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Introduction

Radiotherapy consists in the use of ionizing radiation beams of various nature
(usually photons, electrons, or protons/heavy ions) to treat tumor diseases. That
is achieved by killing tumor cells while sparing as much as possible the surround-
ing healthy tissues.

Focusing on photon beams, over the years, their clinical production shifted from
the use of v sources, i.e. %Co, to the usage of medical Linear Accelerators
(LINAC) that generates an electron beam of different energies, then producing a
photon beam through bremsstrahlung emission. Recently, research has advanced
considerably regarding the tools and techniques adopted in radiotherapy. For
instance, it is now possible to account for irregular shapes of a tumor with the
help of a Multi-Leaf Collimator (MLC), and furthermore to modulate the beam
intensity to perform advanced treatment techniques like Intensity Modulated Ra-
diation Therapy (IMRT) or Volumetric Modulated Arc Therapy (VMAT). Those
techniques are enabled also thanks to the optimization of algorithms used in
Treatment Planning Systems (TPS) which permit to precisely determine the dose
delivered to each irradiated voxel and thus to optimize the beam intensity dis-
pensed during treatments.

To be ready for clinical use, it is then necessary to construct a model of the
LINAC machine to be uploaded into the TPS, so that the software can simulate
the beam delivery, allowing the algorithms previously cited to work properly. This
is part of a complex process called commissioning, which encompasses a series of
dosimetric measures to collect enough data to characterize the LINAC behaviour
during ordinary therapeutic activity [1]. Those measures must be taken following
the international regulations written by the International Atomic Energy Agency
(IAEA), particularly the IAEA TRS-398 Code of Practice [2]. The main mea-
sures to be collected are some sets about the Percentage Depth Dose (PDD) and
the Off Axis Ratio (OAR) distributions, followed by Field Output Factors (FOF)

values.

These measurements can be performed with different types of detectors, such
as solid-state detectors, scintillators, ionization chambers, etc. Different sets of
measurements must be collected for all the allowed field sizes, which usually vary
from large field dimensions (tenths of centimeters per side) to the so called small
field sizes (some millimeters). Small fields are characterized by some issues that
larger fields dimensions don’t show |[3| [4]. For this reason, other international
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5 Introduction

protocols and instructions, listed in the IAEA TRS-483 Code of Practice [5], re-
port specific procedures and correction factors [6] [7]| [8] for dealing with small
fields.

The main goal of this thesis work is to evaluate the performances of different de-
tectors during the commissioning of the VERSA HD LINAC [1] recently installed
at the Radiotherapy Department of AULSS 3 "Ospedale dell’Angelo" located in
Mestre (Venice) by using two different photon energies (6 MV WFF and 6 MV
FFF)!. To this purpose, PDDs, OARs, and FOFs have been subject of compar-
ison with suitable detectors such as PTW microdiamond [9], IBA Razor diode,
IBA EFD3G unshielded-diode [10] and the new Blue Physics Plastic Scintillator
Detector (BP-PSD) [11] [12]. In particular, the features and properties of the
BP-PSD were deeply investigated, as well as challenges and issues about dosime-
try in small fields.

The thesis is structured in the following way:

Chapter 1 serves as an introduction to the radiotherapy and dosimetry fields,
reviewing the preliminary quantities and concepts that will be encountered along
the subsequent chapters.

In Chapter 2 the measurement apparatus is described, as well as the acqui-
sition procedures adopted.

Chapter 3 contains the data analysis, encompassing the raw data analysis pro-
cedures, the results comparisons and the discussion about the measurement un-
certainties.

Finally, the Chapter Discussion and Conclusions provides some closing consider-
ations about the obtained results.

I'WFF: With Flattening Filter. FFF: Flattening Filter Free.






Chapter 1

Radiotherapy and dosimetry
generalities

1.1 Radiotherapy

Radiotherapy is a type of treatment whose main goal is to treat tumor diseases
by killing tumor cells using ionizing radiation of various nature, while trying to
preserve as much as possible the surrounding healthy tissues.

There is a distinction between internal and external radiotherapy: the former con-
sists in the application of radiation sources in the proximity or directly onto the
tumoral mass, using sealed sources that will not enter the patient’s metabolism
(Brachytherapy) or radiopharmaceuticals that are delivered to the tumor area by
nuclear medicine procedures; the latter is the conventional radiotherapy where the
radiation source is positioned outside the patient’s body and consists in Linear Ac-
celerators (LINAC, for x-rays and electron sources) or Cyclotrons/Synchrotrons
accelerators (for protons and heavy ions sources).

Below we will focus on external radiotherapy. In this case, radiation is collimated
directly onto the tumoral mass so that cancerous cells lose the ability to grow
and replicate, and the tumor starts to progressively reduce its dimensions.
Radiotherapy is a localized, noninvasive, and painless therapy that represents a
valid alternative to traditional surgery when dealing with particular tumors that
would be difficult to operate due to their location (for example, prostate or na-
sopharynx tumors).

There exist various subcategories of radiotherapy, depending on the clinical goals
and the treated tumor [13]:

e Curative/radical therapy, which consists in completely removing the tumor.

e Pre-operatory neo-adjuvant therapy, which is executed before a tumor re-
moval surgical intervention to reduce the tumoral mass dimension and make
the operation easier to be performed.

e Post-operatory adjuvant therapy, which is prescribed after a tumor surgical
removal to kill any leftover cancerous cell and to prevent future reformation.

7



Chapter 1. Radiotherapy and dosimetry generalities 8

e Intraoperative RadioTherapy (IORT), in which a radiation dose is admin-
istered during the surgical intervention for tumor removal.

e Palliative radiotherapy, to slow down tumor growth and relieve symptoms
in the patient.

e Total body radiotherapy, in which the whole organism is irradiated to deal
with tumors that affect the blood cells and the lymphatic system. Dead
cells will successively be replaced with healthy ones by a bone marrow or
stem cells transplant.

e Stereotactic radiotherapy, where elevated amounts of dose are administered
on small-size tumors with high-precision techniques.

Over the years, the technology and the techniques exploited for radiotherapy
have advanced a lot, in particular regarding the tools dedicated to external ra-
diotherapy, such as the introduction of Multi-Leaf Collimators (MLC) for linear
accelerators. These are collimators, made of several metal leaves that can slide
orderly to obtain a specific collimated shape, now permits to perform advanced
treatment techniques like Intensity Modulated Radiation Therapy (IMRT) and
Volumetric Modulated Arc Therapy (VMAT).

IMRT consists in varying the dose distribution as a function of the tumor shape
targeted so that the dose delivery can be more focused on the tumoral mass and
it becomes easier to spare the surrounding healthy tissues. From here it is clear
the importance of Computed Tomography (TC) or Magnetic Resonance Imaging
(MRI) acquired for the patient prior to the creation of a treatment plan, to per-
form an analysis of the targeted tumor area and to determine the dose delivery
model that fits it the best.

VMAT is a more advanced technique where the LINAC continuously rotates
around the patient while simultaneously modifying the radiation field shape, the
dispensed dose and the rotation velocity (the dose delivery distribution follows an
arc, from which the name of Arc Therapy) so that the dose distribution is even
more focused on the tumor area then in the IMRT case. In addition, VMAT is
faster and thus minimizes the errors due to patient’s movement, while improving
patient’s comfort in the meantime.

For the scope of this thesis, we will consider only external x-ray photon beams gen-
erated by linear accelerators. Actually, as previously mentioned, photon beams
do not cover the whole range of possibilities regarding external beam radiother-
apy, besides being the most widespread method over the world. Electron beams,
proton beams and heavy ions beams represent valid alternatives when dealing
with tumors of different natures, and each of them has its pros and cons.
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Each particle choice presents its own advantages and disadvantages.

e X-rays 7 beams are the most common and best fit for treating medium
depths tumors in "standard" locations such as lungs, breasts, or prostate.
They are a well known affirmed technique that have a relative moderate
cost and good versatility, but they are not suited for very deep tumors
or located in the proximity of delicate organs, since the dose tends to be
delivered even in tissues before and after the target area.

e Electrons are another widespread option in various radiotherapy centers,
and are used mainly to treat superficial tumors due to their low penetration
capability. Examples of tumors for which electrons are exploited are skin
carcinomas and superficial lymphomas (for instance, armpit lymphoma).
They have the advantage to cause very little damage to deeper healthy
tissues since they release most of their dose superficially, but on the other
hand this also represents a disadvantage since they are not suited to treat
deep tumors.

e Protons are a very efficient choice when dealing with deeper tumors or can-
cerous areas located in the proximity of delicate organs (such as the brain,
the heart or the spinal cord) since their dose distribution (named Bragg
distribution) is characterized by the Bragg peak, so the dose gets deposited
in a narrow area. This facilitates to confine the treated zone, sparing all
the tissues after the tumor and imparting a very low dose to the ones before
it. This also allows to lower the risks of future side effects, making proton
beams particularly suitable for children’s and pediatric tumors. Their ma-
jor drawbacks are the cost and the low availability, since they require more
sophisticated accelerators and instrumentation.

e Heavy ions (mainly 2C') are similar to protons since they deposit their dose
following the Bragg distribution too, having an even narrower Bragg peak.
Thus, they are a perfect choice for tumors located deep in the body or
near sensible organs, such as those that develop at the base of the skull.
Moreover, they are characterized by a particularly high biological efficiency,
so they are really effective even against radioresistant tumors. Nevertheless,
they are extremely expensive and there exist only few centers with the
possibility to use them.
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The following image represents the distribution of radiotherapy machines in the
world, expressed as number per million people.

Global Distribution of Radiotherapy Machines, 2021-2023

Radiotherapy machines
per million people
® <1
129
® 329
®:

No reported machine

Figure 1.1: Radiotherapy machines distributions by IAEA data, expressed in
number per million people.

In the next section, we will focus on the description of Linear Accelerators used
for photon external beam radiotherapy, with a particular focus on the features of
the new VERSA HD LINAC installed at the Radiotherapy Department of AULSS
3 "Ospedale dell’Angelo" in Mestre (Venice).

1.2 LINAC description

There exist three main types of accelerators that are used in radiotherapy cen-
ters: Linear Accelerators (LINAC), Synchrotron and Cyclotron accelerators. The
last two are used for accelerating protons or heavy ions like the 2C, and their
functioning is based on a combination of electric fields to increase the energy
of the particles and magnetic fields to bend their trajectories and keep them in
circular motion. The main difference between the two types is that in Cyclotrons
the bending magnetic field is fixed and the radius of the particles orbit increases
gradually by the effect of the electric field, while in Synchrotrons the radius is
fixed and the magnetic field is increased synchronously with the revolution of the
particles.

Those types of accelerators are really expensive and not so widespread in centers
around the world. The main technique used in radiotherapy involves, indeed, the
use of photon beams generated by Linear Accelerators, which actually accelerates
electrons that will then undergo bremsstrahlung emission.

Currently, there are two main manufacturers that produce LINAC for medical
uses worldwide, and they are Varian Medical Systems [14] and FElekta [1] [15].
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The former is an American radiotherapy machines and softwares maker with
headquarter in Palo Alto, California. The latter is a Swedish company special-
ized in oncology medical devices production located in Stockholm.

Linear Accelerators produced by those two societies have some peculiar features
that differentiate between them. However, LINACs have some basic features that
are common among all typologies. The main components of a medical Linear Ac-
celerator are: the stand, the gantry and the patient couch [16].

Figures 1.2 and 1.3 represent two medical Linear Accelerators produced by Elekta
and Varian respectively.

Figure 1.2: Elekta Versa HD LINAC system.

Figure 1.3: Varian TrueBeam LINAC system.
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1.2.1 Beam production

The beam production starts in the stand. Here, an electron beam is produced
by a thermionic emitter using magnetron modules, which are depicted in the
following image.

Resonant cavities Anode

Thermuoionic
cathode

Lead

filament \ Pickup loop

Figure 1.4: Magnetron module scheme.

Electrons emitted by the cathode are affected by an electrostatic force given
by the potential difference between anode and cathode (which imparts a radial
movement) and a magnetic force given by an external magnet (which imparts an
azimuthal movement). The functioning of the magnetron is based on the LC os-
cillating circuit model: each cavity acts as a tiny LC circuit (where the inductance
and the capacity are disposed in parallel), so when an electron produced by the
cathode passes near a resonant cavity, it induces a positive charge on the virtual
capacitor plate of that cavity, then approaching the next one it again induces
a charge that creates a current pulse around the cavity. This current pulse is
sustained by the LC configuration of the cavity, and tends to continue oscillating
with a frequency that depends on the system geometry. The first oscillation is
then held up by the next electrons emitted.

The electron beam generated in this way is then collected and focused into an
accelerating waveguide, which is composed of a series of hollow metal tubes of
increasing length. In these, an accelerating voltage is applied oscillating with a
fixed frequency, so that the electron traveling through the tubes always encoun-
ters the wave ridge, and thus always increases in energy. This also explains why
the tubes have to increase in length, since otherwise the beam motion would not
be synchronized with the potential oscillation. Here a sketch of the accelerating
system is provided.

VX —\ / \ i 3
+ —— —_— e + B — = +
S_ e B ] os J s ] [}
-3 C1 - lcz rs c3 - |c4

Figure 1.5: Accelerating waveguide functioning scheme.
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Exiting the accelerating waveguide, the beam is transported to the gantry by the
use of a series of bending magnets. Usually, three pairs of magnets positioned in
succession (this is called fly tube) focus the electron beam on a diameter of ap-
proximately 1 mm. This focalises the beam to properly hit the target. Moreover,
the bending magnets are positioned in order to form an achromatic multiplet,
allowing electrons of slightly different energies to be focused on the same target
point. Image 1.6 portraits a classic achromatic triplet fly tube.

/’\_’fi—\ |

Figure 1.6: Fly tube example with three bending magnets.

In the gantry, there is the possibility to convert the electron beam into a photon
beam with the usage of a tungsten target plate: the electrons hit the target and
produce photons by bremsstrahlung emission. So, by inserting or removing the
tungsten plate, the LINAC can be switched between electrons mode and photons
mode.

The last important component that is present in the gantry is the so-called flat-
tening filter, which is a device used in photon mode to flatten the forward-peaked
photon beam obtained by bremsstrahlung [17]. In fact, it modifies the narrow and
center-uniform photon beam in a clinically useful one through a combination of
attenuation at the center and scatter at the external border. It is typically made
of high Z materials (such as iron, tungsten, copper or a combination of those)
and can be removed if necessary to obtain Flattening Filter Free (FFF) beams,
which are characterized by a peculiar profile of Off Axis Ratio (OAR) distribu-
tions and by some parameters that differ from the usual beams With Flattening
Filter (WFF), such as the depth of the maximum of Percentage Depth Dose
(PDD) distributions (for more details, consult Section 1.3). The following image
exemplifies the effect of the flattening filter on clinical beams.

#———————1— Elgctron boam —T——%

o p—

A —tn £

- - = - -

1 H

H \

y \

’ \

; \

H \
ﬂ Beam Prafile

Linac with flattening filter, Linac without flattening filter,
comresponding dose profile corresponding dose profile

Figure 1.7: Flattening filter effect on a photon beam. On the right, a typical
Off Axis Ratio profile FFF; on the left, the same profile WFF.
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The energies of photon beams and electron beams that the investigated VERSA
HD LINAC is able to produce are respectively: 6, 10 MV for photons and 6, 8,
10, 12, 15 MeV for electrons.

1.2.2 The gantry

Figure 1.8: Elekta Versa HD gantry’s reference frame [16].

The gantry constitutes the reference frame of the system. The center of this frame
is called isocenter (number 4 in Figure 1.8) and represents the central point of
the isoplane, which is the surface on which the patient lays. The axis directions
are called inline ("y" direction, from 2 to 6 in Figure 1.8), crossline ("x", 3 to 5
in Figurel.8) and depth ("z", 1 to 7 in Figure 1.8). During VMAT treatments,
the gantry will rotate around the isocenter in order to deliver the estimated dose
distribution along the arcs.

The main component of the gantry is the head that contains the beam collima-
tor structure. Nowadays the most widespread collimator type for LINACs is the
Multi-Leaf Collimator (MLC). For the scope of this thesis we will consider the
Agility head multi-leaf collimator [16], since it is the type mounted onto the Versa
HD LINAC and used during measurements [15].

The Agility head MLC comprehends 160 paired leaves with a thickness of 9 cm
and a projected leaf width of 5 mm at the isocenter. Their movement is guided
by the carriage system that overall can reach a speed of 6.5 cm/s. The accuracy
of the positioning of the leaves is guaranteed by the Rubicon optical tracking
system. Leaves have an interleaf gap less than 0.1 mm and are defocused from
the source (assuming a trapezoidal shape) to prevent interleaf radiation leakage.
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Because of that, no backup collimator is needed [16].

The MLC structure is present only in the crossline (x) direction, while for the
inline (y) direction there exists a block collimator composed by two metal jaws
that limit the field extension. Along this direction is thus not possible to manip-
ulate the field shape, besides enlarging or shrinking it.

The main difference between the Agility head MLC and a standard MLC is that
the former presents the possibility of leaves interdigitation, which means that the
leaves can extend over the symmetry axis of the collimator structure, whereas in a
classic MLC the leaves are limited to their half of the structure. The comparison
of the two possibilities is shown in the following figure.

dynamics
| af

Shjies |

Figure 1.9: Agility MLC structure (left) versus a conventional MLC (right)
[16]. As can be seen, leaves interdigitation is allowed for the Agility head while
the classic MLC leaves movement is restricted to half the whole lenght of the
collimator structure. The horizontal blocks depicted in grey in both pictures
are the jaw collimators, while the vertical ones (only present in the conventional
MLC sketch on the right) are backup collimators, which are aligned with the
most backward leaves.

The collimator structure allows to create various field dimensions, reaching a
maximum side length of 40 cm. In principle many shapes are possible, but in this
thesis we will focus on square fields.

A screenshot of the software controlling the collimator structure is shown in the
following figure.
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Figure 1.10: Screen of the collimator-control software.

From the software, it is possible to change various parameters regarding the beam
delivery. Here are listed the main ones used during this thesis work:

e The delivered dose, measured in Monitor Units (MU). This is an arbitrary
unit of measurement of radiotherapy machines that must be converted to
Gray (Gy) or Sievert (Sv) when performing absolute dose measurements
through conversion factors. The usual conversion ratio is 100 MU to 100
cGy.

The Agility head is equipped with two control cameras (called "Segment
MU1" and "Segment MU2" in Figure 1.10) that monitor the dose delivery
and stop the beam when the delivered dose reaches the value set by the
operator. The control panel presents the possibility to switch to "control-T
mode", allowing the beam dose delivery to become basically unbound (it

actually still has a maximum dose delivery value, which is fixed at 29980
MU).

e The dose rate, which is the amount of dose delivered by the LINAC in
a certain amount of time (it is measured in monitor units over minutes,
MU /min). It is a very important parameter because it determines how
quickly the dose is delivered to the target.

There is a substantial difference between the dose rates of the WFF and
FFF beams. In fact, the latter present a significantly higher dose rate com-
pared to the former: the maximum values lay around 600 MU /min for WEF
and 1400 MU /min for FFF.

In the case of VERSA HD LINAC, if left unbound, the dose rate is automat-
ically set to ~470 MU /min for WFF and to ~1360 MU /min for FFF. Since
the dose delivery of the LINAC works by "dose packets" of a predetermined
size, only a small set of dose rate values is available and the system rounds
the effective dose rate to the nearest possible value.

Actually, there is a delivery mode (called "always-on" mode) that uses finer
dose rate steps, leading to a larger range of achievable values.
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e The field dimensions, which can be set up to a maximum side of 40 cm.

Finally, for the photon beams there is the possibility of inserting a 60°wedge filter
in the beamline at the head of the gantry. Its purpose is to manipulate the beam
intensity over the field extension, thus modifying the dose distribution; however,
it will not be used throughout our measurements.

1.2.3 The patient couch and other attachments

In general, the gantry may be provided with some imaging attachments, which
are useful for in-vivo imaging or beam control measurements. In particular, the
VERSA HD LINAC is equipped with two accessories called i View and XVI [15]
[16].

iView consists in a silicon diodes array connected to a scintillator plate. Its sur-
face can be irradiated for a maximum area of 26x26 cm?, so as not to affect the
surrounding electronics. However, the detector plate can be moved freely around
a 40x40 cm? area, so that the full field width can be scanned by the union of
various 26x26 cm? images [16].

This device is useful to obtain megavolt (MV) setup images or for patient’s align-
ment, as well as for beam control scans (for instance regarding the geometry and
the orientation of the beam).

XVT consists of an x-ray tube and its own image acquisition panel. This panel
has dimensions of 40.96x40.96 cm? and can be placed in three different positions
depending on the Field Of View (FOV), which in turn can be small, medium
or large. In the small configuration the maximum FOV diameter is 270 mm,
which allows volumetric acquisitions to be performed with a minimum rotation
of 200°. On the other hand, the maximum diameters for the medium and large
configurations are respectively 410 mm and 500 mm, which need a full rotation
in order to perform a volumetric acquisition [16].

This system has various uses:

e It can acquire 2D static planar kilovolt (kV) images, or a sequence of them
taken with fixed/rotating gantry.

e It can perform volumetric acquisitions (cone beam) that can be then com-
pared with Computed Tomography (CT) images acquired for the treatment
planning.

e [t can register a respiratory cycle of the patient in order to perform a res-
piratory gating, which consists in switching on/off the beam delivery in
synchrony with the patient’s movements due to breathing. To do this, it is
necessary to perform a 4D acquisition where a CT is slowly acquired. Dur-
ing reconstruction, the patient’s respiratory cycle is recreated thanks to an
analysis of the patient’s diaphragm positions through the observation of dif-
ferent gray-tone gradients. The standard procedure requires a 200°rotation
at 50°/minute speed, in order to obtain 1400 images to be subdivided into
10 respiratory phases. Those images are registered as 2D projections so that
one collects some series of ordered projections referring to each breathing
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phase. These series are then reconstructed using an algorithm into CT 3D
cone beam images series which are finally chained into a CT 4D cone beam
image.

All these functions are essential for the correct positioning of the patient, which
is thus adjusted by a software connected to the XVI, using a coordinate system
analogous to the LINAC’s one.

The last component of a radiotherapy accelerator clinical system is the patient
couch, which is the place where the patient is positioned during treatments. For
the VERSA HD LINAC, the couch is called Hezapod and it comprehends two
main components: the HexaPOD evo Couchtop and the iGuide system [16]. Fig-
ure 1.11 represents a picture of the Elekta Hexapod.

Figure 1.11: Elekta Hexapod patient couch.

1. The HexaPOD evo Couchtop is the main planar table where the patient
will be positioned, and can be maneuvered with translations and rotations
around three axis, thus reaching six degrees of freedom. It is made of a
carbon fiber material and its physical dimensions are depicted in Figure
1.12.

2. The iGuide system controls the couch position through a radiopaque holder
and an infrared camera which can transmit to a software spatial data in
order to obtain the necessary displacements.

i 53.0 cm i
T T 26

‘T‘ 0.45cm
: 42.0 cm -

Figure 1.12: Scheme of the couchtop dimensions (frontal view) [16].
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The hexapod has a reference frame too, which must be integrated with the linear
accelerator’s one.

1.3 Dosimetry

Dosimetry is a discipline that consists in the study of the energy dose absorbed
by a material when exposed to ionizing radiations. It founds various applications
in medical physics, for example among radiotherapy, radiodiagnostic, nuclear
medicine and radioprotection fields. In particular, we will focus on the main as-
pects about dosimetry when considered by the radiotherapy point of view, which
will be useful for the successive analysis carried out in Chapter 3.

In radiotherapy, dosimetry gets involved principally when dealing with a proce-
dure called commissioning: it is a complex process with the goal of setting up the
LINAC machine in order to be ready for clinical use [1]. Indeed, a linear acceler-
ator needs to be modeled into a so called treatment planning system, which is a
software used to plan the radiotherapy treatment that will be administered to the
patient. The treatment plan is constructed using a modeling of the radiotherapy
machine that emulates the LINAC’s behavior, so that, starting from a computed
tomography of the patient the operator can construct the best fitting plan for the
case of interest, exploiting the various radiotherapy techniques (such as IMRT
or VMAT). To do that, a series of dosimetric measures about the LINAC beam
have to be performed. We can distinguish between relative dosimetry measures
(such as PDD, OAR or Field Output Factors) and absolute dosimetry measures
(so absolute dose deposition measures). All those measurements follow interna-
tional regulations written by the International Atomic Energy Agency (IAEA),
in particular in the IAEA TRS-398 Code of Practice |2].

In the next Sections some useful concepts about dosimetry and dosimetric mea-
sures will be introduced, followed by the description of the TRS-483 formalism

[5]-

1.3.1 Dosimetric quantities

The main dosimetric quantities that are encountered in radiotherapy are the
absorbed dose (D) and the kerma (K).

The absorbed dose at a point P due to ionizing radiation is defined as the mean
energy deposition divided by the mass element positioned in P [18]:

dE
D= (1.1)

E is the mean deposited energy and it is calculated as [18]:

E = Zsi :Z(sm—sm+Q) (1.2)

7

that is a sum of the energy deposits of various interactions (i is the interaction
index) inside the considered volume V. Each interaction takes into account the
radiant energy! of the incident ionizing particle (g;,) entering the volume, the

!The radiant energy is the energy possessed by the particle, excluding its rest energy.
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sum of the radiant energies of all the charged or neutral ionizing particles emerg-
ing from the interaction (e.,) and the Q-value of the reaction (Q)). The "average"
calculation derives from the fact that energy deposition by a ionizing particle
crossing a material is intrinsically a stochastic phenomenon. FE is thus a ran-
dom variable and follows a distribution that mainly depends on the volume and
the mass considered. In fact, increasing the mass also increases the number of
interactions and as a consequence the variability in the total energy deposition
becomes smaller (on the contrary, the smaller the volume the easier it is to ob-
serve considerable fluctuations on deposited energy for repeated measurements).
From its definition, we can also write the E expression as:

E=FEj — Eu +Q (1.3)

where E;, and F,,; are the average sum of the radiant energies of all the ionizing
radiation particles (both charged and neutral) respectively entering and leaving
V.
The unit of measure of the absorbed dose is the Gray (Gy) that corresponds to
one Joule per Kilogram (1 Gy = 1 J/Kg).
The kerma (K) is a quantity defined only for indirectly ionizing radiation, that
is neutral radiation (photons and neutrons) that does not directly transfer its
energy to matter, but first transfers it to some particles (called secondary charged
particles) which then perform ionization and energy deposition. K is defined as
[18]:

. dEt'r

K== (1.4)

with dE,, the average energy transferred to the volume V having mass dm. E,,
is a quantity calculated as [18]:

Eyr = Einjna — EQyra! + Q (1.5)

where Fj, inq denotes the total radiant energy of the indirectly ionizing radiation
entering V and E.5% %" includes the total radiant energy of the indirectly ionizing
radiation leaving V that does not come from radiative energy loss processes of
the secondary charged particles liberated in V (so for instance it does not count
for bremsstrahlung radiation). @ is again the Q-value of all processes that occur
in V.

In this way, K embodies the sum (over the volume mass) of the kinetic energy
of all secondary charged particles generated in the volume by the primary radi-
ation interaction with the medium. Those particles can lose their kinetic energy
through processes of ionization and excitation of the crossed medium atoms or
can undergo radiative processes such as bremsstrahlung and in flight positron-
electron annihilation. The kerma can thus be distinguished into two components:
the collisional kerma (K ..y, referring to ionization/excitation processes) and the
radiative kerma (K4, referring to radiative processes).

K = Keon + Kraa (16>

Another important dosimetry concept is the Charged Particles Equilibrium (CPE).
In a certain irradiated volume V, CPE is verified if each charged particle of a given
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type and energy leaving V is replaced by an identical particle of the same energy
entering V and expending its kinetic energy inside V (in terms of expectation

values):
Z,T;Z” — Z/Iviout (17>

2 K3

where T, denotes the kinetic energy of the i-th particle entering the volume,
while T,°“* is the one exiting. Briefly, CPE condition ensures that all energy re-
leased in V is actually absorbed in V [18].
The main condition that has to happen in order for CPE to occur is that the
volume V considered is enclosed inside another larger volume V’; such that V’
borders have a distance from V borders that is larger than the range of any sec-
ondary charged particle generated inside V’ from the primary radiation. Further-
more, the attenuation of the indirectly ionizing primary beam during its passage
through the medium must be negligible.
Finally it is possible to demonstrate that, in the presence of charged particles
equilibrium [18]:

D LV K, (1.8)
This is a very important relationship in dosimetry, because it allows to calculate
the absorbed dose under CPE from knowledge of the photon energy fluence and
mass-absorption coefficient of the material.

The last dosimetry-related parameter that we encounter is the beam quality, Q).
This is an indicator that is mainly connected to the penetration capability of
the considered beam, together with its particle type composition. Q provides
a quantitative indication of the penetration power of a certain radiation beam.
Although it is correlated with the energy spectrum of the radiation of interest,
it is easier and quicker to measure with respect to a direct measurement of the
radiation energy. Relying on these properties, () is used in place of quantitative
energy information about a radiation beam. In Sections 1.3.3 and 1.4 all the
parameters depending on the energy of the beam are expressed as a function of @),
as indicated in international Codes of Practice (such as the TPR-398 document)
[2], where the experimental procedures and conditions for the determination of
the ) parameters are explained, too.

Regarding photon beams produced by linear accelerators, the two possible quality
indicators are the T'P Ry 19 and the %dd(10),.

TPRyo10 is known as Tissue-Phantom Ratio, and it is calculated as the ratio
between the dose absorbed in water at a depth of 20 cm and 10 cm respectively,
with a fixed SDD (Source to Detector Distance) of 100 cm and with a field size
of 10x10 cm? (the detector must be placed on the central axis of the field) [18].

D, (20)
D, (10)

T.PRQOJO = (19)

%dd(10), is an alternative quality indicator that was introduced by the American
Medical Physics Association (AAPM) and it is defined as the percentage depth
dose (PDD, here called %dd) determined 10 cm deep in water on the central axis
of a 10x10 cm? field and with a SDD of 100 cm [18].
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There are pros and cons in the choice of using either quality indicator, but over-
all it is preferable to use the T'P Ry 19, since it presents more advantages than
disadvantages with respect to the %dd(10),.

1.3.2 Relative measurements

A key branch of dosimetry measurements is represented by relative measures.
Those are a kind of measure where we do not care about absolute values (so for
instance the effective value of the deposited dose in Gy) but we only consider
normalized values or measurements ratios over some references.

The three main categories are Percentage Depth Dose distributions (PDD), Off
Axis Ratio distributions (OAR) and Field Output Factors (FOF).

PDDs consist in the energy dose deposition distribution along the z direction (in
the reference frame of the LINAC), that is going deep into the crossed material,
away from the source (the gantry head). Depending on the radiation considered,
the PDD takes a well specific shape:

e Protons and heavy ions show the so called Bragg distribution, which is a con-
sequence of the interaction that heavy charged particles (such as hadrons)
have with matter. This interaction is described by the Bethe-Bloch equa-
tion, which is an expression for the linear stopping power (S) of the material
on the radiation:

dE 2 7
S:‘% “@'Z'f(ﬂ) (1.10)

The stopping power represents the amount of energy that the ionizing par-
ticle (the projectile) loses for each unit length traveled in the material (the
medium). It depends on the projectile characteristics (z and 8 which are
respectively the charge, in multiples of the electron charge, of the ionizing
particle and its velocity normalized to ¢), on the medium characteristics (Z
and A which are the crossed material atomic number and mass number)
and a function f(f) that takes into account other effects (for instance, rel-
ativistic effects).

The Bragg distribution is characterized by the Bragg peak, which is a nar-
row area near the endpoint of the curve where the particle will release most
of its energy.

e Electrons behavior and their PDD shape is driven by Coulomb interactions
with charged subatomic particles. This leads to high surface dose and a
rapid fall-off.

e Photons are an example of indirectly ionizing radiation, and the shape of
their PDD distribution is deeply connected with this fact, because of Equa-
tion 1.8. Indeed, K is proportional to the fluence of the primary photon
beam, and for this reason its depth profile has the form of a falling expo-
nential, while the dose depends on the energy that is actually deposited in
the medium by the secondary charged particles. Near the surface of the
medium CPE is not yet achieved, and so the PDD profile presents a first
rise to "catch up" with the kerma, until a large enough depth is reached



23 1.3. Dosimetry

and the dose starts behaving like the collisional kerma, thus falling down
with a sort of exponential tail [19] [20].

The photons PDD is characterized by its maximum, in particular by the
depth at which its maximum is reached, called d,,,,. This parameter de-
pends on the endpoint energy (so the penetration capability) of the beam
and also on the filter applied. In fact, FFF beams present an higher d,,,,
value for the same endpoint energy of the primary beam [19] [20].

Here is a graph depicting the three PDDs just described at comparison.
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Figure 1.13: PDD comparison of photons (18 MV energy) with electrons (20
MeV), protons (130 MeV) and '2C ions (300 MeV). It is easy to notice how the
distributions varies with the depth among the radiation types.

Usually, PDDs are normalized as a percentage (%) to the maximum value of the
distribution. Alternatively, it is also a common choice to normalize them to the
value corresponding to a depth of 10 cm.

OARs consist in the energy dose deposition distribution along the x or y direction
in LINAC’s reference frame, so scanning transversely with respect to the beam
propagation direction. Usually these kind of measurements are performed keeping
one of the two horizontal coordinates fixed at 0 while the other will be scanned.
z is fixed too, and its value depends on the reference conditions adopted.

Regarding the photons OAR, which is our case of interest, they take the shape
of a "square box" with penumbrae falls and prominent shoulders (this last char-
acteristic is more evident for larger field sizes). An example of the shape follows.
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Figure 1.14: OAR profile shape example. On the right the field dimensions are
noted, and the x coordinate is normalized with respect to half the field dimension
in each case.

The main parameters of an OAR distribution are the central value and the penum-
brae width. The reason why penumbrae appear is that the photons interacting
with the medium produce a cascade of secondary electrons that may extend over
the geometrical limits dictated by the field dimensions. The real dimensions of
the field can be deduced by the OAR calculating its Full Width at Half Maximum
(FWHM). Actually, as will be explained in Section 1.4, for small fields (sides of
few millimeters order or less) a square field width is calculated as the geometrical
mean between the FWHM of the inline OAR and the crossline one.

OAR distributions change shape when using FFF beams [21] [17]. In fact, flatten-
ing filters are exploited to obtain a uniform intensity profile along the treatment
field, which otherwise would have a bell shape with the highest intensity at the
center due to its production by bremsstrahlung emission. A FFF beam has thus
the shape of a bell with again falling penumbrae, as can be seen in the following
image.
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Figure 1.15: OAR distribution by an FFF photon beam.

Normally OAR are normalized to the value of the central point, both in the WFF
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and FFF cases.

FOF are pointwise measurements and are constructed as the ratio between the
measured dose at one point in space obtained by using a certain field size over the
dose at the same point obtained by using the reference field size, that is 10x10
cm? for conventional radiotherapy machines. The ratio is performed between two
dosimeter signals, since it is not important to include absolute dose "conversion"
factors as they will just get canceled out in the fraction. This is why FOF are
considered relative measurements.

Regarding PDDs and OARs, the reference value taken to turn them into rela-
tive measurements is the one obtained from a reference detector. It consists in
a dosimeter attached near the gantry exit of the beam. In this way, its reading
is unaffected by the placement of the main detector and represents an almost
constant value for all the acquisitions. It can be useful even to become aware of
some malfunctions that may affect the principal detector. The final signal will
be the ratio between the main detector and the reference one, so that the effect
of the variations in the accelerator output is eliminated.

Being placed very close to the source, the reference detector projects a "shadow"
onto the clinical radiation field on the isoplane. This does not constitute a prob-
lem for relatively large fields (of the order of 5 cm side or above) but can become
really error-prone when used with smaller fields, since the reference detector body
may cover a large amount of the radiation field. To avoid this, it is possible to
use a stealth camera as a reference dosimeter, which is a sort of "detector mask"
that is mounted directly onto the gantry head and does not interfere significantly
with the beam delivery to the isoplane. Alternatively, one can simply not use any
reference detector and just proceed to normalize the PDD/OAR distribution to
its own desired point.

1.3.3 TRS-398 formalism

TRS-398 establishes that the reference medium for dosimetry measurements aimed
at external photon beam radiotherapy is water [2]. This choice is made relying
on some considerations:

e Water is one of the best tissue-equivalent materials available, since its ef-
fective atomic number is very similar to the one of biological tissues, in
particular soft tissues. The human body is indeed composed by a large
fraction of water (approximately 70%).

e Water is easily obtainable and usable in phantoms, due to its characteristics
(it is transparent and homogeneous, adapts to the container, easy to use at
standard conditions).

e Radiation interaction with water is well known and also affordable to be
modeled to perform simulations (as Monte Carlo simulations).

Because of this, all dosimetry measurements have to be performed using water
phantoms.



Chapter 1. Radiotherapy and dosimetry generalities 26

Regarding absolute dose measures, in particular considering reference conditions
(reference dosimetry), the dose deposited in water at a reference depth z, for a
reference beam quality @)y can be calculated as [2] [18]:

DU’:QO = MQOND,U%,QO (1'11>

where Mg, is the reading of the dosimeter under the reference conditions used
in the standards laboratory and Np,, g, is the calibration factor in terms of ab-
sorbed dose to water of the dosimeter obtained from a standards laboratory.
Reference conditions are described by a set of values which influence the mea-
surement and for which the calibration factor is valid without further correction.
For example, reference conditions take into consideration: the ambient tempera-
ture, pressure and humidity; the distance of the detector from the source (SDD,
Source to Detector Distance) and the depth into the medium; the field size; the
dimensions and the material of the phantom. The standard detector choice for
absolute measurements are ionization chambers.

Since usually clinical conditions do not match the reference ones, one has to cor-
rect for all the discrepancies between standard and real conditions. In addition,
there are some influencing quantities that must be taken into consideration when
calculating the final absolute dose. For instance, to account for the temperature
and the pressure of the water phantom one has to multiply its ionization cham-
ber’s reading by k;,, which is the temperature-pressure correction factor, in order
to obtain the term Mg, in Equation 1.11. The corrections to apply to the cham-
ber’s reading when dealing with medium voltage photons (MV) in external beam
radiotherapy regard: temperature, pressure, polarity, electrometer calibration [2]
[18].

Moreover, if the radiation quality is not the one of reference (Q)p) it is necessary
to introduce a parameter that accounts for this difference [2] [18]:

Dyg = MgNp.w.qokq.qo (1.12)

where kg g, is the factor "converting" the measure from the used quality @ to
the reference quality Q. It is defined as the ratio of the calibration factors (in
terms of absorbed dose to water) of the ionization chamber at the qualities ) and

Qo [2] [18]:

Nowq _ Duwo/Mg
Npwqge  Duwqo/Mag,

kg.q, = (1.13)

The most used reference quality for external beam photon radiotherapy, regarding
the calibration of ionization chambers for absolute dosimetry, is the *°Co gamma
radiation [2] [18].

Those correction factors can in principle be calculated theoretically using Bragg-
Grey theory. However, it is more convenient to rely on experimentally measured
kg.q, values tabulated in the Codes of Practice literature. A summary of the
reference conditions for dose determination in medium energy photon beams is
displayed in the following table [2].
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MYV photons reference conditions
Influencing quantity Reference value/characteristic
Phantom material Water
Chamber type Cylindrical
Measurement depth 2 g/cm?
Chamber’s reference point On the central axis at the center of
the cavity volume
Position of chamber’s reference point At measurement depth
Source to Surface (of water) Distance (SSD) Usual treatment distance
Field size 10x10 cm?

Table 1.1: Summary of all reference conditions for absolute dosimetry with MV
photons. The measurement depth is measured in g/cm? since it is calculated as
the thickness of the medium, which is found multiplying the classical depth (in
cm) by the medium mass density (in g/cm?).

1.4 Small fields dosimetry

Dosimetry poses a considerable challenge when dealing with small-fields [3] [4].
The reasons for this are various and all of them relate to the reduced extension
of the radiation field with respect to the dimensions of the detector or the range
of the secondary charged particles created.

Despite the lack of a proper definition of "small-field", we can identify three main
aspects to be taken into consideration to determine whether a field can be thought
as small or not:

e The absence of lateral charged particles equilibrium;

e The partial occlusion of the primary radiation source through the collima-
tor;

e The size of the detector being bigger than the field extension.

1.4.1 Lateral charged particles equilibrium

Lateral charged particles equilibrium (LCPE) consists in obtaining CPE condi-
tions at the edges of the radiation field. We already know that the smaller the
volume, the harder it is to reach CPE conditions, since the secondary charges
range has to be lower than the typical length of the system. Then, a photon field
can be considered as "small" when the distance between the field edge and its
central axis is smaller than the lateral charged particle equilibrium range, rrcpg,
defined as the minimum radius of a circular photon field for which K.,; in water
and D to water are equal at the center of the field. r;cpr depends on the quality
of the radiation and can be found following the formulas listed in the IAEA-483
protocol [5]:

TLCPE(Cm) = 8.369 X TPRQOJO —4.392 (114)

rrepe(cm) = 77.97 x 107% x %dd(10), — 4.112 (1.15)
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In conclusion, since our volume of interest is the detector volume, small field
conditions can be assumed to exist when the external edge of the detector volume
is at a distance from the field edge smaller than the rLCPE in the medium.
Therefore, we consider as small field any field having a size lower than 2 LCPE
ranges and the detector dimension:

FWHM S 2TLCPE+dDET (1.16)

where F'W H M is the field size measured as the width of the dose distribution at
half its maximum.

FWHM

lcpe

Figure 1.16: Visual scheme of the conditions for small fields based on r;cpg.

1.4.2 Radiation source partial occlusion

The field dimension is set thanks to the combined action of the MLC in the
crossline direction and the jaws in the inline direction. Those collimators effec-
tively occlude the source in order to obtain the desired side length. Due to border
effects, the field profile is not a perfect "square box" but presents the so called
penumbrae at its edges. For usual large fields this does not represent an issue
and the field width is calculated as the Full Width Half Maximum (FWHM) of
an OAR distribution. For smaller fields however, left and right penumbra regions
start to overlap. This causes the profile FWHM not to coincide with the real
width, since the OAR distribution would be mostly made of penumbrae, which
are located under the 50% level of the profile and thus have a larger width.
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Figure 1.17: Small field penumbra overlapping. The rigth-most profile (c)
clearly shows how the resulting OAR FWHM is actually higher than the real
one.

Then, OAR FWHM is different from the nominal field width, and for this reason
it is indicated with a proper name, Su;, [4], that is a quantity calculated for each
field as the geometric mean between inline and crossline OAR FWHM. For large
fields, S, coincides with the nominal field width.

Partial source occlusion also results in a reduction of the beam fluence. The
radiation flux and consequently the absorbed dose will be lower (for example, at
the center of the distribution) in comparison to the dose deposited with a larger
field, for the same dose rate at the LINAC exit.

All these effects start to occur when the field sizes goes down to 3x3 cm? or less,
and so we can consider this as a sort of dividing limit between large and small

fields.

1.4.3 Detector size and field extension

As previously seen, the detector size influences the reaching of lateral charge par-
ticles equilibrium, and therefore we already know that it is a key factor in the
categorization of small fields.

Beyond this, detector size and characteristics result in another important issue
regarding small field dosimetry, which are the volume averaging effects.

In Section 1.4.2 we saw that a small field is characterized by overlapping penum-
brae, leading to a nonuniform lateral dose distribution profile. As the detector
produces a signal that is proportional to the mean absorbed dose over its sensitive
volume, this signal will be affected by the homogeneity of the absorbed dose over
the detection volume (volume averaging). This effect is particularly impacting
for FFF beams [21].

Flattening filter free beams present another issue compared to WFF ones, that
is the reduced scatter component at the reference depth, which makes the equiv-
alent square field size smaller than that defined by the beam penumbrae.

In general, the detector size and other characteristics really influence its perfor-
mances when dealing with small fields, so it is convenient to use specific detectors
that are appropriate for small field dosimetry.






Chapter 2

Materials and methods

The measurement apparatus exploited for this thesis work mainly consists of the
water phantom, where the movement system is mounted, the detectors and the
reading electronics.

The detectors that have been used are:

e The Blue Physics Plastic Scintillator Detector (BP-PSD), which is the lat-
est dosimeter developed, and we are particularly interested in studying its
dosimetric properties and performances.

e The PTW microdiamond detector.
e The IBA Razor diode.
e The IBA EFD3G unshielded diode.

The last three detectors listed above are own by the AULSS 3 hospital, and thus
are already integrated with the movement system and the acquisition electron-
ics. This apparatus is managed by software, installed on a computer positioned
outside the radiotherapy bunker (which in turn contains the whole accelerator
complex), with which the operator has the possibility to move the detector, start
acquisitions or even perform predetermined operations such as axis alignment.
The BP PSD is not yet integrated with the acquisition system. In fact, as will be
seen in Section 2.2.1, it has its own acquisition and electronics apparatus which
will be exploited in order to acquire the desired measures, in synchrony with the
water phantom movement system.

Before actually acquiring the measurements, some initial tests and procedures
have been performed: an alignment procedure, an Adjacent Channel Ratio (ACR)
calibration, a dispensed dose linearity test and a dose rate stability test. The first
two processes are discussed in Sections 2.3.1 and 2.3.2 of this Chapter, while the
results for the dose linearity and dose rate stability tests will be presented in
Section 3.1 of Chapter 3.

31
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2.1 Water phantom

.

&

Figure 2.1: IBA Blue Phantom 2 water tank.

The water phantom used is an IBA Blue Phantom 2 water tank [10]. It has a
total volume of 67.5 x 64.5 x 56.0 cm?® and a scanning volume of 48.0 x 48.0 x 41.0
cm?®. Walls are made of acrylic and have a thickness of 15 mm [22].

It presents a detector holder installed on a mechanical arm that moves the former
using a movement apparatus. This system allows for a position resolution of 0.1
mm and a consequent position accuracy of £ 0.1 mm. It can reach a scanning
speed of 50 mm/s [22].

The phantom is integrated with a software which allows to control and perform
all the required data acquisitions. The information regarding the holder’s posi-
tion and the actual signal of the detector are transmitted to the My QA-accept
software throughout an electrometer. This device has two reading channels, since
the second one is assigned to the reference field detector, which is mounted on a
designated movable arm. It performs reference measurements in air and it is used
along with the actual detector to obtain the PDD and OAR profiles for the PTW
microdiamond detector, the IBA Razor diode, and the IBA EFD3G unshielded
diode (since the Blue Physics Plastic Scintillator Detector, BP-PSD, is not yet
integrated with the acquisition software and the whole phantom apparatus, it will
not have a reference). The reference detector is placed at the edge of the field in
order not to interfere with the reading of the other detector.

The whole system has some environmental functioning requirements: it needs a
temperature in the range of 18-25°C; a relative humidity of 55-75% without con-
densation and a pressure in the 700-1100 hPa range (these values are the most
strict between the requirements regarding the electronics and the phantom itself)
[22].

The phantom is also equipped with an electrical lift table (where it is positioned)
that permits to adjust the height of the system, and a water reservoir from which
the water is pumped (in and out for filling and emptying).

Concerning Field Output Factors (FOF) acquisition, an external IBA Dose 1
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electrometer has been used in order to collect pointwise measures [10].

2.2 Detectors overview

2.2.1 Blue Physics Plastic Scintillator Detector

BP-PSD is a plastic scintillator detector that collects the scintillation light through-
out an optical fiber and sends it as a signal to the reading electronics.
It is made up of various parts [11]:

e The plastic scintillator detector.

The transport optical fiber.

A removable cartridge.

e An acquisition unit box.

A computer with the Blue Physics software (BlueSoft) installed for the
acquisition.

The following figure shows the main parts of the acquisition unit of the BP PSD.

© :

Figure 2.2: Plastic scintillator detector mounted on the phantom holder outside
(a) and inside (b) the phantom, with the transport optical fiber attached in
the back. Figure (c) shows the acquisition unit box with the readout cartridge
inserted.
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The plastic scintillator is composed of a cylindrical active volume of 0.5 mm radius
and 1 mm height, that leads to a total effective volume of 0.785 mm? [11]. Then
it is coupled to the transport optical fiber that has a radius of 0.125 mm and a
length of 20 m [11]. It connects the PSD with the acquisition box, sending the
scintillation light to the removable cartridge, where a transducer coupled with the
fiber converts this light into an electric signal. The rest of the acquisition unit
will then integrate that signal by charging a capacitor for a certain integration
time, after which the stored charge is read by the acquisition unit, the capacitor
gets cleaned up and the charge information is converted into a digital signal using
an Analog-to-Digital Converter. Ultimately, this signal is sent to the computer,
where it is plotted in real time by the BlueSoft software.

A scheme of the plastic scintillator with its main components and attachments is
shown in the following image [11].

Fiber cable with jacket
Coupler

m\ Scintillation sensor

4J0""|

(c) 180 (d)
] I ===
—T T Y 1.00

Figure 2.3: (a) Fiber optic casing. (b) PSD scheme. (c¢) Longitudinal cross
section of the detector and the two fibers (signal and Cerenkov). Transversal (d)
and longitudinal (e) view of the detector and the two fibers.

The main channel is placed side by side to another channel dedicated to Cerenkov
radiation. Indeed, radiation fields can generate Cerenkov radiation in optical
fibers [11] [23]| [24]. This Cerenkov light represents a spurious signal that has to
be subtracted from the PSD one. Cerenkov subtraction details and procedures
are treated in Section 2.3.2.

This channel system is identical to the main one with the exception that it does
not have an active volume, given that in this case the fiber directly collects the
Cerenkov light. The two channels scheme is shown below [11].

Acquisition Unit (AU)

Radiation Field (BEV)

Sensor Channel

circuit | transducer ) PSD
Cerenkov light {Les)
- Transport f opt -
-4|—\w|:—‘ - =
- « . -
L =) — —
“
Cerenkov light (Lec)

T W C

Figure 2.4: Double channel scheme of BP-PSD. The signals received by the
BlueSoft software on the computer are labeled with R, and R, for "sensor" (the
actual PSD signal) and Cerenkov respectively.
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2.2.2 PTW microdiamond detector

Figure 2.5: PTW microdiamond detector.

The PTW! microdiamond detector (Figure 2.5) is a Single Crystal (synthetic)
Diamond Detector (SCDD) that combines features from natural diamond detec-
tors and silicon diode detectors.

It has a nominal sensitive volume of 0.004 mm?, having a cylindrical shape with
a radius of 1.1 mm and a thickness of 1 pum [25]. Its nominal response is 1 nC/Gy
and does not require a bias voltage [9].

This type of detector shows some useful properties, such as [9]:

e A very high radiation hardness, which translates into higher stability and
longer lifetime.

e Very low temperature dependence (<0.08% /K).
e Very low directional dependence (<1% for + 40°).

e Low energy dependence.

Its operating principle is explained in the figure below.

Figure 2.6: Functioning scheme of the PTW microdiamond detector [9]: a
Schottky junction develops below the top metal contact. When passing through
the active volume, the incident radiation produces positive and negative charges
which are successively collected by the junction electric field, generating a current
signal that can be measured with an electrometer.

'Tts manufacturing house is PTW-Freiburg, a German company among the most prominent
houses for projecting and production of medical physics equipments in the world.
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The PTW microdiamond is suitable for small-field dosimetry too, having:

e Minimal dose per pulse or pulse repetition frequency dependence, so low
dose rate dependence.

e Small response deviations in absorbed dose in water for fields up to 5 mm
side.

e Good spatial resolution, which permits for instance to accurately measure
OAR profiles, in particular regarding the penumbra regions.

2.2.3 IBA Razor diode

Figure 2.7: IBA Razor diode.

The IBA Razor diode (Figure 2.7) is a silicon detector based on a p-type silicon
diode chip. Because of its characteristics, it is well suited for small-field dosimetry
[3] [6] [7] [8] [21] [26].

The stem is made out of stainless steel, while the cap enclosing the detector is
made of acrylonitrile butadiene styrene (ABS) plastic and epoxy resin [10] [26].
The silicon chip has a size of 0.95x0.95x0.4 mm?, with an active volume diameter
of 0.6 mm and a thickness of 0.02 mm, which leads to a total active volume of
approximately 0.006 mm?®. The head’s diameter is 4 mm and it has a length of 15
mm. The stem has the same diameter but a length of 45 mm (for a total detector
length of 60 mm). The actual detector measurement point does not stand on the
top of the cap, but is located 0.840.2 mm from the "surface" [10] [26].
Regarding the detector’s performances, the IBA Razor diode presents the follow-
ing features:

e It has a sensitivity of 4.1 nC/Gy (referring to the reference energy quality
of %°Co) [10] [26].

e Sensitivity varies with the total irradiation history of the detector depending
on the energy quality. For our purposes, 6 MV photons lead to a sensitivity
variation of 1%/KGy irradiated [10].

e The absolute deviation of a dose linearity fit from its endpoint remains in
the +0.2% range, for a maximum of +0.5% (computed in a dose range
between 0.02 and 40 Gy and referring again to %°Co energy quality) [10]
[26].
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e The dose-per-pulse dependence typical range is £0.5% for a maximum
of £1% (computed between 0.1 and 2.3 mGy/pulse, normalized at 0.4
mGy/pulse) [10] [21] [26].

e For energy dependence, absolute deviations in PDD measures compared
with CCO08 ionization chambers yield a typical deviation of 0.5% and a
maximum of 1% (those measures are performed for a 5x5 cm? square field,
6 MV photon energy and 30 cm depth underwater) [10] [26].

e Sensitivity temperature dependence lies at 0.05%/°C for 15/40°C range [10]
[26].

e The expected lifetime (measured in total dose to absorb before expiring) is
>200 kGy (computed using 10 MeV electrons) [10] [26].

2.2.4 1IBA EFD3G unshielded diode

Figure 2.8: IBA EFD3G unshielded diode.

IBA EFD3G (Figure 2.8) is an electron diode field detector that is normally
used for measurements about electron beams in the 4-25 MeV energy range.
Since the secondary charge particles produced during photon interaction with
matter are actually electrons, this type of diode is also suitable for photon beam
measurements.

Similarly to the IBA Razor detector, the stem of the EFD3G diode is made out
of stainless steel, and the cap is made of ABS and epoxy resin. Moreover, even
in this case the detector part is based on a p-doped silicon chip [10].

It has a chip size of 2.1x2.1x0.4 mm?, with an active volume diameter of 1.6 mm
and a thickness of 0.08 mm, that gives a total volume of 0.16 mm?. The actual
detector measurement point is located 1.240.2 mm from the "surface" [10].

It is waterproof for underwater measurements and it doesn’t need an operating
voltage.

IBA EFD3G diode presents the following performance characteristics:

e [ts sensitivity varies with the total irradiation history depending on the
energy quality. In particular, for the 6 MV energy it presents a sensitivity
variation <1%/250 Gy irradiated [10].

e Sensitivity has a typical variation with temperature of 0.25%/°C [10].

e Dose rate linearity goes up to 1% deviation in the 0.1-0.6 mGy /pulse range
for WFF beams, while it rises to 3% at 1.0 mGy/pulse and 7% at 2.3
mGy/pulse for FFF beams [10].
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2.2.5 Detectors summary

Here a summarizing table about the most important characteristics of the con-
sidered detectors is shown.

Detectors summary
. - PTW Razor EFD3G
Characteristic | BP PSD | | s odiamond | diode diode
plastic . unshielded unshielded
Type scintillator diamond diode diode
Active volume 0.785 0.004 0.006 0.16
(mm®)
Temperature
dependence (%,°C) n/a <0.08 0.05 0.25
Dose per pulse .. +1 WFF,
dependence (%) n/a minimal +0.5t0 &1 +3 to £7 FFF
Application any field any field small ﬁeldQS any field
size size (<bx5 cm?) size

Table 2.1: Used detectors characteristics. Some BP PSD features regarding
its dosimetric performances are yet unknown (indicated as "not available", n/a).
Some pre-measure tests have been performed and discussed in Section 3.1.

2.3 Blue Physics PSD acquisition

BP-PSD dosimeter is not yet integrated with the water phantom acquisition sys-
tem, so it was necessary to separately mount its instrumentation.

The plastic scintillator detector has been mounted onto the Blue Phantom 2 de-
tector holder, and it was connected with the cartridge in the acquisition box
through the transport optical fiber. The acquisition box was placed in the outer
part of the radiotherapy bunker’s maze in order not to risk irradiating the elec-
tronics. The cartridge was then connected to the computer with the BlueSoft
software.

BP-PSD is sensible to light, and even visible-spectrum wavelengths could inter-
fere with the measurements. It was then necessary to perform all measurements
in darkness.

2.3.1 Detector alignment

Normally, the My QA-accept software that controls the water phantom system
has an automatic program that aligns the isocenter (given by the detector (0,0)
position) with the reference frame of the LINAC. This procedure is called CAX
and consists in a series of four OARs distributions: two pairs of inline and crossline
at two different depths. This way, calculating the center of the distributions it
is possible to find the "detector isocenter" to then shift it back to the LINAC
center, or even detect a possible tilt in the beamline direction and correct it by
manually adjusting the angles of the water phantom movement system.

The BP-PSD detector has no way to be aligned through the usual procedure since
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it is not integrated with the phantom and thus the CAX protocol is not easily
applicable. Therefore, for the alignment we resorted to a manual procedure that
utilizes the BlueSoft software. For the crossline direction, the protocol was the
following:

1. The detector is placed at (0,0,10) coordinates ((x,y,z) in cm, with the depth
being positive because the z axis points down for positive values) and from
the software live interface the corresponding signal value is marked with a
Cursor;

2. The detector is then moved in the crossline direction until a point having a
measured signal almost equal to half the previous signal is reached. The sig-
nal value in this position is then marked with a cursor and the x coordinate
is registered;

3. The detector is moved along the same direction but towards the opposite
side in order to reach the specular point where the signal is equal to the
value marked by the second cursor. Again, the x value of this point is
registered;

4. The midpoint value between the two x coordinates is calculated, and it
indicates the shift that has to be applied to the isocenter frame to coincide
with the detector displacement.

This procedure was performed identically for the inline direction (obviously re-
placing x movements with y movements) and the center was then shifted of the
found quantity.

This method works with a good accuracy even if the sought value is not precisely
the half of the central value, but it brings in various sources of uncertainties,
which will be discussed in Section 3.6.

2.3.2 ACR calibration

One of the major problems that arises when operating with plastic scintillator
detectors coupled with optical fibers is the Cerenkov light. In fact, an optical fiber
immersed in a radiation field produces a spurious signal that has to be subtracted
from the effective signal.

The Cerenkov signal is modulated by a parameter called Adjacent Channel Ratio
(ACR), which represents the ratio between the two adjacent channels: the total
signal and the Cerenkov signal.

Cerenkov subraction follows the formula [11]:

S=R,— ACR x R, (2.1)

where S is the effective signal (proportional to the absorbed dose), R is the
reading of the total signal channel and R, is the reading of the Cerenkov channel.
To use Equation 2.1 for Cerenkov subtraction we need to have a method to
calculate the ACR value.

In this work, we have adopted the FOF3 method, which makes use of the field
output factor for the 3x3 cm? field. Exploiting Equation 2.1 and the definition
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of FOF (Equation 3.5), it is indeed possible to construct an equation which gives
the ACR value by knowing the field output factor:

é - Rs73 — ACR x Rc’g
S1o - R 10 — ACR x R0

where all the instances denoted by the subscript "3" refer to the 3x3 cm? square
field, and the ones with "1y" to the 10x10 cm? square field.
Solving Equation 2.2 for ACR one obtains [11]:

FOF3 X R5710 — R573

ACR =
FOF3 X RC710 — Rc,g

(2.3)

2.3.3 Measurement procedure

For the PDDs and OARs acquisitions with the BP-PSD, the detector movement
and the actual data registration are separated. The operator has thus to perform
the following actions, in sequence:

1. Start the time acquisition of the scintillator from the BlueSoft software.
2. Turn on LINAC beam delivery.
3. Start the movement of the water phantom holder.

To stop the measurement, the components are shut off in the opposite order.
This whole process brings in some spurious signals, in conjunction with some
measurement uncertainties. The formers will be removed during raw data analysis
(Section 3.2) while the latter are discussed in Section 3.6.

The acquisition of the various distributions is performed with a scanning speed
of 10 mm/s with the continuous modality, so the detector holder smoothly moves
across the phantom in the predetermined direction with fixed speed while the
acquisition system collects the data. This fact will be used for the time-space
conversion of the PDD and OAR raw data during the analysis.

For FOF measures, the process is the following:

1. The detector is placed at the right position using the water phantom move-
ment system.

2. The acquisition gets started from the BlueSoft software.
3. Beam delivery is turned on.

4. After the predetermined dose has been dispensed, the LINAC automatically
turns off the beam.

At this point, a new measure can be taken by repeating the process after changing
the field size, without having to reset the BP-PSD acquisition. This way, all the
FOF data are collected into the same BlueSoft file. The effective data value is cal-
culated directly by the software as the integral of the obtained time distributions.

The following images depict the "paths" that the detector follows while acquiring
a PDD or an OAR measurement, and also provide an idea of the localization of
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the measurements point for FOF acquisitions. These considerations are valid also
for the other detectors acquisitions.
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Figure 2.9: Figure (a) shows the scan directions for PDD and OAR acquisitions,
while Figure (b) shows the FOF acquisition point position (the marked circle).
The depicted setups refer to our reference conditions.

2.4 Other detectors acquisition

2.4.1 Detectors alignment

The measurements setup for all the detectors but the BP-PSD follows a simpler
scheme. As previously mentioned, those detectors acquire data leaning on the
water phantom acquisition and movement system, which is connected to the
acquisition My QA-accept software outside the radiotherapy bunker. For this
reason the setup of these three detectors is similar, and consists of two main
passages:

1. The chosen detector is placed onto the water phantom holder, and a first
alignment is performed. x/y centering cannot be done rigorously in this
phase, while for the z alignment a cap signed at the sensible volume level is
used: the cap is placed to cover the detector head, and the detector holder
is then lifted up or down until the mark is seen to match the water level.
Then, with the "set isocenter" command the operator fixes that point as
the z=0 position.

2. The crossline/inline alignment exploits the CAX premade protocol: a set
of two inline and two crossline OAR measurements at different depths is
collected, then the program computes the centroids of those distributions.
From these points it suggests the necessary (x,y) shift to align the (0,0)
central point with the isocenter, as well as the tilt angles that should be
applied to the water phantom movement rail in the two planar directions.
Once the operator corrects for these factors, a new CAX is performed, until
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the correction values for the centroid and the angles are found to be within
a confidence range.

2.5 Measurement procedure

The scan measures acquired with the microdiamond detector follow the same
modality as the BP-PSD ones, so they are collected using a continuous movement
modality at a fixed acquisition rate.

For the IBA Razor diode and the EFD3G unshielded diode, a "step-and-shoot"
modality has been chosen instead. The detector holder moves one step at a
time, and after each displacement the detector acquires a measurement point.
In this way, it is also possible to change the density of points depending on the
distribution zone, so that the regions of interest contain more points than the
others.

Regarding the two diodes and the microdiamond detector there is no need to
manually start both the acquisition and the holder movement, since the phantom
software integrates all these functionalities together, so starting the acquisition
automatically starts the detector movement too. Anyway, the beam delivery must
be manually turned on and off before and after the acquisition time window.
FOF measurements for these three latter detectors is done using an external
electrometer. The water phantom software does not come into play for these
measures, as the acquisition is started and stopped directly from the electrometer.
Each time, the beam delivery is manually turned on, and after the specified dose
gets dispensed and the beam turns off the collected charge is registered onto
a separate file, then the electrometer gets reset and the next measure can be
performed.

2.6 Measures list

The list of measures acquired is subdivided into the following three tables, cat-
egorized by the used detector, the energy of the beam, the field size and other
specific parameters.

PDD measures list

Detector Energies (MV) Field sizes (cmxcm?)
small: 0.6x0.6, 1x1, 2x2, 3x3
BP PSD 6 WEE, 6 FEE | ndard: 5x5, 10x 10, 30x30
small: 0.6x0.6, 1x1, 2x2, 3x3
standard: 5x5, 10x10, 30x30
small: 0.6x0.6, 1x1, 2x2, 3x3

standard: 10x10

small: 0.6x0.6, 1x1, 2x2, 3x3

standard: 5x5, 10x10

PTW microdiamond | 6 WFF, 6 FFF

Razor diode 6 WFF, 6 FFF

EFD3G diode 6 WFF, 6 FFF

Table 2.2: PDDs measures list. These measurements have been performed
keeping x and y coordinates equal to 0 (so on the central axis of the radiation
beam) and with a SSD of 90 cm.
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OAR measures list
Energies . . . . 2
Detector (MV) Direction Field sizes (cmxcm?)
BP PSD 6 WFF, Crossline, | small: 0.6x0.6, 1x1, 2x2, 3x3
6 FFF inline standard: 5x5, 10x10, 30x30
PTW 6 WFF, Crossline, | small: 0.6x0.6, 1x1, 2x2, 3x3
microdiamond 6 FFF inline standard: 5x5, 10x10, 30x30
Razor 6 WFF, Crossline, .
diode 6 FFF inline small: 0.6x0.6, 1x1, 2x2, 3x3
EFD3G 6 WFF, | Crossline, _
diode 6 FFF inline small: 0.6x0.6, 1x1, 2x2, 3x3

Table 2.3: OARs measures list. Crossline OARs have x varying and y set to 0,
and viceversa for inline ones. The depth for the acquisition is 10 cm. SSD is set
to 90 cm.

FOF measures list
Detector Energies (MV) Field sizes (cmxcm?)
BP PSD 6 WFF, 6 FFF small: 0.6x0.6, 1x1, 2x2, 3x3
standard: 5x5
small: 0.6x0.6, 1x1, 2x2, 3x3
standard: 5x5
small: 0.6x0.6, 1x1, 2x2, 3x3
standard: 5x5
small: 0.6x0.6, 1x1, 2x2, 3x3
standard: 5x5

PTW microdiamond | 6 WFF, 6 FFF

Razor diode 6 WFF, 6 FFF

EFD3G diode 6 WFF, 6 FFF

Table 2.4: FOFs measures list. To acquire them, the detector has been posi-
tioned at x=y=0 and 10 cm underwater. The SSD is 90 cm. The delivered dose is
100 MU. Each measure has been repeated four times, and their arithmetic mean
has been kept as the result.

The choice made for the field sizes in each case reflects the suitability of the de-
tectors to be used with small fields. In facts, the PTW microdiamond and the
IBA Razor diode are particularly befitting for small field dosimetry. Notably,
field size has been kept small for each of the Razor diode measure.

We point out that the BP-PSD datasets about the PDD of the 30x30 cm? field
FFF and the inline OAR of the same field size WFF had to be discarded, so are not
going to be presented. Indeed, the former had a problem of saturation due to FFF
beam higher dose rate, while for the latter an issue about background subtraction
has been encountered. Those two problems will be discussed in Section 3.4 and
in the conclusions.






Chapter 3

Data analysis and results

In this Chapter we will discuss about the results obtained by the analysis con-
ducted for each considered detector, and the comparisons between them. In par-
ticular, the BP-PSD analysis follows a different route with respect to the other
detectors’ one, since the acquisition apparatus is not integrated with the water
phantom system and thus it is impossible to perform the same refinements using
the My QA-accept analysis software integrated with the water phantom.

Before the actual analysis, for BP-PSD some preliminary tests have been con-
ducted.

3.1 BP-PSD dose linearity and dose rate stability

A dose linearity test and a dose rate stability test have been carried out for both
6 MV WFF and 6 MV FFF beam energies.

For the dose linearity test, the detector was placed along the central axis of the
field (through the alignment procedure described in Section 2.3.1), at a depth of
10 cm and with an SSD of 90 cm. Then, the detector was exposed to increasingly
higher dose by modifying the total MU parameter in the beam delivery control
system. The chosen MU values delivered are: 1, 2, 3, 4, 5, 10, 20, 30, 50, 100,
200, 300, 500, 700, 800, 1000, 2000 MU.

The ACR value for those measurements was calculated with the FOF3 procedure
described in Section 2.3.2 and it was found to be equal to 0.845 for the WFF
energy and 0.844 for the FFF energy.

Dose rate was left unbounded, so 476 MU /min for WFF energy and 1359 MU /min
for FFF energy.

Results are represented in Figures 3.1 and 3.2, respectively for the WFF and
FFF beam energies. For each energy a linear fit was performed, and to test the
goodness of the fit an R? value was calculated. For both energies, values very
close to 1 were found (equal to 1 up to a difference of the order of 107°), so we
can conclude that the response of the detector with respect to the delivered dose
is indeed linear.

45
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Figure 3.1: Signal measured with the BP-PSD detector, as a function of the
delivered MU, and linear fit for 6 MV WFF beam energy.
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Figure 3.2: Signal measured with the BP-PSD detector, as a function of the
delivered MU, and linear fit for 6 MV FFF beam energy.

Also, to obtain a comparison with the preexisting literature [11] [12], the signal
of each point has been normalized at the corresponding MU value, and then the
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obtained data has been further normalized to the value corresponding to 100 MU.
The results are plotted in Figure 3.3.
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Figure 3.3: Normalized dose signals. The marked gray line corresponds to the
height of the point at 100 MU. The abscissa scale is logarithmic.

As can be seen, the results are in agreement with what was obtained by I.Das et
al. [11] reflecting in particular the behavior at lower delivered dose. In fact, the
left-most part of the graph presents the largest deviations, with an average of the
order of 1.04-1.05 times the reference value. FFF beam is the most divergent one
of the two, with its lowest MU point being particularly far away from the others.

For the dose rate stability test, the detector was again placed along the central
axis of the field exploiting the alignment procedure described in Section 2.3.1,
at a depth of 10 cm and with a SSD of 90 cm. A fixed dose of 100 MU has
been administered, progressively increasing the dose rate. Considering how the
LINAC beam control system works, there is no way to precisely choose some
specific dose rate values, since the LINAC is able to output only discrete "packets"
of dose. Some nominal values have then been set, ranging from the minimum
acceptable (around 50 MU/min for WFF and 100 MU/min for FFF) to the
maximum supported (around 500 MU /min for WFF and 1400 MU /min for FFF).
The effective values that the system was able to deliver are: 46, 93, 138, 183, 231,
281, 333, 383, 430, 473 MU /min for 6 MV WFF energy; 90, 190, 280, 380, 480,
680, 960, 1150, 1380 MU /min for 6 MV FFF energy.

The ACR was the same used for the dose linearity test, so 0.845 and 0.844 for 6
MV WEFF and FFF respectively.

The obtained signals (in nC) have been normalized to the signals coming from the
maximum dose rate of each beam energy, which in our case are 500 MU /min for
WFF beam and 1400 MU /min for FFF beam (those are the nominal values, while
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the effective values are respectively 473 MU /min and 1380 MU /min). Figure 3.4
shows the results.
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Figure 3.4: Normalized dose signal obtained with different dose rates. The
marked gray line corresponds to the height of the points at 500 MU /min for
WFF beam and 1400 MU /min for FFF beam (nominal values).

Even for the dose rate stability test, our data were similar to the ones reported
in the literature, with a dispersion within a 1.5% range [11]| [12]. The major
deviations were found for WFF beam at lower dose rates, but, on the contrary
of what was obtained by I.Das et al. [11], the bias tends to negative differences
with respect to the references.

3.2 BP-PSD post processing

BP-PSD is not yet integrated with the My QA-accept software, but it is equipped
with the BlueSoft software. However, at the moment it is not available in a
certified version capable of running a precise analysis of the raw data, besides
the FOF and the ACR calculations. Then, within the scope of this thesis, a
dedicated software was designed to reconstruct and analyze all the PDDs and
OARs distributions from the collected data. To do that, a MATLAB script has
been developed. This program consists in a series of steps that follow a list of
operations to overcome some issues about the initial data and reconstruct the
PDDs or the OARs. The main demands can be resumed as follows:

e Data integration. The time resolution of the scintillator is really high,
up to being able to distinguish the single pulses of the LINAC. An example
is depicted in Figure 3.5. This feature is useful to collect a large amount of
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information, but on the other hand it is also very prone to collect noise and
background spurious signal. Therefore, without a rebinning it is impossible
to properly recognize the real shape of the dosimetric distributions acquired.
Data integration is thus advisable.

Time-space domain conversion. BP-PSD registers data in the time
domain, while the dosimetry distributions are expected to be functions of
the space coordinates (in fact, PDDs consist in the energy dose deposition
distribution along the z direction, while OAR along the x or y directions).
A coordinate transformation is necessary.

Interval definition. Since BP-PSD is not yet integrated with the wa-
ter phantom system, the measurements acquisitions have to be started and
stopped manually, without an automatic mechanism. In this way, the ac-
quisition includes a time window which is larger than the effective scanning
time window of the movement apparatus. From the resulting curve is then
necessary to crop the real data, removing the undesired ones.

Smoothing and normalization. To be able to compare the curves be-
tween the detectors, a normalization is needed. Moreover, to further refine
the shape of those curves, a smoothing algorithm can be applied.

Figure 3.5: Screenshot of the acquisition software (BlueSoft) on the computer.
Here a single MU is detected, which is the minimum unit dose that a LINAC can
deliver. The scintillator is even able to recognize the pulses which the accelerator
builds up the MU with. The different colors in the graph represent the two
channels (signal and Cerenkov, respectively in blue and green).

We will go into deep details about all the steps executed by the program, leading
to PDD/OAR extraction. We will first describe the procedure for PDD; the one
for OAR is similar, with small differences that will be highlighted later.
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3.2.1 Integration

The raw PDD data coming directly from the acquisition software appear as in
Figure 3.6. The first "descending phase" of that curve is a spurious signal coming
from the detector holder movement to get in place to start the acquisition, and
as previously mentioned the time window of the acquisition has to include those
kind of signals that will eventually be removed.

Raw Data PDD 6 MV WFF 0.6x0.6 cm?

-6 T T
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Figure 3.6: Raw data from a PDD acquisition with 0.6x0.6 cm? field and 6
MV WFF energy. The colors represent the total signal (real signal+Cerenkov)
and the Cerenkov signal. The curves appear as "filled" since there isn’t enough
graphical resolution to see all the pulses.
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Figure 3.7: Background detail for the same data of Figure 3.6. The time window
chosen is located before the irradiation to avoid any leftover noise.
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The first step to be performed by the software is the background subtraction. The
acquisition unit registers the signals starting from a basal negative value in volt-
age (which depends on the settings of the acquisition unit capacitors) and goes
up or down, up to a maximum and a minimum voltage. In order to be able to
rescale and normalize the distribution properly we need to set the baseline value.
To do that, we consider a time window where the main signal is not present (for
example the one highlighted in Figure 3.7); we calculate the real signal using
Equation 2.1; we sum all of those values performing an average over the selected
time interval. By doing this we obtain a good approximation of the acquisition
unit baseline. Each raw data point is then calibrated using the ACR and shifted
by the calculated baseline.

Now we can integrate the whole dataset to obtain the curve shape. The integra-
tion is guided by an algorithm that works as follows:

1. The total time interval is subdivided into three main integration windows,
which cover the tail of the PDD, the hill around its maximum and the steep
rise at low depths. This is done since the number of points differs from zone
to zone, in the sense that, in the end, the steeper parts of the graph will
have a lower "density" of points compared to flatter ones. This happens
because the scanning speed of the phantom detector holder is kept constant
during the acquisitions with the BP PSD, with a value of 10 mm/s. This
effect is counterbalanced by choosing a different integration step for each
window.

2. For each window, an integration width w and an integration step s are
chosen. Each of them is counted in ¢ units, which is the index on the raw
data vector corresponding to each point in the raw curve. The conversion
between the i index and the time coordinate is performed using the simple
formula:

ti ="776-1 pus (3.1)
where 776 ps is the used time resolution step of the BP-PSD.

3. The algorithm starts at a point p having an index ¢ equal to 7 = w/2 and
is programmed to stop after reaching a point having an index equal at least
to ip —w/2, where i is the ¢ index value corresponding to the last acquired
point. At each step, the algorithm sums all the ordinate values having an
index ¢ included in the interval [ig — w/2; ig + w/2], divides the result by
w + 1 (to account for the central point, too) and then assigns the result to
a bin centered at iy (and its corresponding time). Then, shifts the iy value
to i9 + s and computes a new integrated point, restarting the cycle.

In this way, there is the possibility to modify both the width of the inte-
gral windows and the step between them accordingly to the zone of the
distribution. If s is chosen to be < w, the windows actually overlap. This
is the choice that has been made, because thanks to this we are able to
preserve a large enough number of points without the need of a small in-
tegration window. In fact, performing an integration having s = w (so the
integration windows are exactly adjacent and cover each point just once)
we wouldn’t have overlapping windows, but the resulting number of points
would be connected with w (the higher w, the smaller the number of points)
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and sometimes the integration width would need to be too large in order
to obtain an adequate damping of the oscillations collected by the BP PSD
(due to its high time resolution) resulting in very few points in the final
PDD/OAR. This problem is present in particular with the OARs of smaller
fields, since their distribution is already composed by a small amount of
points, and it is characterized by steep rises and falls (as seen in Section 1.4
the plateau in the middle of the profile disappears).

Anyway, the choice of keeping s < w links each final point with its neighbors
in term of information, but does not lose it.

After this process, the dataset takes the appearance of the following graph.

Integrated and background subtracted

T T

1.2 T

0.8 1

0.4 -

Signal (AU)

_0'2 1 1 1 1 1 1 1 1

Figure 3.8: Integrated and background subtracted data from a PDD acquisition
with 0.6x0.6 cm? field and 6 MV WEFF energy.

3.2.2 Time-space domain conversion and interval definition

The next passage consists in extracting the real curve and converting it to the
space domain. Moreover, since the acquisition system starts the scanning from
the bottom of the phantom and goes upwards, the resulting PDD is reversed with
respect to the z coordinate, so it has to be mirrored.

The reference point that is used as the start of the distribution (having z=0)
is the tilt that appears at the last fall of the curve (see the detail in Figure
3.9). That happens because at the end of the acquisition run the detector holder
slightly emerges from the water surface, producing a spurious signal before the
irradiation gets shut off. That does not represent a rigorous reference point, but it
is the only point that we can base on to reconstruct the acquisition time window,
other than the d,,,, point.
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+z direction
/ 4
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Figure 3.9: Tilt detail from the integrated curve. Starting from there, the
spatial curve is reconstructed by having the positive depth direction running as
indicated.

A post-alignment can be performed referring to the maximum point, trying to
align the BP-PSD PDD d,,,,, with the microdiamond one. Actually, the method
that has been chosen to improve the starting point alignment is the trial of various
z=0 points in the tilt area marked in Figure 3.9. Among the found z values,
we kept the one that leads to a smaller percent difference with microdiamond
in the rise region, since it is the region which is the most affected by abscissa
misalignment (see Section 3.4).

Setting to 0 the abscissa value z of this point before the tilt, the new abscissa z;
of a point that previously had a time abscissa t is found using the formula:

2z =10 (to —t) [mm] (3.2)

where ¢ is the time abscissa corresponding to the zy point and 10 mm/s is the
scanning speed. Since from the water phantom movement system we know that
the total scan length is L ~320 mm, the curve is cut between [ty — L/10; ;] and
converted into a new curve having borders [0; L.
The result after this step is shown in Figure 3.10.
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Figure 3.10: Inverted and space converted data from a PDD acquisition with
0.6x0.6 cm? field and 6 MV WFF energy.

3.2.3 Smoothing and normalization

Smoothed and normalized

T T T T T T T

100 F ", 7

90+ . . 1

80 . i

60 : . .

PDD (%)

50 T 1

T
1

20

1 1 1 1 1 1 1

0 5 10 15 20 25 30
z(cm)

Figure 3.11: Final PDD data (after smoothing and normalization) from an
acquisition with 6x6 mm? field and 6 MV WFF energy.
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The last procedures to be performed are the smooth and the normalization.
The smoothing follows a local least square algorithm and can be tuned to fit lo-
cally to a polynomial of various degrees. In our case, a two degree polynomial is
found to be effective. Smoothing helps removing leftover "oscillations" and per-
mits to reach a distribution shape that can be compared with the other detectors’
data.

The normalization step is performed setting the maximum value at 100% and all
other points in percentage with respect to it.

The final result is shown in Figure 3.11.

The raw analysis process followed for OARs is very similar to the one just de-
scribed for PDDs, but in this case space inversion is not necessary and the refer-
ence point for both space conversion and normalization is the central point of the
distribution. Moreover, five integration windows instead of three are set, which
correspond to: the left tails, the left rise, the plateau, the right fall and the right
tails. Actually, the integration parameters of the baseline zones are chosen the
same for both left and right, and this is also true for the left rise and the right
fall zones.

3.3 Other detectors post processing

In the case of the microdiamond detector, the IBA Razor diode and the IBA
EFD3G unshielded diode, the post processing data refinement can be executed
with the support of the My QA-accept analysis software, leading to a much simpler
procedure. The following two operations! have been carried out:

1. The curve gets smoothed by an algorithm present in the My QA-accept
software;

2. The final distribution is obtained with a normalization (to the maximum
point for PDD and to the central one for OAR).

3.4 Detectors PDD and OAR comparison

3.4.1 Percentage Depth Doses results

Here are reported some examples of comparisons between the four detectors’
results for PDD distributions. The ones depicted are just illustrative to some
properties that are found to be common to all the PDDs analyzed. Those three
cases (1x1, 3x3, 10x10 cm? fields) are taken as they are representatives of very
small fields, small fields and standard fields.

To have a deeper understanding of the differences that are present among the
PDDs measured by the different detectors, a graph of percent gaps has been
plotted for each case too, keeping the microdiamond curve as the reference, since
it is considered as the most reliable detector in every analyzed situation.

IFor microdiamond only, more than one set of measurements was available, since multiple
sets have been acquired for other purposes. Then, as an additional passage, the mean among
the curves of each set has been performed.
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Figure 3.12: PDD comparison of the four detectors for a 1x1 cm? square field,
with 6 MV WFF energy.
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Figure 3.14: PDD comparison of the four detectors for a 3x3 cm? square field,
with 6 MV WFF energy.
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Figure 3.15: Percent differences between each detector PDD output and the
microdiamond detector for a 3x3 cm? square field, with 6 MV WEF energy.
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Figure 3.16: PDD comparison of the four detectors for a 10x10 cm? square
field, with 6 MV WFF energy.
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Figure 3.17: Percent differences between each detector PDD output and the
microdiamond detector for a 10x10 cm? square field, with 6 MV WFF energy.
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Figure 3.18: PDD comparison of the four detectors for a 1x1 cm? square field,
with 6 MV FFF energy.
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Figure 3.19: Percent differences between each detector PDD output and the
microdiamond detector for a 1x1 cm? square field, with 6 MV FFF energy.
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Figure 3.20: PDD comparison of the four detectors for a 3x3 cm? square field,
with 6 MV FFF energy.
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Figure 3.21: Percent differences between each detector PDD output and the
microdiamond detector for a 3x3 cm? square field, with 6 MV FFF energy.
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Figure 3.22: PDD comparison of the four detectors for a 10x10 cm? square
field, with 6 MV FFF energy.
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Figure 3.23: Percent differences between each detector PDD output and the
microdiamond detector for a 10x10 cm? square field, with 6 MV FFF energy.
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The percent differences graph are plotted starting from 1 cm. This is done to
include a narrow zone around the maximum of the PDD curve and focus the
attention on the zones beyond the rise region. In fact, staying in the region near
the maximum value of the PDD or going a bit deeper along z with respect to it,
the percent differences remain in the £2.5% range for each detector. However,
moving away from the d,,,, abscissa value implies a divergence that grows up to
~ +6% in the tail region, or even ~ +20% in the rise region, for some of the
detectors. This latter divergence is present in every analyzed situation, but in the
majority of the cases it is more pronounced for the BP-PSD rather than for the
diodes. The reason for this to happen is the fact that the rise region is the one
characterized by the steepest slope in the whole distribution. Because of that,
even a slight misalignment along the abscissa axis can lead to huge discrepancies
in the ordinate axis. For instance, we can consider that in the rise region the slope
of the PDD graphs takes values of ~20 %/mm. By this value, an x displacement
of just 0.5 mm would lead to a y gap of ~10%, which is around 10-20% of percent
difference between the height of two corresponding points in this region. This
is in accordance with the results we obtained in the % graphs. Moreover, an
alignment error of 0.5 mm or more is perfectly predictable and consistent with
the uncertainties analysis conducted in Section 3.6. These uncertainties are thus
inescapable, and for this reason the rise region is not of much interest for the
detectors comparison.

Regarding the zone around the maximum, the results are in good agreement with
the literature data [3] [11] [12] [21] and with the intrinsic structural differences
among the detectors, for which they will inevitably respond in a slightly different
way with respect to the others.

From the difference plots we can notice other trends which are worth discussing.

1. Considering the Razor diode, we can notice that its percent variations al-
ways stay within 2%, or even 1% for some particular cases and zones, and
thus present a better compatibility with the microdiamond than the other
two detectors. This is not a surprise for the 1x1 and 3x3 cm? fields, since
we know that the IBA Razor detector is best suited for small fields [3] [6]
[7] [8] [21]. Actually, even if we considered the rise region for the standard
fields, the Razor diode is the one that best matches the microdiamond de-
tector. This is justified by the construction characteristics of the diode,
such as its active volume [10] [26], which is much smaller than that of the
BP-PSD [11] and the EFD3G diode [10], but comparable to that of the
microdiamond [9] [25]. Therefore, the Razor diode allows a more accurate
reconstruction of this parts of the analyzed curves, similar to that obtained
with the microdiamond detector.

2. Considering the EFD3G diode, it shows a tendency to diverge towards
negative percent differences. For WFF beams this bias leads to % variations
that grow up to 3-4% in the deeper zone of the tail region, but in the FFF
case it gets more pronounced, reaching deviations of 6-7%. This may be
caused by a different response of the detector when exposed to higher dose
rates. In fact, as seen in Table 2.1, EFD3G diode is the one presenting the
higher dose per pulse dependence.

3. Considering BP-PSD, it mainly presents oscillating deviations in the +2%
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range, which get larger in some isolated cases (such as the 1x1 cm? field in
Figure 3.13, since for this specific field size the measurement may be affected
by MLC reproducibility issues). That happens more frequently for deeper
regions, but this tendency at higher z is shared among all the detectors.
An ulterior aspect that can be noticed is that, regarding FFF beams, BP-
PSD percent differences start deviating towards the upper side of the plots.
This may be caused by an enhanced response of the scintillator at higher
dose per pulse.

The construction characteristics details and how they affect the measurements
will be discussed in Chapter Discussion and Conclusions.

Another yardstick for PDDs comparison is the d,,,, parameter. The following
tables report the d,,., values evaluated for each energy, each detector and each
acquired field size during PDD measurements.

dyar values (mm) for 6 MV WFF energy
Field size (cmxcm)
Detector 0.6x0.6 | 1x1 | 2x2 | 3x3 | 5x5 | 10x10 | 30x30
BP PSD 11.6 13.7 | 159 | 159 | 164 14.3 14.0
PTW microdiamond 11.2 12.9 | 15.1 | 16.1 | 16.0 14.7 14.5
Razor diode 11.5 14.5 | 155 | 155 - 15.0 -
EFD3G diode 12.0 13.0 | 15.0 | 15.6 | 16.0 16.0 -

Table 3.1: d,,,. values for the WFF PDDs. "-" fills the tiles of the cases for
which the PDD was not acquired or is missing.

dyar values (mm) for 6 MV FFF energy
Field size (cmXxcm)
Detector 0.6x0.6 | 1x1 | 2x2 | 3x3 | 5x5 | 10x10 | 30x30
BP PSD 12.0 13.2 | 16.7 | 181 | 17.5 17.4 -
PTW microdiamond 12.2 14.1 | 16.5 | 182 | 174 17.3 16.5
Razor diode 11.0 14.0 | 16.0 | 17.5 - 18.0 -
EFD3G diode 11.0 125 | 155 | 17.0 | 16.5 17.0 -

Table 3.2: d,,,. values for the FFF PDDs. "-" fills the tiles of the cases for
which the PDD was not acquired or is missing.

For the microdiamond, the Razord diode and the EFD3G diode, d,,,, is calculated
by the My QA-accept software. On the other hand, in the case of BP-PSD, since
it is not integrated with the system and there are too few points around the
maximum to properly identify the d,,., abscissa, a second degree polynomial fit
is performed near the maximum of the curve, then the abscissa of the maximum
is taken as the best candidate for d,, ..

The d,,q. values for WFF and FFF beams at 6 MV energies, SSD = 90 c¢cm and
10x10 cm? field are respectively 15 mm and 17 mm. From Tables 3.1 and 3.2 it
is possible to notice that at some field sizes, in particular the smaller ones, the
computed d,,q, value tends to be smaller than the expected value. This happens
because for smaller fields partial source occlusion takes place, the fluence of the
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beam gets affected and as a result the PDD distribution slightly changes its
shape with respect to the standard fields cases. Indeed, this shift in the d,,..
value can be observed for 0.6x0.6 and 1x1 cm? square fields, whereas it begins
to be negligible from 2x2 field onward. Anyway, this bias seems to be present
for all the detectors at those two field sizes, with some isolated deviations, so it
is safe to assume that it is not a systematic error affecting only a single detector.
Overall, for each field size above the 1x1 cm?, all the d,,q, values evaluated with
the different detectors are compatible within a £0.5 mm range of maximum semi-
dispersion, with few exceptions.

Larger deviations were found for example for BP-PSD and EFD3G diode at 1x1
cm? field FFF. Those deviations and the variability that is noticed for the BP-
PSD results may again be a consequence of a misalignment of the distributions,
arising in particular by the BP-PSD post processing.

3.4.2 Off Axis Ratios results

The comparison for OAR distributions follows a similar route to the one adopted
for the PDDs. Here some examples of crossline and inline profiles comparison
among the four detectors are presented, followed by the respective percent differ-
ences graphs.

Coherently with the PDD case, the 1x1, 3x3 and 10x 10 cm? field sizes are taken
as the representatives, in order to analyze each field category (small, standard
and transient between the two). The 10x10 cm? field results will be presented
just for BP-PSD and the microdiamond detector, since for the others those OAR
were not acquired.
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Figure 3.24: Crossline OAR comparison of the four detectors for a 1x1 cm?
square field at a depth of 10 cm, with 6 MV WFF energy.
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Figure 3.25: Percent differences between each detector crossline OAR output
and the microdiamond detector for a 1x1 cm? square field at a depth of 10 cm,
with 6 MV WFF energy.
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Figure 3.26: Inline OAR comparison of the four detectors for a 1x1 cm? square
field at a depth of 10 cm, with 6 MV WFF energy.
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Figure 3.27: Percent differences between each detector inline OAR output and
the microdiamond detector for a 1x1 cm? square field at a depth of 10 cm, with
6 MV WFF energy.
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Figure 3.28: Crossline OAR comparison of the four detectors for a 3x3 cm?
square field at a depth of 10 cm, with 6 MV WFF energy.
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Figure 3.29: Percent differences between each detector crossline OAR output

and the microdiamond detector for a 3x3 cm? square field at a depth of 10 cm,
with 6 MV WFF energy.
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Figure 3.30: Inline OAR comparison of the four detectors for a 3x3 cm? square
field at a depth of 10 cm, with 6 MV WFF energy.
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Figure 3.31: Percent differences between each detector inline OAR output and
the microdiamond detector for a 3x3 cm? square field at a depth of 10 cm, with

6 MV WFF energy.
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Figure 3.32: Crossline OAR comparison of the four detectors for a 10x10 cm?
square field at a depth of 10 cm, with 6 MV WFF energy.
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Figure 3.33: Percent differences between each detector crossline OAR output
and the microdiamond detector for a 10x10 cm? square field at a depth of 10 cm,
with 6 MV WFF energy.
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Figure 3.34: Inline OAR comparison of the four detectors for a 10x10 cm?
square field at a depth of 10 cm, with 6 MV WFF energy.
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Figure 3.35: Percent differences between each detector inline OAR output and

the microdiamond detector for a 10x10 cm
with 6 MV WFF energy.
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Figure 3.36: Crossline OAR comparison of the four detectors for a 1x1 cm?
square field at a depth of 10 cm, with 6 MV FFF energy.
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Figure 3.37: Percent differences between each detector crossline OAR output
and the microdiamond detector for a 1x1 cm? square field at a depth of 10 cm,
with 6 MV FFF energy.
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Figure 3.38: Inline OAR comparison of the four detectors for a 1x1 cm? square
field at a depth of 10 cm, with 6 MV FFF energy.
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Figure 3.39: Percent differences between each detector inline OAR output and
the microdiamond detector for a 1x1 cm? square field at a depth of 10 cm, with
6 MV FFF energy.
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Figure 3.40: Crossline OAR comparison of the four detectors for a 3x3 cm?
square field at a depth of 10 cm, with 6 MV FFF energy.
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Figure 3.41: Percent differences between each detector crossline OAR output
and the microdiamond detector for a 3x3 cm? square field at a depth of 10 cm,
with 6 MV FFF energy.
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Figure 3.42: Inline OAR comparison of the four detectors for a 3x3 cm? square
field at a depth of 10 cm, with 6 MV FFF energy.
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Figure 3.43: Percent differences between each detector inline OAR output and
the microdiamond detector for a 3x3 cm? square field at a depth of 10 cm, with

6 MV FFF energy.
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Figure 3.44: Crossline OAR comparison of the four detectors for a 10x10 cm?
square field at a depth of 10 cm, with 6 MV FFF energy.
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Figure 3.45: Percent differences between each detector crossline OAR output
and the microdiamond detector for a 10x10 cm? square field at a depth of 10 cm,
with 6 MV FFF energy.
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Figure 3.46: Inline OAR comparison of the four detectors for a 10x10 cm?
square field at a depth of 10 cm, with 6 MV FFF energy.
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Figure 3.47: Percent differences between each detector inline OAR output and

the microdiamond detector for a 10x10 cm
with 6 MV FFF energy.
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As happened in the PDD case, the percent differences plots have been restricted
to a smaller interval with respect to the full x/y-span of the corresponding profile,
in particular they have been confined in a symmetric interval having a width equal
to the nominal square field size. This choice has been made since the rise regions
are once again affected by extremely high deviations for every single detector.
Moreover, the tail zones near the baseline of the OARs are characterized by very
large % differences, too (of the order of 40-70%). This happens because in those
zones the values to be compared are really low, thus even a small height variation
translates in a large % difference. That does not provide us any useful information
and therefore the baseline intervals are discarded to allow us to focus on the
central part of the profiles. Actually, it is undeniable that the baseline zones
present some non-negligible deviations, in particular in the case of the BP-PSD,
but for this specific case they may be caused by a bad background subtraction.
In fact, it was found that OAR tails collected using the Blue Physics scintillator
happen to be systematically lower than the other detectors ones, specifically for
the larger field sizes. A probable explanation is that the background subtraction
procedure described in Section 3.2 leads to inaccurate results for points that are
close to the baseline level when the Cerenkov signal has a considerable magnitude,
as happens for standard fields, occasionally causing "disruptions" in the OARs
graph reconstruction. For instance, those issues about background subtraction
are the reason why the BP-PSD OAR data for the WFF inline 30x30 cm? field
had to be discarded.

Analyzing the main body of the distributions, some considerations can be made.

1. In the plateau, almost every detector for every analyzed situation agrees
with the microdiamond results in a range of 1%, which gets even better in
some portions of the graphs (< +0.5%). This is in part due to the opposite
condition that was holding for the baseline points, since this time they
possess an y coordinate approximately 100 times higher than the previous
case. For this reason, their "sensibility" to height variation is considerably
lower. However, this is an indicator that the shape of the distribution is
not affected in that part of the graphs.

2. The distributions tend to start deviating from the reference one when ap-
proaching the "shoulders" zone, just before the effective falling and the
penumbrae/tails zones. There, the percent deviations grow to values around
5-10%. For flat plateaus, such as the ones of standard fields, this may be
caused by a slope change in the graphs that emphasizes all the misalignment
issues, while for smaller fields the slope argument holds even for points near
the center of the OAR, thus making them more prone to large deviations
apparition.

3. Smaller fields lose the good compatibility of the central body relatively early
with respect to standard fields. This can be noticed by observing the graphs
about the 1x1 cm? field, whose points start deviating from the +1% range
already for distances from the center larger than 3 mm (see Figures 3.27
and 3.39 as an example). 3x3 cm? field also shows this tendency, besides
being less pronounced. In addition, the deviations at the borders get really
large for those field sizes.
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Points (2) and (3) are particularly marked for BP-PSD, making it the least com-
patible detector with the PTW microdiamond in the shoulders, rise and penum-
brae/tail regions. Again, the misalignment issues in the BP-PSD post processing
concur to this result. This assumption is furthermore reinforced by the fact that,
in most of BP-PSD percent differences graphs, deviations from the microdia-
mond detector in the left and right outer regions take an opposite sign. This is
the symptom of a directional shift of the BP-PSD curve with respect to the ref-
erence one, which arises a different polarity bias on the two sides. Asymmetries
of this kind are also shown by other detectors, nevertheless BP-PSD is the most
prone to this type of uncertainties due to its less precise post processing.

As the last consideration, BP-PSD is the detector with the largest active vol-
ume among all the others, as can be noticed by Table 2.1, so it is intrinsically less
precise in the falls and penumbrae determination due to volume averaging effects.

An important parameter about WFF OAR distributions is their FWHM. We
know that in theory it should reflect the nominal field width, apart from the
smaller fields which are supposed to have a FWHM that is larger than their nom-
inal field size because of radiation source partial occlusion. The values calculated
for all the profiles (both inline and crossline) are written in the tables below.

FWHM values (mm) for crossline OAR WFF
Field size (cmXxcm)
Detector 0.6x0.6 | 1x1 | 2x2 | 3x3 | 5x5 | 10x10 | 30x30
BP PSD 7.3 10.7 | 204 | 30.7 | 50.7 101 301
PTW microdiamond 7.2 10.7 | 20.6 | 30.7 | 50.7 101 302
Razor diode 7.3 10.8 | 20.6 | 30.6 - - -
EFD3G diode 7.5 10.8 | 20.5 | 30.7 - - -

Table 3.3: FWHM values (in mm) for the WFF crossline OARs. "-" fills the
tiles of the cases for which the OAR was not acquired or is missing.

FWHM values (mm) for inline OAR WFF
Field size (cmxcm)
Detector 0.6x0.6 | 1x1 | 2x2 | 3x3 | 5x5 | 10x10 | 30x30
BP PSD 6.5 10.1 | 20.3 | 30.6 | 50.4 100 300
PTW microdiamond 6.2 9.7 | 19.9 | 30.1 | 50.5 100 300
Razor diode 6.1 10.2 | 20.5 | 30.3 - - -
EFD3G diode 6.0 10.1 | 20.0 | 30.1 - - -

Table 3.4: FWHM values (in mm) for the WFF inline OARs. "-" fills the tiles
of the cases for which the OAR was not acquired or is missing.

All the detectors seem to agree in the FWHM values with a good compatibility
(their values have a maximum semi-dispersion of the order of £0.3% for standard
fields, £4% for smaller fields).This agreement occurs because the width mea-
surement is not affected by the majority of the issues and errors that have been
encountered previously. For instance, a misalignment of the distributions dur-
ing the post processing workflow cannot interfere with the FWHM measurement
since all the points get shifted rigidly in the same direction along the abscissa
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axis.

A noticeable fact is that the FWHM values, whatever the detector used, are
evidently higher in the crossline direction than in the inline direction. This is
coherent with our measurement system and our LINAC construction, since the
collimators in the two directions are of different types (MLC for the crossline and
block collimator for the inline), leading to a slightly different OAR shaping.
From the FWHM it is possible to calculate the S.;, value for the various field
widths [4]. We remind that they are calculated as the geometrical mean between
the crossline and the inline FWHM, so following the formula:

Sclz'n — Wcross ' Wz (33>

where W,,.ss and W, are indeed the FWHM in the crossline and inline directions.
The results are listed in the table below.

Seiin. values (mm) for WFF beam
Field size (cmxcm)
Detector 0.6x0.6 | 1x1 | 2x2 | 3x3 | 5x5 | 10x10 | 30x30
BP PSD 6.9 10.4 | 20.4 | 30.7 | 50.6 101 301
PTW microdiamond 6.7 10.2 | 20.3 | 30.4 | 50.6 101 301
Razor diode 6.7 10.5 | 20.6 | 30.5 - - -
EFD3G diode 6.7 10.4 | 20.3 | 30.4 - - -

Table 3.5: S, values for WFF beam. "-" fills the tiles of the cases for which
the OARs were not acquired or are missing.

For small fields, we expect the S.;, value to result bigger than the nominal field
width. This is verified in particular for the smaller field, the 0.6x0.6 cm?, for
which the deviation between the Sg;, value and the nominal value is of the order
of 10%, but is also appreciable for the 1x1 cm? field size, having a deviation of
~4% for each detector (apart for the microdiamond whose result is a bit lower).
On the other hand, for larger field widths the difference decreases down to a min-
imum of ~0.3% for the 30x30 cm? square field. This is in agreement with our

expectations and therefore we can say that this OAR characteristic is respected
even by the BP-PSD.

The last comparison is about the penumbrae width. For WFF beams, they are
defined as the difference between the abscissa corresponding to an ordinate of
80% of the maximum height and the abscissa corresponding to an ordinate of
20% of the maximum height (those two abscissas are taken on the same side with
respect to the central axis of the OAR, arising the distinction between left and
right penumbra). This is another parameter that is influenced by small fields
features. The left /right penumbrae values are reported in Tables 3.6 and 3.7.
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Penumbrae values (mm-mm) for crossline OAR WFF
Field size (cmXxcm)
Detector 0.6x0.6 | 1x1 2x2 3Ix3 5x5 | 10x10 | 30x30
BP PSD 3.7-3.8 | 4.0-42 | 49-4.45.0-5.8 | 5.8-5.8 | 7.5-6.0 | 8.2-9.2
PTW microdiamond | 3.6-3.5 | 4.1-4.0 | 4.7-4.6 | 5.0-4.9 | 5.5-5.3 | 6.2-6.1 | 8.7-8.5
Razor diode 3.7-3.3 | 4.1-3.9 | 4.6-44 | 4.8-4.7 - - -
EFD3G diode 3.8-3.6 | 434148475149 - - -
Table 3.6: Left-right penumbrae values for the WFF crossline OARs. "-" fills
the tiles of the cases for which the OAR was not acquired or is missing.
Penumbrae values (mm-mm) for inline OAR WFF
Field size (cmxcm)
Detector 0.6x0.6 | 1x1 2x2 3Ix3 5x5 | 10x10 | 30x30
BP PSD 2.5-2.6 | 3.0-2.9 | 3.0-3.1 | 3.7-4.0 | 4.7-4.9 | 4.7-5.5 -
PTW microdiamond | 2.6-2.6 | 2.9-2.9 | 3.3-3.3 | 3.6-3.5 | 4.0-4.0 | 4.8-4.7 | 6.9-7.1
Razor diode 24-24 |2.6-2.6 | 3.1-3.0 | 3.2-3.2 - - -
EFD3G diode 2.5-25 | 2.829 | 3.2-3.2 | 3.5-3.5 - - -

Table 3.7: Left-right penumbrae values for the WFF inline OARs. "-" fills the
tiles of the cases for which the OAR was not acquired or is missing.

Penumbrae are the most detector-dependent parameter, since the characteristics
of the detector and its active volume shape and width greatly influence them.
Microdiamond detectors and diodes are among the most suitable and precise de-
tectors for penumbrae determination, indeed the values obtained from them do
not differ too much (order of few %), although the Razor diode tends to exhibit
values systematically lower than the other two detectors ones. Another feature is
that among these three detectors there are no major discrepancies for the deter-
mination of the larger penumbra (between the left and right penumbrae results).
On the other hand, BP-PSD often disagrees for the largest penumbra, and some-
times presents some non-negligible deviations and asymmetries. However, its
values are overall coherent with those of the other detectors.

We point out that the FWHM and the penumbra width are defined as shown
in this Section only for WFF beams. The esteem for FFF beams would need a
dedicated and more complex calculation that falls beyond the scope of this thesis

27].

3.5 Field Output Factors results

3.5.1 Small fields correction factors

In small field dosimetry, one has to take into account all the issues discussed
in Section 1.4. In particular, absolute dose measurements and field output factors
need to include a factor to account for those divergences [4].

IAEA TRS-483 Code of Practice provides a formalism and a list of correction
factors, named kgél"né"m””r [5]. These values depend on the Machine Specific Ref-
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erences (msr) and the clinical conditions (clin), and thus vary from detector to
detector, from field to field (f) and from beam quality to beam quality (Q).

For conventional radiotherapy machines, the reference field is a 10x10 cm? size
and the reference condition is to place the detector 100 cm SDD (Source to De-
tector Distance) or SSD (Source to Surface Distance) and 10 cm underwater (on
the central axis of the field).

TABLE 26. FIELD OUTPUT CORRECTION FACTORS kfﬂ-“;g FOR FIELDS COLLIMATED BY AN MLC OR SRS
CONE AT 6 MV WFF AND FFF MACHINES, AS A FUNCTION OF THE EQUIVALENT SQUARE FIELD SIZE (cont.)

Equivalent square field size, S, (cm)

Detector

80 60 40 30 5 0 13 12 10 08 06 05 04
Eeal time solid state dosimeters
IBA PFD3G shielded diode 1.000 1.000 0993 0995 0992 0986 0976 096&% 0961 0952 — — —
IBA EFD3G unshielded diode 1.005 1.009 1.014 1.016 1.016 1.013 1.012 1008 1004 0998 (988 0983 0976

IBA SFD unshielded diode (stereotactic) 1.008 1.017 1.02% 1029 1031 1032 1030 1.025 1.018 1.007 0990 0978 0963

PTW 60008 zhielded diode 1.000 1.000 1.000 0992 0995 0990 0977 0962 — — — — —
PTW 60012 unshielded diode 1.00F 1.010 1013 1.017 1017 1016 1010 1003 0996 098% 0970 0960 —
PTW 60016 shielded dicde 1.000 1.000 0.999 0.995 0.991 0984 0970 093 — — — — —
PTW 60017 unshielded diode 1.004 1.007 1010 1011 1011 1008 1002 0994 0986 0976 0961 0932 —

PTW 60018 unshielded diode (sterectactic) 1.004 1.007 1010 1011 1009 1006 0998 0990 0983 0973 0960 0932 —
PTW 60003 natural diamond 1.000 1.000 1.000 1.000 1000 1000 1000 1001 1003 1.009 1026 1045 —

PTW 60019 CVD diamond 1.000 1.000 1.000 1.000 0999 0997 0993 09290 0984 0977 0968 0962 0933

L
=

Figure 3.48: Example of correction factors table from IAEA TRS-483 Code of
Practice.

In the table shown in Figure 3.48 it is possible to appreciate that kfll"nfé”mTT

values are given as a function of S, (called "equivalent square field size"), not
the nominal field size.

k values modify the calculations for absolute dosimetry and FOF. The latter
appear in dosimetry calculations as:

fclzn f'ms’r fclinvf'ms’r'

D w,Qclin Dwansr ) Qchinansr (34)
where D/ w6, 15 the absorbed dose to water at a reference point in a water phan-
tom for a clinical field f.;, of quality ().;, and in the absence of the dosimeter.
DT{)’“;ST is the reference dose in water. Q/cimfmer g indeed the FOF, which is

chianmsv'
normally calculated as:
Mfclin
fclinvfmsr _ M
Qchianmsr - Mfms'r (35)

msr

where M are the readings of the dosimeter.
The correction factor is applied by a simple multiplication:

fclin clzn fclzn fclin
fclin:fmsr‘ _ Mchin . »chzn/ chzn _ Mchin . fclin’fmsr
Qfstim S ~ sl (3.6)
clin,«<msr Mémsr Dfmmn /Mfmsr Mfmsr clins«msr

The term inside the square brackets is usually obtained by Montecarlo simulations
and it corresponds to the kéll”n%“mrr correction factor provided by the IAEA TRS-
483 Code of Practice [5].
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During the analysis, correction factors have been taken by the IAEA document

for the used detectors (Section 2.2), with the exception of the IBA Razor diode

and BP-PSD. The correction factor of the IBA Razor diode is not listed in the

IAEA TRS-483 and it was found in the literature [6] [7] [8], while BP-PSD is

supposed to have negligible corrections [11] [12].

For each detector apart from BP-PSD, the k:gg;%zzr are calculated with respect

to their S, value written in Table 3.5.

The TRS 483 document and the existing literature provide the correction factors

for some specific values of S;,, as seen in the example in Figure 3.48. To obtain
/ CZZ"nf oo for an Suuy sitting between two listed values, a third degree polynomial

fit has been computed on a certain range of equivalent field sizes, obtaining the

correction factor for any S.;, needed in that range.

Here a plot of an example fit is provided.

k value fit for PTW microdiamond

1 T T T T T T T T T

0.995

0.99 r

0.985
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0.97
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0.96 [

0.955

095 1 1 1 1 1 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
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clin

Figure 3.49: k fit plot for PTW microdiamond in the S, range 0.4-2 cm. The
calculated R? value is 0.9999.

3.5.2 FOF calculation

For each field and each detector, a series of 4 measurement has been acquired,
and then their arithmetic mean has been kept. More sets of reference field MC’;ZZ:
have been acquired in-between the measurements, and each time the Equation
3.5 ratio has been computed using Mg;ccll”; and its time-closest MCJ;Z: acquisition
in order to avoid environmental influences as much as possible. Then, the results
are corrected by the multiplication with the proper correction factor, found by
the procedure described in the previous section.

The corrected FOFs are plotted hereafter, as a function of the nominal field size.
The choice not to use Sclin is made because in this way it is easier to compare
results from different detectors. Moreover, the S.;, values are deeply connected to
the LINAC characteristics, specifically to the collimation structure, so to compare
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our results with the literature ones it is advisable to maintain the nominal field
size dependence.

Field Output Factors 6MV WFF
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% EFD3G diode
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Figure 3.50: 6 MV WFF FOF results for each analyzed detector and field sizes
from 0.6x0.6 cm? to 5x5 cm?. The size of the square field in cm is shown in
abscissa. The errorbars are not displayed since they would result graphically too
small.
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Figure 3.51: 6 MV FFF FOF results for each analyzed detector and field sizes
from 0.6x0.6 cm? to 5x5 cm?. The size of the square field in cm is shown in
abscissa. The errorbars are not displayed since they would result graphically too
small.
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As can be appreciated from the figures above, the results are very similar for each
considered field and in both energy cases. The worst compatibilities are found in
the FFF case, where the values are more widespread, in particular for the 0.6 x0.6
cm? field (and even in this case the maximum deviation stays within 6%). The
BP-PSD FOFs tend to be generically higher than the other ones. In any case,
the overall results are lined up with the preexisting literature [11] [12].

3.6 Uncertainties discussion

During data analysis, and in particular during the post processing procedures for
BP-PSD raw data, some sources of uncertainties are encountered. By definition,
we can distinguish:

e Type A uncertainties, which are the ones connected to the statistic of our
system (so for instance coming from the repeated measurements of a specific
quantity).

e Type B uncertainties, which refer to other sources of errors, such as sys-
tematic errors that may affect the final results.

Regarding this thesis work, the predominant type is certainly the B type. The
only instance where A type uncertainties are found is the FOF acquisition, since
in that case series of 4 consecutive measures were taken. Furthermore, other
measurement sets have been acquired in order to refine those uncertainties (see
the final part of Section 3.6.1) [28].

3.6.1 FOF uncertainties

We can esteem the type A errors associated with the FOF calculations by com-
puting the standard deviation of each set of 4 measures. Then, since FOF first
computation follows Equation 3.5, we must propagate the errors for the measure
of each field with the one of the 10x10 cm? field.

Following the notation of Equation 3.5, the numerical results for Mg“cl;’; and their
standard deviations are shown in the following tables as an example only for
the EFD3G case, which is the detector whose results diverge the most from the
others.

M results (nC) with associated o for EFD3G

Field size (cmxcm)
Beam energy | 0.6x0.6 10x10 1x1 10x10
6 MV WEFF 60.5+0.3 | 114.0+£0.1 | 77.2+0.1 | 114.0£0.1
6 MV FFF 120.740.1 | 233.9£0.1 | 160.6+0.3 | 233.640.1

Table 3.8: M results for the EFD3G diode with WFF and FFF beams.
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M results (nC) with associated ¢ for EFD3G (cont.)
Field size (cmxcm)
Beam energy 2x2 3x3 10x10 5x5
6 MV WFF 89.5+0.1 | 94.440.1 | 113.840.1 | 101.6+£0.1
6 MV FFF 189.7£0.1 | 200.5+0.2 | 233.6+0.1 | 213.3£0.1

Table 3.9: Continue of Table 3.8.

Table 3.9 is a continuation of Table 3.8.

We recall that in Table 3.8 and 3.9 multiple 10x10 cm? results appear because
more reference field acquisitions were carried out. The order of the tables, from
left to right, matches the temporal order of the acquisitions. The ratio calcula-
tions will be conducted between a field size measure and the closest 10x10 cm?
measure.

After applying Equation 3.5, we need to propagate the errors on the specific field
size measure and on the reference one (which will be called M, and M,,,s, respec-
tively, to lighten the notation). So, assuming the two measures to be statistically
independent, the uncertainty associated with the non-corrected FOF (£2) given
by their ratio is found through the formula:

B 09 ? L (99 2
70 = 8A]\4clin Mot a]\477157’ 7 Mrner
— Q. ] TMeiin i 1 OMmsr i
Mclin Mmsr

We thus get that the relative error on €2 is the quadratic sum of the relative errors

on M., and M,,e.
The results for the non-corrected FOF are listed below.

(3.7)

2 results with associated o for EFD3G

Field size (cmxcm)

Beam energy 0.6x0.6 1x1 2x2 3x3

5x5H

6 MV WFE | 0.531£0.003 | 0.67840.001 | 0.785+0.001 | 0.82940.001 | 0.893+0.001

6 MV FFF 0.516£0.001 | 0.68740.002 | 0.812+0.001 | 0.859£0.001 | 0.913+0.001

Table 3.10:  results for the EFD3G diode with WFF and FFF beams. () are
dimensionless.

To calculate the final FOF uncertainties we need to know the type B errors
associated with the correction factors. TAEA TRS-483 provides a directory where
all the /{:éll"nfngT uncertainties are listed [5]. They are exhibited as percent errors,
and in our case of interest they span from 4:0.7% for the 0.6x0.6 cm? field to
+0.3 for the 5x5 cm? field. Since the FOF is found by a simple multiplication,
as in the previous propagation the final relative error is the quadratic sum of the
kletinfmer and the Q uncertainties. The final results are listed in the following

clin,<&msr

table.
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FOF results with associated ¢ for EFD3G

Field size (cmxcm)

Beam energy 0.6x0.6 1x1 2x2 3x3 5x5

6 MV WFFE | 0.5274£0.005 | 0.68140.004 | 0.79740.003 | 0.84240.004 | 0.903+0.003

6 MV FFF 0.5124+0.004 | 0.690£0.004 | 0.824+£0.003 | 0.872+0.004 | 0.92440.003

Table 3.11: FOF results for the EFD3G diode with WFF and FFF beams. FOF
are dimensionless.

We can notice that the uncertainties on those values result very low, of the order
of 1% at most, and this is the reason why in Figures 3.50 and 3.51 the error bars
are omitted. The other detectors results are similar to these regarding the order of
magnitude of the errors. Therefore, we cannot explain the larger differences that
we encountered for some field sizes between the detectors couples just by taking
into consideration the standard deviation of our samples and the relative errors
attached to the k values. It is thus clear that additional sources of uncertainties
should be seek in order to refine our calculations, such as: MLC leaves positioning
(type A uncertainty), detector positioning and detector alignment angle (type B
uncertainties) [28].

e Regarding the MLC leaves positioning reproducibility, a set of repeated
measures was performed. In particular, using the microdiamond detector
(since this uncertainty is thought to be only machine related), a series of
(2 measures have been acquired by repeatedly opening and closing the col-
limators between the measurements. The chosen field for this procedure is
the 0.6x0.6 cm?, since it is the smallest field analyzed and the MLC repro-
ducibility should affect it the most. The result is interpreted as a maximum
error for standard fields.

We obtained a relative error (calculated by the standard deviation of the
collected sample) of 1%.

e For EFD3G, x/y detector positioning is based on the CAX protocol. It

consists in the acquisition of four different OAR profiles, in order to correct
for the shift that may be present between their centroids, as well as any
possible angle.
We can estimate that the uncertainty associated to each OAR centroid ac-
quisition is of the order of the nominal positioning accuracy of the water
phantom (which is 0.1 mm) plus an error due to the "hysteresis" gener-
ated by successive command administrations (indeed, the water phantom
detector holder tends to bias towards the direction that was imposed by
the immediately precedent command, because of motors tolerances). We
consider this error to be of the same order of the previous one. Then, we are
able to sum all of these errors quadratically (one time for each occurrence
in the CAX protocol), and finally, considering the average slope of a PDD
at 10 cm depth to be ~0.5%/mm, we get that the order of magnitude of the
relative error committed in the x/y alignment procedure is 0.5% (rounded
up to include the angle uncertainty too) (we followed a similar reasoning
to the one adopted during the PDDs results discussion, in Section 3.4.1).
This is in agreement with other similar studies existing in literature [4].
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For the z coordinate, the positioning is performed by a first water surface
alignment with the help of a plastic cap with a mark to sign the detector
active volume location, and then a rigid shift to the desired depth (which is
10 em for FOF acquisitions). The total uncertainty will thus be composed
by the error committed by the operator (which can be estimated to be of the
order of 2 mm) and the water phantom positioning accuracy. In total, also
including the hysteresis of the movement, we get a percent error ~1.1%.
Summing the x/y and the z uncertainties quadratically, we get that the
total detector positioning error has a value of approximately 1.2%.

Overall, considering the order of magnitude of those calculated uncertainties and
summing them quadratically with the statistical ones obtained in Table 3.11, we
get that the total error lays in the range of 2-3%. This is in good agreement with
our results, since the maximum deviation obtained in the previous FOF compu-
tation (Section 3.5.2) is of the order of 6% (which coincides with two times the
maximum estimated error).

3.6.2 PDD and OAR uncertainties

PDDs and OARs uncertainties are more challenging to evaluate, since the pro-
cedure to obtain one of those relative dose distributions is much more complex
than that for FOFs, expecially for BP-PSD.

Among the analyzed detectors, the post processing applied to BP-PSD measure-
ments is surely the most error-prone, since it relies on various passages that add
a lot of uncertainties. This procedure would not be necessary if the detector was
integrated with the whole movement /acquisition system, as the other detectors
are. In this section we will focus on these passages trying to make an esteem of
the magnitude of the errors that may arise from them.

1. Background subtraction. As previously said in the case of the WFF
inline OAR for the 30x30 cm? field, fatal errors may arise from this step
if the background is miscalculated. In particular, regarding OARs, the
background estimation procedure conducted in this work does not take into
account the possibility that the background may vary passing from the
left to the right side of the acquisition dataset, with respect to the main
OAR profile graph. In fact, all the background subtraction is based on the
assumption that the zone from which it is calculated is free from radiation
and representative of the whole scanning space, and that the detector is
moving at the same speed at which the main acquisition will be conducted.
Depending on the shape of the raw data, the background zone was chosen
in the proximity of the beginning of the measurement or of its end, when
the detector is supposed to be outside the radiation field. However, it is
not guaranteed that all the previously listed conditions are met.

As an example, the raw data plot of the crossline OAR WFF for the 30x30
cm? is shown in the following figure.
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Raw Data OAR crossline 6 MV WFF 30x30 cm?

Signal+Cerenkov
Cerenkov

Signal (AU)
[op]

A0t

Figure 3.52: Raw data from the BP-PSD detector for a crossline OAR acquisi-
tion with 30x30 cm? field and 6 MV WFF energy. Notice that the background
inside the drawn boxes is different for each color. Black and green are actually
near the penumbrae, thus they are on the tails of the OAR and are affected by
the radiation of the field, while pinks represent a situation without any radiation
(the beam delivery is switched off). Nevertheless, even the black and green boxes
slightly differ for the background.

The uncertainty in the case of Figure 3.52 does not lead to the complete
disruption of the OAR construction procedure, but severely influences the
divergences with respect to the microdiamond OAR, in particular in the
tail zones. Furthermore, it is found that the tails divergences tend to be-
come higher for larger field sizes, where Cerenkov spurious signal gets more
dominant. Moreover, in general, the detector response to low particle fluxes
could also influence its behavior at the tail points.

Referring to the case above, it is found that ACR-corrected background at
the right side of the profile is approximately 3 times larger than the left
side one. Because of that, the errors of the tail points (which have a value
comparable with the background itself) can ideally reach a systematic rel-
ative error of the order of 100%.

All of these issues could be solved by performing an empty acquisition, with
the radiation turned off. However, this does not count for Cerenkov signal
presence (which is found to be relevant for background determination), so
it would be advisable to perform background measurements with the radia-
tion turned on. On the other hand, this requires the integration of BP-PSD
with the movement and acquisition system, in order to be aware of the
system conditions during the background acquisition.

2. Integration. This step may lead to minor errors when the integration
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window covers a zone with rapid-varying slope. The wider the integra-
tion window (to avoid fluctuations due to BP-PSD high time resolution),
the more unwanted averaging-effects are collected (for instance, smoothed
OAR shoulders or deformed penumbrae).

Considering a time integration width of 50 points, which correspond to
~0.04 s due to BP-PSD time resolution, and the speed of the detector
movement as 10 mm/s, the corresponding space interval will be 0.4 mm.
This translates in an error due to averaging effects that as first approxi-
mation we can consider proportional to the slope variation in that interval
multiplied by its width. Supposing a maximum slope rate of change (second
derivative) of approximately 2% /mm?, we thus get an error of the order of

0.3%.

. Alignment. The main phase of alignment occurs when looking for a refer-

ence point for the PDD or OAR graph. Without any fixed references, the
starting point choice for the curve reconstruction is bound to algorithms
such as maximume-likelihood or least-square methods. However, these meth-
ods often require an external reference curve, which will make the process
not self consistent.

Even with a precise starting point identification, the alignment uncertainty
is nourished by the error coming from the detector alignment. Because the
CAX protocol is not applicable, BP-PSD alignment is based on the manual
process described in Section 2.3.1. By how it works, the operator needs to
mark two abscissa values in order to calculate their midpoint, which is an
esteem of the shift to be applied to realign the detector with the system
isocenter. Each time, the movement system tolerance imposes a position
uncertainty of 0.1 mm (nominal value of the water phantom servo control)
plus its "hysteresis" error, which we must add to the operator-linked errors
when setting the cursors on the BlueSoft software. Considering a lower
bound for these errors of the order of 1-1.5 mm and quadratically summing
all the errors, we get a minimum x/y displacement error of the order of
2 mm. The z alignment uncertainty is estimated to be of the same or-
der of magnitude, since BP-PSD is not equipped with the plastic cap that
helps to align the other detectors. As seen in Section 3.4.1, an abscissa
displacement of some mm is more than enough to cause large ordinate per-
cent divergences, specifically in the graph regions characterized by higher
slopes. For example, given the 2 mm displacement calculated, a shoulder
region characterized by a 5% /mm slope can reach an ordinate displacement
of 10%, which corresponds to a similar relative error.

In the end, we found that the background subtraction leads to large uncertainties
only in the tail zones, concurring to the large deviations noticeable between the
microdiamond and the BP-PSD tails, whereas its contribution gets negligible in
the other OAR parts or for the PDDs. Integration width does not play any major
role, neither in the OAR plateau (where the averaging effects are close to zero)
nor in the zones characterized by higher slope changes (for which the error does
not even reach the order of 1%). The alignment seems to be the major contributor
to the total uncertainty, with a relative error that can become of the order of 10%
for the steepest regions.






Discussion and Conclusions

In this work, we analyzed the characteristics and the properties of the new BP-
PSD, comparing it with some other detectors (PTW microdiamond, IBA Razor
diode and IBA EFD3G unshielded diode). The results regarding the comparisons
of PDDs, OARs and FOFs (conducted in Chapter 3), in addition to the consid-
erations made about the acquisition and post processing procedures, brought to
light some positive aspects and some aspects to be improved regarding the BP
scintillator.

In particular, the advantages that have been noticed in the use of the BP-PSD
are the following:

1. With respect to the other plastic scintillators currently commercially avail-
able (whose representatives are the Exradin W1 and W2 plastic scintillators
[24]), BP-PSD presents a much simpler method of Cerenkov light subtrac-
tion: once it is installed integrally with the whole acquisition apparatus,
its ACR calibration exploits very simple formulas and procedures to obtain
an efficient Cerenkov subtraction even at higher field dimensions, whereas
preexisting scintillators would need a geometrically complex cable setup
to obtain the same calibration. Indeed, Cerenkov light calibration for W1
and W2 scintillators is based on the comparison between a configuration
in which the fiber cable is completely out of field, and the opposite con-
figuration in which the cable is coiled inside the radiation field, leading to
intricate setups [24].

2. Its simple setup and high time resolution allow a quicker and more linear ac-
quisition with respect to traditional dosimeters, which may be useful to per-
form rapid consecutive measurements spending very little time. This could
become particularly useful in a Commissioning circumstance, for which the
time required to acquire large sets of measurements is often an issue [1].

3. Its good linear response and stability when exposed to different deliv-
ered dose values and dose rates make BP-PSD a versatile choice that can
show good performances in a wide range of situations, including small field
dosimetry, where its response deviations are limited and controllable.
Moreover, its hardware frame is configured to guarantee flexibility and
adaptability by the exploiting of modular cartridges and the adjustments
on the analogical data acquisition components.

4. It possesses an extremely high time resolution, which can make it suitable
for modern radiotherapy techniques which are based on high dose delivery
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in a short time interval, such as the FLASH radiotherapy (FLASH-RT).

5. Its results regarding the FOFs measurements show that the correction fac-
tors needed to adjust its response in a small field circumstance are equal to
unity, making it a good reference in this particular frame.

From the discussions in the previous chapter, some improvable aspects have been
noticed, too. They refer to the following issues:

1. BP-PSD is not yet integrated with all the commercially available water
phantom systems. In our specific case, the fact that it was not possible
to rely on the Blue Phantom movement and acquisition system during the
measurements with BP-PSD led to problems and uncertainties during the
analysis. Moreover, some of the advantages previously described can only
be exploited only if the whole system is completely integrated and self-
sustaining.

2. The BlueSoft software used for data acquisition of the plastic scintillator is
still incomplete and needs some refinements. In fact, to take full advantage
of its potentialities (such as its high time resolution) an automatized anal-
ysis software would be needed, capable of avoiding all the issues regarding
the time-space domain conversion, the background subtraction and all the
other drawbacks that have been experienced and discussed in Chapter 3.

Overall, these two difficulties are easily solvable, and just need some development
work in order to standardize its hardware acquisition system with the preexisting
radiotherapy measurement apparatus. This would also make easier the imple-
mentation of an appropriate acquisition and analysis software.

Furthermore, the comparison with existing literature shows a good agreement
[11] [12], even considering all the error sources that have been encountered.

In some occasions along the analysis, the comparison with the other detectors
carried out with reference to the PDDs, the OARs and the FOFs showed that
the response of the BP-PSD has a slightly different behavior. The majority of
these divergences are caused by the non-integration of the Blue Physics system,
as it was widely discussed before, but in some cases we can attribute them to the
structural differences that exist among the detectors.

1. The BP-PSD, the Razor diode and the EFD3G diode tend to have a different
response when measuring PDDs and OARs, in particular for FFF beams.
Indeed, the PDD plots for 6 MV FFF energy show that BP-PSD tends to
over-respond, while EFD3G has the opposite tendency and the Razor diode
often sits in the middle. This fact is in agreement with the predictions, since
for instance it mirrors the dose per pulse dependence which characterizes
each detector (see Table 2.1) [9] [10] [26]. This is even confirmed by the FOF
results where BP-PSD and EFD3G divergent responses can be appreciated,
specifically for smaller field sizes.

2. OAR analysis, altogether with the penumbrae calculation, showed that the
active volume width of each detector plays a relevant role. The microdia-
mond detector and the Razor diode have the smallest active volume, and
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indeed they show good OAR profile shaping, for example in the penumbrae
zones [9] [10] [25] [26]. EFD3G is a bit worse in penumbrae determination,
alongside the Blue Physics scintillator, which, despite having an almost
water equivalent material, has a larger sensitive volume than the other de-
tectors, causing a volume effect perturbation [11]. This effect has an impact
on profiles measurements. Nevertheless, their results are overall compatible
and aligned with the estimated uncertainties.

. All the considered detectors manifest almost the same problematic aspects

for small fields (2x2 and 3x3 c¢m?) and very small fields (0.6x0.6 and
1x1 cm?) investigations, even though BP-PSD sometimes results as the
less compatible detector, again because of its non-integrated system issue.
These general problems are reflected, for example, in the FOF determination
at small field sizes, where the values obtained among the various detectors
are more widespread than in the standard fields case, in particular for FFF
beams. However, this may also be caused by the issues that affect the
kéil"n%mrr parameters listed in the TRS-483 document [5]. In fact, those
values (as declared by TAEA in the same document) are found by mixing
results coming from different detectors and/or LINAC measurements, as
well as Monte Carlo simulations. Furthermore, there exist no distinction
between correction factors regarding WFF or FFF beams. In any case, the
correction less condition (kécll"n%"mTT = 1) makes the Blue Physics scintillator

suitable for small field dosimetry measures.

In the end, we can say that the BP-PSD has shown a lot of promising features,
making it advisable for a wide extent of different uses.

The main issues encountered are easily solvable, and future research could focus
on the development of integrated software/hardware systems that may allow to
exploit all of its features (such as the simple Cerenkov signal subtraction and the

time resolution), as well as other general ACR calibration methods (since more

refined procedures involving rectangular fields are objects of study).

In particular, regarding its time resolution, we mention that it can grant a feasible
introduction into modern and advanced radiotherapy techniques, as the FLASH
radiotherapy.






Appendix

Here are gathered the plots of all the results obtained for PDDs and OARs,
referring to Tables 2.2 and 2.3, subdivided by type and beam energy.
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PDD 6 MV FFF
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