbles, one type of bubble de-
tector was assumed to be representative for all the bubble detectors. The
response to neutron exposures in ten steps yielding amounts up to 350 bub-
bles is shown in Figure 7.2. The distribution has a non-linear behaviour,
indicating a decreasing detector response as the number of bubbles in the
detector increase. The calibration factors supplied by the vendor, are ob-
tained during a detector response of approximately 150 bubbles. To enable
correct interpretation of the measurement data of the detectors, the number
of bubbles generated in each measurement should not exceed the number,
i.e. the dose, that the detector was exposed to during the factory calibra-
tion, or alternatively the non-linearity must be corrected for. Hence, in
the following measurements, the number of bubbles obtained was as far as
achievable sustained at 150 bubbles.
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Figure 7.1: Results of the reproducibility tests of the TLD-600 and the
TLD-700. Gaussian distributions has been fitted.

Regarding the TLDs, there were two aspects to consider; the relative
photon sensitivity of the two types of TLDs and the neutron sensitivity of the
TLD-600. The linearity of the photon response was tested with the use of the
6 MV photon beam at HUS, whereas the joint neutron and photon response
was examined by using the 15 MV photon beam. Both measurements were
performed in-phantom, outside the isocenter of the linac.
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Figure 7.2: Result of the linearity test of the bubble detectors. The solid
line shows a linear response approximation based on a calibration of the
detector performed at 157 bubbles.
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Figure 7.3: Response of the TLDs exposed outside the isocenter of the linac
using a 6 MV photon beam. Linear fits have been applied.
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Figure 7.4: Response of the TLDs exposed outside the isocenter of the linac
using a 15 MV photon beam. Linear fits have been applied.

The results of the photon exposure, assuming that the neutron produc-
tion during the 6 MV mode is negligible, are shown in Figure 7.3. The
deviations from the linearity in these measurements are less than 5% and
8% for the TLD-600 and TLD-700, respectively. The results of the TLDs
exposed to photons and neutrons are shown in Figure 7.4. The deviations
from the linearity are in these measurements less than 9% for the TLD-600
and less than 12% for the TLD-700.

7.2 Detector Calibration

In order to calibrate the detectors in a known thermal neutron flux, the
detectors were exposed in the mixed photon thermal-neutron field of the
nuclear reactor at IFE. The thermal neutron flux in the position of where
the measurements were performed was 7230 n.cm~2s~!, verified by gold
activation measurements carried out by the IFE personnel. All the results
from IFE are based on three minutes of exposure in the reactor field. The
fluence and dose correspondance is displayed in Table 7.3. For the TLDs; a
photon calibration and a neutron cross-calibration were also perforemed at
HUS.

7.2.1 TLD Sensitivity

The TLD neutron calibration is performed in two steps in order to enable
unfolding of the neutron response in a mixed photon neutron field.
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Table 7.3: Gold activation data.

Fluence Converted equivalent dose
[n.cm~2/3min] [Sv/3min]
1.3 x 10° 15

(1) The difference in photon response between TLD-600 and TLD-700 was
obtained by using the 6 MV photon beam at HUS.

(2) The TLDs were then exposed to the mixed radiation field at IFE, where
the thermal neutron flux is known. Based on the measurements in 1), the
photon component can be subtracted from the total TLD response.

(1) Difference in photon response

The difference in the photon response of the TLDs was obtained by using
the 6 MV photon beam with the detectors situated in the Phantom B. The
measurements were performed in several depths of the phantom, at 4, 8
and 12 cm outside the central beam axis. The ratio of photon response
obtained was; k=0.66+0.04, where TLD-600 is more sensitive to photons
than TLD-700.

(2) Neutron response

The TLDs were exposed for 3, 6, 9 and 12 minutes in the measurements at
IFE. The results are presented in Figure 7.5. The charge response in nC is
quite high in this field, reaching from 10® to 10* nC. This is 2-3 times the
typical response during the measurements performed at HUS. The TLD-700
measurements indicate a strong photon background. By dividing the TLD-
700 response by the correction factor k, the corrected response of TLD-700
is almost on top of the TLD-600 yields. The neutron response is on the order
of a couple of percent of the total response, illustrating that the unfolded
neutron response is the difference between two large numbers. This makes
the photon discrimination in the neutron unfolding process a challenge. The
mean of the unfolded neutron responses is 1904200 nC/3min, which corre-
sponds to sensitivities; (1.5+£1.5) x 107* nC/(n.cm~2) and 13413 nC/uSv.
Considering the large theoretical uncertainties obtained in this measure-
ment, these data was not used as a measure of the neutron sensitivity in
the following experiments. It is probably a better option to perform a TLD
neutron calibration in beam lines with neutrons not exhibiting a large pres-
ence of photons resulting from the fission processes. IFE has such neutron
beam lines, and these might be well suited for TLD neutron calibration.
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Figure 7.5: Response of the TLD-600 (red) and the corrected response TLD-
700/k (blue) in the field of the nuclear reactor at IFE. Gaussian distributions
have been fitted.

7.2.2 BDT Sensitivity

The measurements with the full set of BDT detectors were carried out in
the same thermal neutron flux as with the residual detectors. The response
of the BDTs, in number of bubbles, was converted into dose and fluence
as explained in the set-up chapter. The results of the BDT measurements
are displayed in Table 7.4, along with the fluence reported by IFE. As for
the fluence obtained from the BDT measurements, this is four times higher
than the fluence measured by gold activation. The sensitivity of the BDTs
are according to these measurements four times higher than reported by the
vendor.

Table 7.4: Fluence obtained from measurements with BDTs and by gold
activation at IFE. *Converted fluence assuming the calibration factor given
by the vendor.

BDT response BDT fluence* IFE fluence

150420 bubbles  (5.240.6)x10% n.cm™2 1.3 x 105 n.cm—2

The measurements at the reactor have revealed a strong photon compo-
nent: the TLD-700 reading indicates a photon dose rate of 1.2+0.1 Gy/3min
based on a calibration in the 6 MV setting at HUS (see Appendix D.1). Mea-
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surements at HUS have also revealed that the BDTs are slightly sensitive
to intense photon fields. In the 6 MV photon beam the BDT photon sen-
sitivity were found to be 10£1 bubbles/Gy. This rate results in a photon
response in the reactor field of the BDTs of 1242 bubbles/3min. However,
this background accounts for less than 10 percent of the total response in the
bubble detectors and cannot explain the discrepancy factor of four between
the neutron sensitivity retrieved from the calibration at IFE and the sensi-
tivity factors supplied by the vendor. Other possible explanations for this
difference can be due to the procedure of obtaining the calibration factors;
the manufacturer have calibrated the detectors to neutrons from an Am-Be
source.

BDT calibration factor

Considering the deviations obtained in the calibration at IFE, new bubbles
to fluence and dose conversion factors were established and are displayed in
Table 7.5. These calibration factors will be used in further calculations of
BDT fluence and dose.

Table 7.5: BDT fluence and dose sensitivity factors obtained from the IFE
calibration.

Fluence Sensitivity Equivalent Dose Sensitivity
[bubbles /n.cm 2] [bubbles/uSv]
(1.2£0.1)x10~1 10+1

7.2.3 BDS Sensitivity

Single insulated BDS detectors were exposed for a period of 3 minutes in
the reactor field. The BDS detectors have lower neutron energy thresholds
above thermal energies. Nevertheless, bubbles were formed. The number
of bubbles produced in the detectors corresponds to neutron doses on the
order of mSv (Table D.1). The results imply that the BDS detectors are
sensitive either to neutrons of energies below the energy thresholds given
by the vendor or to the photon component of the field. Measurements
performed in the 6 MV photon beam at HUS have reveiled that the BDS
detectors are sensitive to intense photon fields. However, equivalent to the
BDT detectors, the photon background cannot account for the total amount
of bubbles formed in the BDT detectors.

7.2.4 Cross-Calibration Between the TLD and the BDT

A measure of the thermal neutron fluence and the equivalent dose correspon-
dence to the TLD charge response was performed by a cross-calibration with
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the BDTs at HUS. Both detectors were situated in-phantom, 4 ¢m from the
central beam axis of the 15 MV photon beam. The obtained sensitivity
of the TLD-600 to neutrons is shown in Table 7.6. These TLD calibration
factors will be used later in the radiotherapy measurements.

Table 7.6: The neutron sensitivity for the TLD-600 obtained by cross cali-
bration with the BDT detectors.
Fluence Sensitivity Equivalent Dose Sensitivity
nC/(n.cm=2)] nC/puSv]
(1.1£0.5)x 107> 1.0+0.4

7.3 Neutron Measurements in Radiotherapy

The results of the in-phantom neutron measurements while applying a 15
MV photon beam are presented in this section. The spatial distribution
of the neutrons has been investigated, and a comparison has been made of
the neutron yield during the treatment techniques 3D-CRT and IMRT. The
results of the detector characteristics and calibrations presented in the two
previous sections was taken into account during the following measurements:

The neutron sensitivity of the detectors, or the corresponding fluence and
dose are not well defined at this present stage. The main focus of the results
introduced here is therefore on relative quantities, preferentially by the use
of raw-data. The detectors have here been used within the linear regions
presented in the tests of the detector characteristics, and the relative re-
sponse is therefore expected to be a good measure of the relative neutron
contribution.

The measurement data is also presented here as converted into fluence
and equivalent dose. The uncertainty estimates obtained for the BDS fluence
spectrum reaches from 10-400%, and are mainly due to the error propagation
in the spectrum unfolding algorithm.

All the results of the measurements are given in response, fluence or dose
per treatment dose in Gy, delivered to the isocenter by the photon beam.

7.3.1 Spatial Neutron Distribution

The spatial distribution of neutrons was measured by applying the TLDs
outside the isocenter in the Phantom B. A 5x5 cm? fixed photon field config-
uration was defined by the secondary collimators, and applied from the side
in a 90° gantry angle. In the dose plan system Eclipse, the dose distribution
was calculated in order to visualize the photon dose on a colour scale.
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Figure 7.6: Top view of Phantom B. The 18 positions in where TLD mea-
surements were performed are featured. A 5x5 cm?, 15 MV photon field was
applied from a 90° gantry angle.

TLD Measurements

The 18 positions in the phantom where the TLD measurements were per-
formed are featured with colours in Figure 7.6.

Figure 7.7.a displays the unfolded thermal neutron yield from the com-
bined response of the TLD-600 and the TLD-700. The results indicate that
the thermal neutrons primarily are distributed in the outer layers of the
phantom, located close to the treatment head. These results are in accor-
dance with other similar experiments [1]. Moving into deeper layers, the
response have an exponential decrease: From the positions in the outer
layer and to the next measurement positions, the response drops off sharply.
At the deepest positions measured, the response is approximately ten times
lower than in the outer layers.

The spatial distribution of the photons obtained from the TLD-700 mea-
surements are displayed in Figure 7.7.b. As can be seen, the greater part
of the dose contribution from photons outside the treatment volume is de-
posited close outside the photon field. These photons close to the central
beam axis are principally scattered photons from the applied photon beam.
The response in the positions further away from the central axis of the field,
are principally that of photons leaking from the treatment head, and in
addition widely scattered photons.
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Figure 7.7: Spatial distributions of neutrons and photons in Phantom B
measured with TLDs while applying a 5x5 cm? 15 MV photon beam. The
response is given in nC per treatment Gy. a) Thermal neutron response.
b) Photon response.
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Considering the correlation of the neutron response to the distance from
the central beam axis, this is not as significant as for the photon distribu-
tions. However, examining the thermal neutron response at 4.3 cm depth
in the phantom, the position closest to the central beam axis has a slightly
higher neutron response than the positions further off the central beam axis.
This feature may be explained by considering the mechanisms of the pho-
toneutron production in the components of the linac head; evaporation and
direct knock-out (see Section 2.1.4). The direct knock-out component of the
field stands for roughly 10 % of the neutrons produced whilst applying a 15
MYV photon field. These neutrons have a forward directed angular distri-
bution and can be a reason for the elevated response closer to the photon
beam.

Eclipse Dose Distribution

Figure 7.8 shows the photon dose distribution on a colour scale as calculated
in Eclipse. The dose is concentrated along the central beam axis and drops
off sharply as the distance from the axis increase. This is in good agreement
with the measured TLD-700 distribution.

5x5 cm? field

Figure 7.8: Dose distribution in Phantom B from a fixed 5x5 cm? 15 MV
photon beam calculated in Eclipse.
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Fluence and dose

According to the cross calibration with the BDTs, the thermal neutron
response in the positions measured corresponds to fluences and doses on the
order of 106 — 107 n.cm~2/Gy and 10-100 uSv/Gy, respectively.

7.3.2 Neutron Yields in Different Treatment Techniques

The target volume and critical organ was defined in the Phantom A, as
described in Figure 6.4 in the set-up. In the dose plan system Eclipse, the
treatment techniques 3D-CRT and IMRT were applied the same conditions;
three beam angles and a realistic total treatment dose of 70 Gy was assigned
to the target volume. In the case of the IMRT treatment, the dose plan sys-
tem calculated the beam delivery based on the optimized dose distribution
out from the dose restrictions to the critical organ. To deliver the treatment
dose to the target volume under such conditions, a different number of MUs
was required for the two treatment modalities.

The dose optimization was performed in both configurations and the
results of the two calculated distributions are displayed in Figure 7.9. As
can be seen, the neutron measurements have been performed outside the 1%
dose level indicated by the colour scale. The IMRT plan was able to restrict
the dose exposure to the critical organ to 53% of the dose received by the
target volume. During the 3D-CRT plan that was designed, the critical
organ receives 72% of the target volume dose as listed in Table 7.7. In this
dose calculation, the IMRT plan required 365 MU/Gy; 2.6 times more MUs
than the 141 MU/Gy, required in the 3D-CRT plan. However, it is quite
common that the IMRT dose plans exceed 3-4 times the MUs required for
a 3D-CRT treatment.

Table 7.7: Summary of the 3D-CRT and IMRT dose plans.
3D-CRT IMRT
Total dose to target volume 70 Gy 70 Gy
Dose to critical organ 72% 53%
Number of MUs per treatment Gy 141 365
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Figure 7.9: Eclipse dose calculation for the 3D-CRT and the IMRT plan.
The, yellow, small circle indicates the critical organ. The red, large circle
is the target volume. The dose level is indicated by the colour scale, with
lower dose level of 1%. In the images on the right hand side, the insulating
material in where the detectors are positioned during the measurements are
visible outside the 1% dose level.
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TLD and BDS Response

The treatment plans were executed while performing in-phantom measure-
ments with both the TLD and the BDS detectors. The treatments were
delivered in dose fractions of 2-12 Gy, and the results are displayed as the
response in nC/Gy and bubbles/Gy in Tables 7.8 and 7.9, respectively. The
IMRT/3D-CRT neutron ratios are applied in the tables to enable a com-
parison; The TLD neutron response is 2.6 times higher during the IMRT
treatment than during the 3D-CRT plan. The BDS responses are 2.3-2.7
times higher in the IMRT measurements. The results obtained indicate that
the neutron yield from the linac is correlated to the number of MUs. This
is in agreement with previous studies [4,45].

Table 7.8: Summary of the TLD thermal neutron response during the 3D-
CRT and IMRT treatment techniques.
Response 3D-CRT  Response IMRT IMRT/3D-CRT
mC/Gy] mC/Gy]
TLD 180420 480+40 2.64+0.2

Table 7.9: Summary of the BDS neutron response during the 3D-CRT and

IMRT treatment techniques.
Response 3D-CRT  Response IMRT IMRT/3D-CRT

[bubbles/Gy] [bubbles/Gy]
BDS 10 170+20 390£40 2.3+£0.3
BDS 100 110£20 290+30 2.7+0.7
BDS 600 90+20 21040 2.440.7
BDS 1000 26£1 61+3 2.3+0.2
BDS 2500 12+1 30+3 2.5+0.3

Mean - - 2.5+0.5
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Fluence and Dose

The results of the 3D-CRT and IMRT measurements converted into fluence
and dose are displayed in Table 7.10. As can be seen, the fluence of the
thermal part of the spectrum is significant in both treatment modalities,
considering the TLD fluence contribution. The ratios between the 3D-CRT
and IMRT dose plan measurements are roughly the same as the ratio of 2.6
obtained from the raw-data, except for the BDS fluence where the factor is
1.9.

Table 7.10: Fluence and dose during the 3D-CRT and IMRT treatment
techniques.

Results per treatment Gy 3D-CRT IMRT
TLD Fluence [n.cm™?] (1.6 +£0.6) x 10" (4.4 +2.0) x 107
BDS Fluence [n.cm™2] (224 1.4) x 107 (4.243.6) x 107
TLD Equivalent Dose [mSv] 0.184+0.07 0.4840.20
BDS Equivalent Dose [mSv] 2.3£1.5 5.6+4.8

The results of the unfolded spectrum fluences are displayed in Figure
7.10.a. Due to the error propagation in the unfolding process, the uncer-
tainties are large. Particularly the lower segments of the energy spectrum
are affected. The IMRT/3D-CRT ratios in the BDS fluence results, varies
from 1.7 to 5.3 for these data.

The BDS results converted into equivalent doses divided into regions
of five energy intervals are displayed in Figure 7.10.b. Detailed data on
fluence and dose in each energy interval of the spectrum can be retrieved in
Appendix D.

In Figure 7.11, the fluence and equivalent dose results are presented
in percentage. Considering the fluence in 7.11.a, two energy intervals are
prominent. The first and the most dominant is in the lower energy intervals
containing thermal neutrons and energies reaching from 10 to 100 keV. These
bins comprise together about 85% of the neutron fluence in both the 3D-CRT
and the IMRT dose plan. The second interval to be noticed is the energy bin
reaching from 600-1000 keV, containing approximately 10% of the neutron
fluence. These features have resemblances with spectra observed in similar
experiments performed with linacs [2]: Two characteristic features; the low-
energy distribution from the neutron evaporation processes and the direct
knock-out neutrons at higher energies.

The percentage dose distribution is presented in 7.11.b. The representa-
tion illustrates that the main dose contribution is an effect of the neutrons
in the higher energy bins, even though the fluence from these bins are not
the most prominent. The neutrons in the energy interval reaching from
600 to 1000 keV has a high biological effect and results in being the main
contributor to the neutron equivalent dose; around 50%.
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Figure 7.10: a) Neutron fluence and b) neutron equivalent dose within re-
gions of five energy intervals during the 3D-CRT and the IMRT dose plans.
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In Table 7.11, a summary of the neutron fluence and dose results from the
two treatment techniques is given. As can be seen, both the fluence and the
dose during the IMRT measurements exceeds the results from the 3D-CRT
measurements, and scales roughly as the number of MUs. The neutron dose
per MU maintains approximately the same during both treatments. The
result of the total dose contribution from neutrons for the entire treatment
of 70 Gy is 0.2+0.1 Sv and 0.440.3 Sv for 3D-CRT and IMRT, respectively.
The doses and fluences obtained in these measurements are on the same
order of magnitude as found in similar experiments [47-49].

The mean neutron energy obtained is 0.24£0.15 MeV during the 3D-
CRT plan and 0.254+0.22 MeV in the IMRT plan. Average energies during
IMRT treatments have in the literature been reported to exceed the average
energy in 3D-CRT treatments by a few percent [4].

Table 7.11: Summary of fluence and dose results in the 3D-CRT and IMRT
dose plans.

3D-CRT IMRT
Total treatment dose [Gy] 70 70
Monitor Units/Gy [MU/Gy] 141 365
Mean neutron energy [MeV] 0.2440.15 0.2540.22
Neutron fluence/Gy [n.cm~2/Gy] (3.8 +1.5) x 107 (8.6 £4.1) x 107
Equivalent Dose/Gy [mSv/Gy] 2.5£1.5 6.1£4.8
Equivalent Dose/MU [uSv] 18+11 17+13

Total Equivalent Dose [Sv]
during a 70 Gy treatment 0.2+0.1 0.4+0.3
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Chapter 8

Conclusion and Outlook

The focus of this thesis has been on two main objectives. The first ob-
jective included investigations of the properties of the detectors used, and
the second was applying these detectors in neutron measurements during
radiotherapy with a 15 MV photon Varian iX medical linac used for cancer
treatment at HUS.

Two types of bubble detectors were used; the BDS threshold detectors in-
tended for neutron spectrometry, and the BDT detectors made for thermal
neutron detection. Pairs of TLDs were also applied; the TLD-700, sensitive
to photons, and the TLD-600, sensitive to photons and thermal neutrons.

The investigations of detector characteristics included reproducibility of
the detectors and linearity tests. The reproducibility of the detector re-
sponses were found to be from 5% to 21% for the bubble detectors, and
2.5% to 5.5% for the TLDs. The linearity tests revealed a non-linear re-
sponse for the bubble detectors, with increasing deviation from the linearity
in responses above 200-250 bubbles. To enable use of the calibration sheets
from the vendor, the number of bubbles obtained in the following measure-
ments were held as near as possible to the number of bubbles obtained during
the calibration.

The detectors were applied in the mixed photon thermal-neutron field of
the nuclear reactor at IFE in order to perform calibration of the detectors
in a known thermal neutron flux. The neutron energy sensitivity thresholds
of the BDS detectors are above that of thermal energies, with the lower
threshold detector starting at 10 keV. Nevertheless, bubbles were formed in
all the BDS detectors. The reason for this is not fully understood.

The obtained sensitivity was 1.2 x 10~* bubbles/(n.cm~2) for the BDT
detectors, a factor of four times higher than using the calibration factors
supplied by the vendor. The response of the TLD measurements at IFE was
dominated by the photon component of the signal. The unfolded neutron
response obtained after subtracting the photon component of the response
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was not more than a couple of percent of the total TLD signal. For mea-
surements where the aim is to calibrate detectors with respect to neutrons, a
mixed field environment commands that the detector applied must demon-
strate a reliable photon discrimination functionality. It is probably a better
option to perform a TLD neutron calibration in beam lines with neutrons not
exhibiting a large presence of photons resulting from the fission processes.

A measure of the thermal neutron sensitivity was obtained by an in-
phantom cross-calibration using the 15 MV photon beam at HUS. The neu-
tron sensitivity of the TLDs after subtracting the photon component of the
signal was found to be (1.1£0.5)x107° nC/(n.cm~2).

The second objective incorporated in-phantom measurements of the unde-
sirable photoneutron contribution outside the target volume while applying
a 15 MV photon beam used for radiotherapy at HUS. Two types of exper-
iments were performed: Measurements of the spatial neutron distribution
were done and a comparison of the two radiation treatment techniques; 3D-
CRT and IMRT was made. In this part of the work the emphasis has been
on the relative differences between the neutron responses, preferentially by
the use of raw-data, i.e. the number of bubbles and charge response in nC,
uncorrelated to fluence and dose, as the correlation between the detector
response and the quantities of neutron fluence and equivalent dose was not
well defined. Especially the BDS energy threshold sensitivities need further
investigation.

Measurements of the spatial distribution of neutrons (and photons) were

performed with TLD pairs situated in multiple positions in a solid state
phantom. The phantom was applied a photon beam shaped by the sec-
ondary collimators into a 5x5 cm? field configuration. The photon sensitive
TLD-700, mainly detected the scattered photons depositing dose close out-
side the primary photon field along the central beam axis. These results
were in good agreement with the photon dose distribution calculated by the
dose plan system Eclipse. The majority of the neutrons were detected in the
outer layers of the phantom, and drops off exponentially as phantom depth
increases. The outer layer positions are located close to the linac head of
where the neutrons are produced.
By use of the dose plan system Eclipse, 3D-CRT and IMRT dose plans
were created on a solid state phantom in order to investigate the differ-
ence in the neutron production between the two treatment techniques. The
measurements were performed with TLD and BDS detectors positioned 7
centimetres away from the central beam axis of the field, at 7 centimetres
depth in the phantom.

The IMRT dose plan produced a higher neutron yield than the 3D-CRT
dose plan. The ratio between the neutron yield measured when delivering
the IMRT dose plan and the neutron yield measured when delivering the
3D-CRT dose plan was found to be 2.6+0.2 measured with the TLDs, and
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2.540.5, measured with the BDS detectors. This ratio equals the ratio in
MUs between the two treatment plans, calculated by the Eclipse dose plan
system; the IMRT dose plan required 2.6 times as many MUs as the 3D-CRT
dose plan. This is in agreement with results from other experiments.

The results for the two treatment techniques converted into fluences was
on the order of 10" n.cm~2/Gy and the dose was on the order of mSv. For
a full treatment of 70 Gy, this corresponds to an additional neutron dose of
0.240.1 Sv for the 3D-CRT plan, and 0.4+0.3 Sv for the IMRT plan.

The mean energy in the neutron spectrum measured while delivering
the dose plans was found to be 0.244+0.15 MeV for the 3D-CRT plan and
0.25+0.22 MeV for the IMRT plan. Two characteristic features of the neu-
tron energy spectrum were observed in both the IMRT and the 3D-CRT
measurements; the low-energy distribution from the neutron evaporation
processes and the direct knock-out neutrons at higher energies.

To enable an accurate conversion of the neutron response into dosimetric
quantities, future work should include further investigations of the correla-
tion of the response to the fluence and to the dose.

The sensitivity of the BDS detectors to neutron energies outside their
sensitivity range should be examined systematically, and the potential sen-
sitivity to other particles, especially photons, should be looked into.

In order to perform an absolute calibration of the TLDs, the detectors
should preferably be exposed to thermal neutrons in a photon free field.
The photon response of the two types should also be further examined, as
well as their energy dependence and potential effects perturbing the photon
discrimination.

When unfolding the fluence spectrum of the BDS detectors there is inher-
ent an error propagation that induces quite large theoretical uncertainties.
To reduce the uncertainties due to the error accumulation, improved re-
producibility are preferred. The reproducibility obtained for the TLDs are
superior to that of the bubble detectors, and the TLDs can be applied as
an alternative in neutron energy threshold measurements. It is suggested
that future neutron measurements around medical linacs can be performed
with the TLDs, and possibly with moderators applied in order to obtain
information on the neutron energy spectrum.

Future work concerning neutron contributions outside a target volume
may also include neutron doses during particle therapy.
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Appendix A

Unfolding the
Bubble Detector Spectrum

The bubble detectors’ energy spectrum is unfolded using a the method called
'spectral striping’. The upper regions are calculated prior to the lower bins.
Due to this, the method is known to suffer from error accumulation, es-
pecially in the lower energy bins which’ value depend on the higher bins.
Unfolding of the data from the bubble detector spectrometer is based on a
number of assumptions [64]:

1. The derived unfolded spectrum can be adequately approximated by a
6-region histogram.

2. The energy of the detected neutrons do not exceed 20 MeV.

3. Fluence per unit energy is constant over the histogram interval.

Calculations:

1. Number of bubbles in each detector, (A;), is determined.

2. A; is normalized by dividing by the sensitivity of the current detector.
This obtains the standardized response, R;.

A
Ri=—"—— (A.1)
(sensitivity);

3. Average all the standardized responses for each threshold. This gives
six averaged responses where R; corresponds to BDS-10, Ry corre-
sponds to BDS-100 and so on.

4. The neutron fluence in each energy interval, IN; can then be calculated

by using the cross sections in various energy intervals given in table
A.l.
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R6 = 0gg X NG (AQ)
which gives

N = Jo (A.3)
066

where ogg is the average response of the BDS-10000 detector over the
interval 10 - 20 MeV. Ny is the total fluence between 10 - 20 MeV.

When Nj is determined it is possible to determine the fluence in the
next interval:

Rs = 055 X N5 + 056 X Ng (A4)
which leads to

R5 — 056 X Ng

N5 (A.5)

055

Following this pattern, equations for the remaining energy intervals
can also be deduced

N4:R4_U45><N5_U46XN6 (AG)
044

N R3 — 034 X Ny — 035 X N5 — 036 X Ng
3:

033

N2:R2—0'23><N3—0’24><i\;4;—0‘25XN5—O‘26><N6 (A8)

N Ry — 012 X No — 013 X N3 — 014 X Ny — 015 X N5 — 016 X Ng
1:

o11
(A.9)
In certain histogram intervals, there may be some or very few neutrons
in the source spectrum. Under such circumstances, the value of N;
may come out as negative in the unfolding procedure due to statistical
uncertainty. In such situations, the value of N; should be set to zero,
and is referred to as 'non-negativity’.
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6. The total fluence, ®[n/em?], over the time of detector exposure is given
by

*=>"N (A.10)
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Table A.1: Average cross sections of BDS over various energy ranges [-24ble ] [64].

n.cm—_

Detector I.D. J = 1 2 3 4 5 6
MeV (0.01-0.1) (0.1-0.6) (0.6-1) (1-2.5) (2.5-10) (10 - 20)
BDS-10 1 5001076 2.50x107° 2.92x107° 2.97x107° 4.15x107° 4.78x10~°
BDS-100 2 - 2.27x107° 3.14x107° 3.23x107° 4.47x107°> 5.09x10~°
BDS-600 3 - - 1.60x107° 3.27x107° 4.75x107° 5.45x107°
BDS-1000 4 - - - 1.32x107° 3.50x107° 5.90x107°
BDS-2500 4 - - - - 2.99%107° 8.70x107°
BDS-10000 4 - - - - - 4.35x107°




Appendix B

Unfolding TLD Response

To unfold the TLD response, two steps are performed [78]:

(1)
The photon response for TLD-600 is lower than that of TLD-700. This is
expressed as variable k = R700/Reoo, and retrieved by irradiating both types
in a neutron-free photon field. Having obtained k, the the neutron response,
R™, can be unfolded in a mixed photon neutron field:
Ry
R" = Ry — % (B.1)

RS and RLGY vefers to the response of TLD-600 and TLD-700, respec-
tively, exposed to a mixed photon neutron field.

(2)

For converting the signal in nC to dose, D, the TLDs must be exposed to a
known neutron source.
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Appendix C

Neutron Conversion Factors

Table C.1: Fluence to dose conversion factors [79].

Energy interval [MeV] Fluence-to-dose factor [pSvem?/n]

0.01-0.1 31.2

0.1-0.6 2154
06-1 396.2
1-2.5 445.3
25-10 437.25

0.025x10~° (thermal) 11.3




110 C. NEUTRON CONVERSION FACTORS




Appendix D

Measurement Data

D.1 Calibration Data

Table D.1: Response of the BDS detectors exposed to a thermal neutron
fluence of 1.3 x 10%n.cm™2 in the field the nuclear reactor. The response in
bubbles correspond to neutron doses on the order of mSv.

Detector type Response [bubbles]

BDS 10 81
BDS 100 87
BDS 600 143
BDS 1000 243
BDS 2500 281
BDS 10 000 15

Photon Calibration in the Isocenter of a 6 MV Field

BDT and TLD in-phantom measurements were also performed in the isocen-
ter of the 6 MV linac field. This was in order to relate the response of the
detectors to the linac calibrated photon dose. The results are shown in Table
D.2. The results show that the BDT's are sensitive to photons at high dose
rates: 10 bubbles per Gy. Measurements performed outside the field does
not produce bubbles.

Table D.2: Photon calibration performed in-phantom in a 6 MV linac beam.

Detector Response
BDT 10+1 bubbles/Gy

TLD-600 5400+100 nC/Gy

TLD-700 3400+200 nC/Gy




112 D. MEASUREMENT DATA

D.2 Dose Plan Neutron Measurements

Table D.3: BDS fluence in intervals of the neutron energy spectrum during
the 3D-CRT and IMRT treatment plans.
Energy interval 3D-CRT Fluence IMRT Fluence IMRT/3D-CRT

[keV] [n.em=2Gy~!] n.cm=2Gy~!]
10-100 1.7 x 107 2.9 x 107 1.7
100-600 4.7 x 10° 2.5 x 108 5.3
600-1000 3.1 x 109 8.0 x 106 2.6
1000-2500 4.3 x 10° 9.0 x 10° 2.1
2500-10 000 6.2 x 10° 1.5 x 109 2.4
Total (2.2£1.4)x107  (4.2+3.6)x107 1.9

Table D.4: BDS equivalent dose in intervals of the neutron energy spectrum
during the 3D-CRT and IMRT treatment plans.
Energy interval 3D-CRT Dose IMRT Dose IMRT/3D-CRT

[keV] [mSv/Gy| [mSv/Gy|
10-100 0.54 0.89 1.7
100-600 0.10 0.53 5.3
600-1000 1.23 3.17 2.6
1000-2500 0.19 0.40 2.1
2500-10 000 0.27 0.65 24

Total 2.3£1.5 5.61+4.8 24
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BDS Uncertainty

Table D.5: Estimated theoretical uncertainty in the BDS fluence energy
spectrum for the 3D-CRT and IMRT data. Calculated as described in Sec-
tion E.

Energy interval 3D-CRT IMRT

[keV] %] (%]
10-100 81 122
100-600 461 221
600-1000 42 39
1000-2500 44 55
2500-10 000 10 9

Total 64 86




114 D. MEASUREMENT DATA




Appendix E

Theoretical Uncertainty

The uncertainties in this work are estimated from the root-mean-square

(rms) values obtained from the reproducibility measurements. These uncer-

tainties are the theoretical estimates, and the uncertainties in the results are

expected to also include other factors not considered in this calculation.
The rms value is obtained using the following formula:

LN
o= N;(m—xﬁ (E.1)

Propagation of Errors

Most of the results obtained in this work are a combination of several de-
tector units and must be unfolded by combining the results of the various
segments. The combined uncertainty o, of value z consists of quantities x
and y each having associated errors o, and o,. Assuming the values are not
correlated, following formulas have been used depending on the relation of
x and y:

Sums and Differences

0. = /(02 + (0,)? (E:2)

Multiplication and Division

ooy (2) 5 (2 e

BDS Error Propagation

The unfolding procedure of the BDS spectrum is known to suffer from error
accumulations, especially affecting the lower energy regions of the spectrum.
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The theoretical uncertainties in the various energy intervals are calculated
as follows [6]:

The error propagation of a function, f, depending on the variables x1, xo
and x3, and assuming non-correlated data, the uncertainty is then given by:

af \? af \? af \’
2 _ 2 2 2
O'f— (811) XO—CE1+ 87[@ X0x2+ aixg XO’x3 (E4)
This formula is used in estimating the theoretical uncertainty in each
individual energy interval for the neutron spectra obtained with the BDS
detectors. As the contribution of neutrons with energies above 10 MeV were

negligible, the highest region, Ng, is empty. This leads to the uncertainty in
the highest fluence interval (1 MeV - 2.5 MeV) is given by:

ORs5

on, = ZHe (E:5)
855
- N,
N, = Fa =15 X Ns (E.6)
544
ONs\? ONL\?
0']2\74 = <8R4) X 012%4 + <8N5 X U]2V5 (E.7)
Applying equation A.6 yields
or, )’ s450N; \
2 4 5
oy, = 4+ — E.8
M <844> ( $44 ) E8)

In the same procedure equations for o, on,, 0N, and oy, are obtained
OR 2 S340 N, 2 S350 N; 2
2 3 4 5
i < $33 ) < 533 > ( 533 > (E9)
ory \° 930N, \ soa0n, \° $950 N, \
0']2\[2 _ < R2> + < 23 Ng) + ( 24 N4> + < 25 N5> (ElO)
522 522 522 822
or \> 51208, \ 2 s130N; ) 2
0% = ( Rl) + <12N2> + <13N3) Fo (E.11)
511 511 511
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Kjeller Neutron Flux
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Figure F.1: Neutron energy spectrum at several distances from the core of
the nuclear reactor at Kjeller. Measured by the personnel at Kjeller.
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Appendix G

Particle Therapy Facilities

Table G.1: Carbon therapy facilities in operation [27]. *Patients treated at
the end of October 2007.

Center Start of treatment f patients treated
HIMAC, Chiba, Japan 1994 4504
GSI Darmstadt, Germany 1997 384*
HIBMC, Hyogo, Japan 2002 454

TOTAL 5342
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Table G.2: Proton therapy facilities in operation [6,27].
Center Start of treatment f patients treated
ITEP, Russia 1969 4024
St.Petersburg, Russia 1975 1327
PSI, Switzerland 1984 5076
Dubna, Russia 1999 489
Uppsala, Sweden 1989 929
Clatterbridge, England 1989 1803
Loma Linda, CA, USA 1990 13500
Nice, France 1991 3690
Orsay, France 1991 4497
iThemba labs, South Africa 1993 503
MPRI, IN, USA 2004 632
UCSF, CA, USA 1994 1113
Triumf, Vancouver, Canada 1995 137
PSI, Switzerland 1996 426
HZB Berlin, Germany 1998 1227
NCC, Kashiwa, Japan 1998 607
HIBMC, Hyogo, Japan 2001 2033
PMRC, Tsukuba, Japan 2001 1367
NPTC, Boston, USA 2001 3515
INFN-LNS, Catania, Italy 2002 151
Shizuoka, Japan 2003 692
WERC, Tsuruga, Japan 2002 56
WPTC, Zibo, China 2004 767
MD Anderson, TX, USA 2006 1000
FPTI, FL, USA 2006 988
NCC, South Korea 2007 330
TOTAL 61122
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Table G.3: Particle therapy centers under construction or in a planning
stage [27].

Center Particle Planned opening
Med-Austron, Austria p, C-ion 2013
CNAO, Pavia, Italy p, C-ion 2010
HIT, Heidelberg, Germany p, C-ion 2009
PTC, Marburg, Germany p, C-ion 2010
NRoCK, Kiel, Germany p, C-ion 2012
Maebashi, Japan C-ion 2010
RPTC, Munich, Germany p 2009
PSI, Switzerland p 2009
UPenn, PA, USA p 2010
Trento, Italy ) 2011
iThemba Labs, South Africa p -
RPTC, Kéln, Germany p -
WPE, Essen, Germany p 2009
CPO, Orsay, France p 2010
Chicago, IL, USA p 2010
Taipei, Taiwan p 2011
Oklahoma City, OK, USA p 2009
Hampton, VA, USA p 2010
PMHPTC Protvino, Russia p 2010
CCRS, Bratislava, Slovak. Rep. p 2010
Ruzomberok, Slovak. Rep. p 2010
SJFH, Beijing, China p 2010
Skandion Clinic, Uppsala, Sweden p 2012




