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Abstract

The aim of this study was to determine the clinical dosimetric performance of a new
3D ionization chamber (PTW-31021) designed for measurements in both standard and
nonstandard clinical beams. Beam quality correction factors for standard beams and
field output factor correction factors for nonstandard beams were derived, and
recommendations were made on the smallest field for which the detector can still
provide reliable results.

All measurements were performed using a Siemens Primus linear accelerator and a
Theratron Equinox Cobalt-60 teletherapy unit. The long term stability of the PTW-
31021 was evaluated in the Cobalt-60 beam. The effective point of measurement for
the PTW-31021 was determined by comparing the relative depth ionization curve
measured with the PTW-31021 set up to the reference point as defined by the
manufacture, to the relative depth ionization curve measured with an Advanced
Markus chamber (PTW-34045). The energy dependence of the PTW-31021 was
determined by comparing the absorbed dose rate measurements in water using the
PTW-31021, to absorbed dose rates measured with a Farmer ionization chamber
(PTW-30013) and the PTW-34045 in photon and electron beams under similar
reference conditions, respectively. The small field ionization chambers used to
determine the field output factors were the PTW-31018 microlion liquid ionization
chamber, PTW-60012 unshielded diode, PTW-60019 microdiamond, PTW-31016 3D
pinpoint ionization chamber and PTW-31010 Semiflex ionization chamber. All
measurements in water were performed using the PTW-MP3 water phantom.

The PTW-31021 long term stability was found to be within 0.3%, in agreement with
manufacture specifications and international recommendations of the IEC 60730. The
linearity of detector response measured over a range of monitor units was also found
to be within international recommendations. The effective point of measurement was
found to be displaced from the reference point suggested by the manufacture by 1.3 +
0.1 mm upstream for the chamber mounted parallel to the beam axis and 1.4 £ 0.1 mm
towards the source for the perpendicular orientation. The results of the energy

dependence tests showed that the PTW-31021 is energy dependent for high energy



photons and electrons, and the use of the detector in beam qualities different from the
calibration beam, will require a correction factor for energy dependence. Field output
factor correction factors for the PTW-31021 were determined for field sizes: 8 x 8, 6
X6,4x4,3%x3,25x25,2x2,15x15and 1.2 x 1.2 cm?in accordance with the
IAEA TRS-483 code of practice [22].
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Author’s Preface

This study is aimed at investigating the clinical dosimetric characteristics of a new
PTW-31021 air ionization chamber. Chapter 1 provides a brief introduction to
radiotherapy dosimetry. Chapter 2 provides the scientific background of the theory
used to determine absorbed dose to a medium from measurements with vented air
ionization chambers, design characteristics of air ionization chambers and dosimetry
in clinical practice including methodologies used in small fields. Chapter 3 provides
detailed specifications of the beams, detectors and other instruments used in the study
such as environmental loggers and phantoms. This section also provides detailed
descriptions of the methods used in performing the various tests for characterization
of the ionization chamber. Chapter 4 provides the results of the tests and a discussion
of the results. Results of new data on the PTW-31021 are also provided in this section,
such as beam quality correction factors for standard beams and field output factor
correction factors for small static fields. Chapter 5 provides concluding remarks on the
results of the investigation and highlights the advantages and limitations of the PTW-
31021 ionization chamber.
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Chapterl Introduction

Radiation therapy is a specialty in medicine that uses ionizing radiation for the
treatment or management of cancer [6]. Radiotherapy techniques use high energy
photons or charged particles to deliver tumoricidal doses to cancerous cells graphically
represented as a target volume [7]. The absorbed dose to a medium is defined as the
energy imparted to a known mass (m) in a medium and the effectiveness of
radiotherapy treatment lies in the accuracy of absorbed dose delivery to the target
volume [8]. lonizing radiation directed to cancerous tissue destroys cancer cells by
causing damage to their DNA strands and thus attaining tumour control [9]. Hence,
the primary objective of a radiotherapy treatment is to obtain maximum tumour control
with minimal normal tissue complications for patients receiving radical treatment and
to improve the quality of life for those patients that are being treated palliatively [10].
There are numerous factors that can influence the accuracy of dose delivery to the
target volume but this study will focus on dosimetry. Dosimetry in radiotherapy refers
to the measurement of absorbed dose to water, which starts with the measurement of
the absolute absorbed dose at a point in a medium under reference conditions. This
then leads to normalized relative absorbed dose distributions in a volume for a range
of conditions [11]. For accurate dose delivery and high quality treatments, treatment
devices need to be properly calibrated and accurate data need to be acquired for use in

treatment planning systems [12].

There is a wide range of detectors available commercially that can be used for absolute
as well as relative dosimetry. Vented ionization chambers are recognized as the gold
standard for commissioning and calibration of clinical high energy photon and electron
beams [15]. This is because ionization chambers exhibit a linear response with
absorbed dose and have relatively low dependency on beam energy, dose rate, type of

radiation and field size under equilibrium conditions [16]. However, the ever-
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increasing use of small, non-equilibrium radiation fields in radiotherapy has led to new
dosimetric challenges not addressed by conventional dosimetry codes of practices
[17]. An example of these challenges would be performing measurements in
conditions where lateral charged particle equilibrium is not possible, performing
absolute dosimetry in treatment units that cannot realise a 10 x 10 cm? reference field,
volume averaging as a result of fluence perturbation as well as stem and cable
irradiation effects observed with mini and micro-chambers [18]. In an attempt to
address these challenges, detector manufacturers have resorted to producing small
volume ionization chambers and solid-state detectors capable of acquiring
measurements in small fields with better accuracy as compared to conventional
ionization chambers [19]. Air ionization chambers are traditionally known to have
lower sensitivity than solid-state detectors. Mini- and micro-ionization chambers have
even lower sensitivity owing to their small active volume hence these chambers are
more susceptible to stem and cable irradiation effects in large fields [20]. The lack of
international guidance on how to perform accurate measurements in small fields make
it difficult to compare measurements acquired under the same conditions with different
detector types. The conventional definition of the radiation field size is also invalid for
small fields in which collimators block part of the radiation source as observed from
the center of the radiation field at the measurement depth [21]. The International
Atomic Energy Agency (IAEA) in collaboration with the American Association of
Physicists in Medicine (AAPM), published the first international Code of Practise
(CoP) that addresses dosimetry measurements in small static high energy photon fields
[22].
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11 Aim

The aim of this study is to determine the dosimetric performance of a new 3D air
ionization chamber designed for use in both standard and nonstandard high energy

photon and electron fields.

1.2 Objective

In this study, the objectives are to investigate and compare the characteristics of a new
reference class ionization chamber to those of other commercially available detectors.
At the end of the study, the versatility and limitations of the ionization chamber will
be determined and made available for the medical physics community. In this study,
correction factors for field output factors will be determined experimentally in small
fields using methods described in the IAEA TRS-483 CoP for small static photon
fields [22].
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Chapter 2 Scientific background

2.1 Cavity Theory

The measurement of absorbed dose in a medium requires the use of a radiation detector
that will produce a signal that can be directly related to the imparted energy. Direct
measurement of absorbed dose is possible using a calorimetry system for instance, that
measures changes in temperature of an isolated medium of known mass. The amount
of temperature change within the sensitive volume of the colorimeter following
irradiation is then directly related to the amount of energy imparted into the medium
[23]. The calorimetry method of determining absorbed dose to a medium has been
used exclusively in primary standards laboratories for the establishment of absorbed
dose standards. Due to the complexity associated with the calorimetry method, it is not
deemed practical for routine use in the hospital setting [24]. Common practise in
hospitals for estimating the beam output of a clinical linear accelerator is through

implementation of international CoPs for dosimetry [24, 25].

2.1.1 Bragg-Gray cavity theory

The calibration of clinical photon and electron beams in the hospital are based on
measurements done in a medium, water or air using a calibrated radiation detector,
often an air ionization chamber. Direct measurement of absorbed dose to the medium
using an ionization chamber is not possible. The relationship between the response of
an air ionization chamber and the absorbed dose to the medium surrounding the
chamber is determined through calculational methods provided by Bragg-Gray cavity
theory [26, 27]. The application of this theory requires that;

e The ionization chamber cavity should be small when compared to the range of the
secondary electrons such that its presence in the medium does not induce perturbation
to the electron fluence [26-29].
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» The energy deposited in the cavity should only be from the electrons that are crossing
the cavity. This does not allow for electrons liberated in the cavity to be stopped within
the cavity, hence the energy deposited by secondary electrons liberated by photon
interactions within the detector is negligible when compared to the energy deposited
in the sensitive volume by secondary electrons liberated in the surrounding medium

that are crossing the cavity [29].

e The cavity must be positioned at a depth in a medium where charge particle
equilibrium (CPE) or transient charge particle equilibrium (TCPE) conditions exist
[29].

Accordingly, the relationship between the dose to the detector cavity (Dcav) to that of
the surrounding medium (Dmeq) at depth z is given by;

S

Q)med,z (E)

S

Deav Deav (E)

Dmed _

med (21)

cav

Where

G)

and (5) are the average unrestricted mass collision stopping powers

med P/ cav
for the medium and the cavity at depth z respectively, this can also be written as
N
) [30].

(med,z),cav

Since the chamber cavity is assumed to not perturb the electron fluence in the medium
according to the theory, the electron fluence in the medium at the point of interest
(pmed;z) is the same as the electron fluence in the chamber cavity (¢cav) and equation 2.1
can therefore be written as;

Dmea = Deav (i) (2.2)

P/ (med,z),cav
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212 Spencer-Attix formalism

Bragg-Gray cavity theory makes use of the average mass stopping power ratios that
are derived from the electron fluence determined theoretically using the continuous
slowing down approximation (CSDA) model. This model assumes that secondary
electrons (electrons liberated through photon interaction with the medium) dissipate
their kinetic energy through many collisional interactions of small energy loss along
the electron tracks. Hence, the electron spectrum used in Bragg-Gray cavity theory to
determine average stopping power ratios does not account for delta electrons (electrons
liberated from hard collisions between secondary electrons and orbital electrons of the
gas molecules within the cavity). From the practical work done by Attix et al, using
various plane parallel ionization chambers, it was evident that the electron spectrum at
the depth of the cavity for both photon and electron beams consisted of delta electrons.
They were also able to prove that the electron spectrum was dependent on the atomic

number of the irradiated medium as well as the size of the air cavity [26-30].

This led to a more refined cavity theory proposed by Spencer and Attix that
incorporates the stopping power ratio obtained from an electron spectrum that is
inclusive of secondary electrons as well as delta electrons restricted to a cutoff energy,
A. The cutoff energy is based on the cavity size, and is the energy of electrons with a
range equal to the radius of the cavity (for ionization chambers used in radiotherapy,
A is set to be 10keV). All delta electrons with kinetic energy less then A are said to
deposit their energy within the sensitive volume (locally) and all electrons with
energies greater then A are assumed to escape the cavity hence are not considered to

form part of the electron fluence in the cavity [30-33].

From the Spencer Attix cavity theory, the dose to the medium is related to that of the

cavity by the expression;

Dy = Degy -Srfﬁad,cav (2.3)
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where

Smed.cav>" (also written as La) is the Spencer-Attix average restricted mass

collision stopping power ratio of the medium to the cavity [30].

The final refinement of the cavity theory was done by Nahum using Monte Carlo
simulations to evaluate water to air stopping power ratios for high energy photon and
electron beams [32]. Contributions by Nahum extended the Spencer-Attix theory to
account for the energy deposited in the chamber cavity due to photon interactions
within the air cavity [32]. The effect of considering the energy deposited in the cavity
volume by electrons of energies less than A, i.e. dissipation by track-ends, was also
evaluated. The contribution from track ends was more evident in high energy electron

beams than it was in photon beams [32, 33].

2.2 Detectors

2.2.1 Air lonization Chambers

A radiation detector is a device that produces a measurable response when exposed to
radiation and this measured response can be used to determine or calculate absorbed
dose in a medium [34]. The air ionization chamber is regarded as the mainstay of
clinical dosimetry because of the stability and robustness in absorbed dose
determination [35, 36]. An ionization chamber is characterized by a small cavity (often
filled with dry air) constituting the sensitive volume, a central and an outer electrode
(The central electrode is often made of a thin aluminium wire and the outer electrode
is made of a thin coaxial wire mesh or thin conductive coating on the inner wall of the
cavity. The chamber wall material combined with the central electrode material ought
to produce an overall air equivalent device.), a chamber wall made of low Z material
and a waterproofing sleeve to make the chamber water sealed as illustrated in figure
2.1[37].
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(b)

Figure 2.1: (a) Shows a cross sectional area schematic diagram of a Farmer type
ionization chamber with a sensitive volume (v) of radius (r) filled with dry air and a wall
thickness (t) and the chamber wall is made of an air equivalent material. (b) Shows the
same chamber in the sagittal plane where (a.) central electrode, (b.) insulator, (c.) guard
ring, (d.) sensitive volume, (e.) outer electrode and (f.) is the section corresponding to
figure 2.1(a).

For a detector with a wall thickness much smaller than the range of the secondary
electrons, such as in high-energy photon beams and standard field sizes, the cavity of
a Farmer type ionization chamber behaves like a Bragg-Gray cavity [10]. The size of
the sensitive volume is considered small enough not to perturb the electron fluence at
the depth of measurement. However, perturbations are introduced by the difference in
density between the chamber wall and the phantom medium, the central electrode and
the displacement of the phantom medium by the presence of the ionization chamber.
The absorbed dose to the medium (liquid water is the recommended medium for
calibration of clinical beams (24, 25]) is determined using Spencer-Attix cavity theory.
Determining the absorbed dose to air inside the detector requires knowledge of the
total charge (C) of one sign, created in the chamber sensitive volume, the mass of air
in the cavity as well as the average energy required to create an ion-pair [39]. This can

be expressed as;

Dgir = % (M) (2.4)
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where

C is the charge of one sign created in the chamber sensitive volume, m is the
mass of air in sensitive volume and (@) is the average energy required to
create an ion-pair in air.

For dry air (@) = 33.97eV under standard temperature and pressure as per the

ICRU report 90 [40].
The absorbed dose to the medium surrounding the ionization chamber is then

calculated using the Spencer-Attix cavity theory and is given by;

L
Do = Daget [(— P, (2.5)

P)(med.Z).aiTIA = 10keV

- £()|¢ P 29

(med.Z).aiTlA=10keV

where

Dm,q s the absorbed dose to the medium (m) irradiated by a beam of beam quality

@ |)

power ratio of medium to air at depth z, and Pq is the overall, in phantom

is the average restricted mass collision stopping
(med,z),air A=10keV

perturbation correction factor [41].

The overall perturbation correction factor corrects for the difference between the
design of the ionization chamber and an ideal Bragg-Gray cavity. For measurements
in water, the overall perturbation correction factor includes correction for the non-
water equivalence of the ionization chamber wall (P,,;;), correction for water
displacement by the ionization chamber cavity (P,;5) when the point of measurement
is assumed to be in the center of the chamber sensitive volume, correction of the non-
air equivalence of the central electrode (P,,;) and the correction for the difference in
electron fluence between the air cavity and the water medium (P.,,). The overall

perturbation factor is thus given by:
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Py = Pyau Pais Peet Peav (2.7)

The method used to estimate the overall perturbation correction factor for a specific
detector involves estimating the individual components in various steps using Monte
Carlo simulations as illustrated in figure 3.4. The perturbation factors are given by the
ratio of absorbed dose scored in different simulated geometries [42].

7 ] ,
(_ f o 4 D
Ii‘lem I )ccl )wall Pa / / wool
+ - > > 1 »
7 \ i
Dcel.Wall D wall D o l)mmr I or

l)chamher I )

w,point

Figure 3.4: A schematic illustration of the process used to determine the series of perturbation
correction factors for a specific ionization chamber using Monte Carlo. (From Bouchard et al.

(2009) [42] Copyright John Wiley and Sons Inc, Reproduced with permission)

2.3 Dosimetry in the clinic

Absolute dosimetry in the hospital involves determining the absorbed dose at a
specified point in water under reference conditions, using a calibrated small volume
ionization chamber and this is commonly referred to as beam calibration. This is
generally achieved by performing measurements in water using an air ionization
chamber with an absorbed dose to water calibration factor for the particular beam
quality that is traceable to Primary Standards laboratory. Uniformity and consistency

in reference dosimetry practices across different hospitals in different parts of the
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world is achieved through the implementation of dosimetry CoPs from international
organizations, which are regarded as international standards for performing such

measurements [22, 24, 25].

These CoPs include formalisms, procedures and correction factors, and specify
reference conditions for converting the ionization chamber response to absorbed dose.
The correction factors correct for changes in the ionization chamber response between

ideal conditions and non-ideal conditions [22, 24, 25].

In 1976, in Report 24 of the International Commission on Radiation Units and
Measurements (ICRU) Report on “Determination of Absorbed Dose in a Patient
Irradiated by Beams of X or Gamma Rays in Radiotherapy Procedures” stated that
even though not enough evidence was available at the time, an accuracy of +5 percent
in the absorbed dose to the target was necessary to eradicate the primary tumor. This
uncertainty was estimated to two standard deviations that translates to a limit of 2.5

percent for combined uncertainty when reported to one standard deviation [43].

This has led to vast improvements over the years in the methods proposed in dosimetry
CoPs and dosimetry protocols used internationally, with the aim of reducing the

uncertainty in absorbed dose realized in the clinic.

Improvement in the accuracy to which absorbed dose to water can be estimated in the
hospital was achieved with the development of calibration standards based on
absorbed dose to water at Primary Standard laboratories [46]. The most commonly
used dosimetry protocols and CoPs today rely on the use of an ionization chamber
calibrated in terms of absorbed dose to water in a Cobalt-60 beam under reference
conditions [24, 25].

In accordance with recommendations in the dosimetry CoP TRS-398 of the IAEA, the

formalism to estimate absorbed dose to water at reference depth (D, , f’Q) in high

energy photon beams under reference conditions (as defined in the CoPs) is given by:

DW,Zref:Q = McorrND,W,Qo kQ,Qo (2:8)
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where

M is the charge measurement at reference depth, under reference conditions and
corrected for cavity-gas density variation due to differences between prevailing
environmental conditions and standard environmental conditions of 20 °C and
101.35 kPa, ion collection inefficiency, polarity effects and electrometer
influence for ionization chambers calibrated separate from the electrometer.

Np,wq, Is the absorbed dose to water calibration factor for the ionization

chamber obtained in a Cobalt-60 beam under reference conditions as defined in
the CoPs and the calibration factor is traceable to an absorbed dose to water
standard that is realized and maintained at the Primary Standards laboratory [24,

25]. kg, Is a factor unique to the chamber design that corrects for the

difference in the chamber response due to the difference in particle energy
fluence between the user’s beam and the reference beam at the point of
measurement also known as the beam quality correction factor [42].

The beam quality correction factors for a list of commonly used ionization chambers
have been provided in the protocol. They are selected based on the chamber type and
beam quality of the user. The protocol defines beam quality for high energy photon
beams in conventional linacs using TPR;q ., Which is the ratio of absolute dose
measurements performed at a depth of 20 cm and 10 cm along the beam central axis
for a fixed source to axis distance (SAD) of 100 cm and a fixed field size of 10 x 10
cm? defined at the isocentric plane [25]. TPR,,,, Can be very closely approximated
by the ratio of charge readings corrected for influence quantities, due the insignificant
variation of Spencer-Attix restricted mass stopping power ratios for water to air for A
= 10 keV with depth as pointed out by Andreo and Nahum [47].

For electron beams, the protocol defines beam quality in conventional linacs using Rs,
which is the depth in water at which the absorbed dose to water reduces to 50 percent
of its maximum value. The electron beam quality is measured using a 10 x 10 cm?
applicator, a fixed source to surface distance (SSD) of 100 cm and an ionization
chamber set up to its effective point of measurements on the beam central axis. Plane
parallel ionization chambers are recommended for measurements in electron beams

and the protocol does not advise the use of cylindrical ionization chambers in electron



CHAPTER 2. 13

beams with mean electron energies of less than 10 MeV. Measurements acquired using
ionization chambers vyields relative ionization curves from which Rsg o, IS
determined, Rs ;o IS the depth in water in which the ionization chamber response,
reduces to 50 percent of its maximum value. The protocol provides a formalism to

convert Rsg jon 10 Rsq [25].

For detectors produced after the publication of the IAEA TRS-398 CoP and not
included in the list of detectors with their beam quality correction factors, formalisms

have been provided in the code for estimating these factors [25].

There are two Monte Carlo methods recommended for determining the beam quality

correction factors kg o, for an ionization chamber. One involves determining the

values of the overall perturbation correction factors in the reference beam and the user
beam as illustrated in figure 3.4 above and then applying equation 2.9 given by [47].

I _ (Sw,air)Q PQ
@0 (Sw,air)QO .PQo

air

[ ()}] 09
Q

L

[Pwall Prepl (E) .
air

Po = [Pcav.Pdis.Pwai.Pcel] (2.10)

where

P, and Py, are total perturbation correction factors in the user beam and the
calibration beam respectively. In equation 3.10, Pcay corrects for the influence of
the chamber cavity, Pgis corrects for the displacement of the water by the

chamber, Pwan corrects for the difference in density between the chamber wall
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and the water medium and P corrects for the effects of the central electrode.
(Sw.air)q are restricted mass stopping power ratios for water and air that are

available in literature for common beam energies.

The second method involves simulating the absorbed dose in water in the absence of
the ionization chamber and in the chamber cavity for both the user beam and the
Cobalt-60 beam. This method follows the assumption that the average energy
expanded to create an ion pair in air is constant for Cobalt-60 and the user’s beam. The

beam quality correction factor is then calculated from the expression;

(5)
Dcp Q

kQ,Qo = % (211)

Dcp

where

D,, is the simulated absorbed dose in water and D, is the absorbed dose in the
chamber cavity [48-50].

The advantage of the two Monte Carlo methods, is that they provide data in situations
for which measurement are not possible. The first Monte Carlo method is superior to
the later because it estimates individual perturbation correction factors that are then
used to determine the combined perturbation correction factor however, this is also
more taxing in the number of simulations required as well as time required to set-up
the Monte Carlo code [50].
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2.4 Static small field dosimetry in high energy photon beams

Small field dosimetry refers to the practice of dosimetry in conditions where the
radiation field size makes it challenging to accurately estimate dose due to the finite

dimensions of radiation detectors as pointed out by Das et al. [54].

The currently accepted definition of a small field is defined as any radiation beam that

satisfies at least one of the following three conditions;

e There is lack of lateral charged particle equilibrium (LCPE) at a point in the beam
central axis and reference depth.

e There is partial source occlusion by the collimation system as observed from the
beam central axis at the measurement depth.

e The detector lateral diminutions (detector size) are similar or large compared to the

radiation field size at the measurement depth [48, 56].

2.4.1. Lateral Charged particle equilibrium

Loss of LCPE is defined as a condition determined in the center of the radiation beam
at reference depth in which the half width or radius of the radiation field is smaller
than the maximum range of the majority of the secondary electrons [55]. The minimum
radius of a radiation field in which lateral charged particle equilibrium exists was first
quantified by Li at al. [57] in which, using Monte Carlo simulations, the ratio of
absorbed dose to water against collision kerma for various circular fields of radius
below 3 cm, were calculated. The calculations were done in the center of the field at a
depth of 5 cm and normalized to 10 x 10 cm? for photon beams of various beam quality.
Figure 2.4 shows the results of the ratio of absorbed dose to collision kerma in the
ionization chamber cavity for multiple beams of various beam qualities as a function
of radiation field radius acquired from Monte Carlo simulations. The lateral charged
particle equilibrium radius (r,z) was defined as the field radius in which the ratio of
absorbed dose to collision kerma in the chamber cavity becomes lower than that
determined for conventional radiation fields (10 x 10 cm?).



CHAPTER 2. 16

Co-60 4 MV 6 MV 10 MV 15 MV 24 MV
’__MIT;,-‘-:.—‘?—_-EL e == o par— s e e A
g1 P = e et . R e
3 Y ¥ g
B 3 e
0.9t/ /i Tt
4 ;‘,’/ ///)2’
% 0.8 forififoen f
X LA //
= frpe %
a Q.7 -ffis
[/ #
oF o
0.6}/ /
/ (1‘/
0.5+ /
4
0.5 1 1.5 2 2.5 3
MEee (cm)

Figure 2.4: The ratio of absorbed dose to water and collision kerma calculated using Monte
Carlo calculations, in the center of circular beams at a depth of 5 cm for various beam qualites.
The calculations were done at 80 cm SSD for a Cobalt-60 beam and at 100 cm SSD for the
higher energy photon beams. The data was normalized to the ratio of absorbed dose to water/
collision kerma calculated in a 10 x 10 cm? broad beam for the same 5¢cm depth [58]. (From
Pavlos Papaconstadopoulos, On the detector response and the reconstruction of the source
intensity distribution in small photon fields, PhD thesis, McGill University, Montréal. © 2016.

Reproduced with permission)

The IAEA TRS-483 CoP provides a formalism to calculate the LCPE range as a

function of beam quality index, which is given by:
Toepe = 8.369.TPR,g10(10) — 4.382 (2.14)
Toepr = 77.97 X 1073 .%dd(10,10)x — 4.112 (2.15)

where

ricpe 1S the LCPE range, TPR; 10(10) is the beam quality index defined as the
tissue phantom ratio measured at depth 20 cm and 10 cm for a 10 x 10 cm? square
field and %dd(10,10)y is the beam quality index defined as X-rays only
percent depth dose measured at a depth 10 cm from the water surface for a 10 x

10 cm? square field.
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CoPs recommend that absolute dosimetry should be performed in a reference field of
10 x 10 cm? [24, 25]. For treatment units that cannot realize a 10 x 10 cm? reference
field, the IAEA TRS-483 CoP recommends the concept of a machine specific
reference (msr) field and a formalism to estimate beam qualities for a 10 x 10 cm?

based on measurements performed in the msr field [22].

For machines that can realise the reference field size of 10 x 10 cm?, it is recommended
in IAEA TRS-483 that reference dosimetry be performed following conventional
methods. For machines that cannot realise the reference field proposed in conventional
CoPs, reference dosimetry should be done in the msr field. It is recommended that the

msr field and detector combination satisfy the condition:

FWHM 2 2 * TLCPE + d (216)

where

FWHM is the measured radiation field size, r;-pg is the lateral charged particle
equilibrium range in g/cm? and d is the diameter of a cylindrical detector
measured from the outer surface of the detector.

2.4.2. Partial source Occlusion

Partial source occlusion occurs when the physical field size is the same or smaller than
the source spot size as viewed from the beam central axis at the measurement depth
[59]. This phenomenon results in reduced beam output and overlapping penumbra that
leads to the radiation field size defined by the FWHM, becoming significantly larger
than the geometrical field size as pointed out by Das et al. [60]. Hence the protocol
recommends defining the field size using the irradiation field (FWHM) and not the

geometrical set field defined by the collimation system.
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Figure 2.6 illustrates the effect of partial source occlusion on the radiation fields size
relative to the geometrical field size and shows that in small fields, the congruency

between the radiation field and the geometrical field does not exist.

Penumbra dose profiles at CPE
----------- Field dose profiles

J——

!

Figure 2.6; An illustration the effect of overlapping penumbra on the measured field size

< > <>
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<€—>» Actual field size setting
) SLLLEL » FWHM of resulting dose profiles

defined by the full width at half maximum (FWHM) as observed from the measurement depth.
On the far left is a conventional field where the geometrical field coincides with the radiation
field measured from the lateral beam profile. On the far right is an extreme case of overlapping
penumbra in small fields as a result of source occlusion and lack of lateral charged particle
equilibrium leading to reduced beam output and a wider field size defined by FWHM. (From
Das et al. (2008) [60] Copyright John Wiley and Sons Inc, Reproduced with permission)

2.4.3. Detector specific influence in small static fields

The detector size also affects measurements in small fields, due to the perturbation of
the electron fluence at the point of measurement because of the non-water equivalence
of the detector [55]. The finite dimensions of the detector sensitive volume also affect
measurement in small fields because it is assumed that the detector produces a signal
that is averaged over the entire sensitive volume (known as volume averaging). This
results in large variations between the chamber response and the actual beam profile

when there are significant dose gradients [64]. Various methods have been proposed
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to correct for volume averaging: one method requires the use of detectors with very
good spatial resolution such as film as proposed by Casar et al. [56], and other methods
involve the use of convolution kernels to obtain the true beam profile from the average

absorbed dose response of the detector as demonstrated by Wegener and Sauer [67].

For measurements of field output factors, the variation in water to air stopping —power
ratio for photon beams with field size is negligible [68]. Hence, the factors that
influence measurements in small fields are mostly related to perturbations introduced
by the presence of the chamber in the beam. For this reason, the protocol proposes a
formalism for measurements of field output factors that takes care of the perturbations
introduced by the detector in small fields. The formalism initially proposed by Alfonso

et al [69] is given by;

felin

f ctinsfmsr — Mchin kfclin’fmsr (2 17)
QctinQmsr M(f?mST QctinQmsr )
clin

where

Qfcimfmst s the field output factor measured in small fields, Mgzllllz in the

Qclin@msr

detector response measured in the clinical field size (small field) and M(’;’Zj; is

the detector response measured in the msr field.

For machines that can realize a 10 x 10 cm? the msr field would be a 10 x 10 cm?
and for machines that cannot realize the reference field, the msr field would be

the largest field size possible. kéCl?"'ngT is the field output factor correction
clin¢msr
factor in small fields that corrects for the influence of the detector on the

measurements. In standard fields, where k’<™/™/ s unity [14].
chmQref

The IAEA TRS-483 has provided tables with field output factor correction

factors for a variety of detectors recommended for use in small fields [22].
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Chapter 3 Materials and Methodology

3.1 Beams and detectors

An 80 cm source-axis distance Theratron Equinox Cobalt-60 teletherapy unit equipped
with four independent jaws capable of realizing square/rectangular fields from 1 x 1
cm?up to 35 x 35 cm?, at the isocentric plane, was used. A Siemens Primus linear
accelerator having two independent jaws in the Y-axis (in-plane) and a single focused
multi-leaf collimator system in the X-axis (cross-plane), was also used. All 41 leaf
pairs had a projected width of 1.0 cm in the isocentric plane, and the system was
capable of producing set square fields from 0.6 x 0.6 cm? to 40 x 40 cm?. The single
focused MLC system was capable of achieving minimum symmetric set field size of
0.6 x 0.6 cm?. The central cross-plane major axis of the unit bisected the central leaf
pair. The linear accelerator used in this study was equipped with two high energy
flattened photon beams of 6 and 18 MV as well as six high energy electron beams of
6,9, 12, 15, 18 and 21 MeV.

The detectors used were a PTW-31021 Semiflex 3D ionization chamber, PTW-31010
Semiflex ionization chamber, PTW-30013 0.6cc Farmer type ionization chamber,
PTW-34045 Advanced Markus ionization chamber, PTW-31018 microlion liquid
ionization chamber, PTW-60012 unshielded diode, PTW-60019 microdiamond and
PTW-31016 3D pinpoint ionization chamber. The bias voltage (if relevant) was
applied to the detectors using the PTW TANDEM dual channel electrometer during
scanning and was substituted with a PTW Unidos E electrometer to determine
integrated charge measurements for absolute dose and relative field output factor
measurements. For measurements with the liquid ion chamber (PTW-31018
“microlion”), the bias voltage was applied using an external voltage supply capable of
supplying bias voltage in the excess of 800 volts. The maximum achievable bias
voltage with the TANDEM and Unidos E electrometers is £ 400 volts. For relative
dosimetry measurement such as percent depth dose, relative ionization and lateral dose
profile measurements, a PTW TBA control unit was used to control the scanning
system using the PTW MEPHYSTO mc? version 7.42 software.
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A Lufft OPUS 20 data logger was used to monitor and log the room pressure
and relative humidity and a calibrated glass mercury thermometer was used

to monitor the water temperature.

Figure 3.1: Detectors that were used for measurements in small fields. From left to
right, the detectors are PTW-60019 microDiamond, PTW-31021 Semiflex 3D,
PTW31018 MicroLion, PTW-31016 PinPoint 3D and PTW-60012 unshielded diode.

3.2 The Semiflex 3D PTW-31021

PTW-Freiburg introduced a new Semiflex 3D ionization chamber that was designed
to be waterproof, fully guarded and capable of measurements in both standard and
small fields, specified as 2.5 x 2.5 cm? to 40 x 40 cm?. It has an active volume of 0.07
cm®, a well-defined reference point (3.45 mm from chamber tip on chamber axis) and
is operated at a bias voltage of 400 V. The chamber can be used in water, solid state
phantoms and in air. Full specifications of this chamber can be found in the appendix

section of this document.
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(a) ’ (b,

Figure 3.2: (a) An image showing the physical appearance of the PTW-31021 Semiflex
3D ionization chamber. In the top left corner of the image is a 3mm PMMA buildup cap.
(b) An X-ray radiograph of the PTW- 31021 Semiflex 3D chamber.

3.2.1 Chamber long term stability

The Semiflex 3D ionization chamber (PTW-31021) was investigated for long term
stability using a Cobalt-60 teletherapy unit. Traditionally, this test is performed using
a strontium-90 check source designed for the chamber However in a situation where a
constancy check source is not available, a Cobalt-60 teletherapy unit (or alternative
stable beam) may be used in conjunction with a highly reproducible set-up. The
ionization chamber long term stability is defined as the stability of the ionization
chamber response over time when exposed to the same type and radiation dose under
identical exposure conditions and is often characterized by changes in the value of

No,w,q, over time from multiple calibrations [25].

The aim of this test was to determine the stability and reproducibility of the chamber
response over a relatively long period of time when exposed to the same radiation. The
measurements were carried out in a perspex phantom to ensure reproducibility of the
setup. The chamber was irradiated for 1 minute in the Cobalt-60 teletherapy beam in
a 10 x 10 cm?field at 80 cm from the source at a water equivalent depth of 5 g/cm? as
illustrated in figure 3.3. For the phantom used (PMMA), the water equivalent depth

was 4.4 cm. This corrects for the difference in electron fluence at the point of
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measurement due to the difference in density between liquid water and PMMA
phantom used [44]. The first set of measurements were used as baseline values and
were compared to subsequent measurements using radioactive decay corrections.

The measurements were repeated six times over a period of 18 months and the
measured charge readings were corrected for environmental conditions. The
measurements were compared to the baseline value corrected for radioactive decay

using the decay model defined below.
Mt = MtO e_lé‘t (31)

where
Ay it the charge reading determined from the first set of measurements and
corrected for influence quantities, 1 is the Cobalt-60 decay constant derived its
physical half-life and o¢ is the time difference between the first set of
measurement and the current measurement.

The data were analysed by comparing the measured data and the data derived from the

decay equation.

SAD =80 cm

T I d=44cm

TN

FS=10x 10 cm?

Figure 3.3: A schematic diagram of the set up used to irradiate the chamber to determine
the stability of the chamber at a depth of 4.4 cm in perspex (that is equivalent to a depth
of 5 cm in water). The distance from the source to the detector was 80 cm and the field

size was 10 x 10 cm?.
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3.2.2 Setting up the PTW MP3 water phantom

Setting up the PTW MP3 Water phantom involved positioning the phantom under the
linear accelerator gantry so as to align the collimator cross wires to the markings on
the phantom base, filling up the phantom with deionized water and adjusting the level
of the scanning arm in the cross and in-plane direction using a spirit level placed at
different positions along the scanning arm. Figure 3.4 shows a setup of a scanning
water phantom positioned under the gantry with a reference detector mounted in air

and a measurement detector mounted on the scanning arm.

Figure 3.4: An image of the PTW MP3 scanning water phantom positioned under the gantry.
In this setup a PTW-34091 T-ref chamber is positioned close to the source as a reference
detector for the measurements.
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An ionization chamber was then mounted onto the arm using the PTW TRUFIX
ionization chamber holder and the effective point of measurement (as specified by the
manufacturer) was positioned at the centre of the projected field on the surface of the
water. The center of the radiation field was assumed to coincide with the cross wire
projected by the light field and this was later verified through scanning. The position
of the detector was set to zero thus defining the surface (depth = 0 cm). The gantry
angle at 0° was verified using a spirit level. The source to surface distance (SSD) was
set to 90 cm using the optical distance indicator (ODI). The detector was connected to
the PTW TANDEM dual channel electrometer and the bias voltage was set to +400V
for cylindrical ionization chambers, 300V for plane parallel ionization chambers and
OV for the solid state detectors. The PTW TANDEM dual channel electrometer was
connected to the control unit that enabled remote control of the detector position and
movements. To ensure that the central axis of the radiation field was exactly
perpendicular to the scanning arm in the cross plane direction, the system was
programmed to acquire cross-plane profiles at three different depths in the water
phantom. The micro diamond detector and a field width of 4 x 4 cm? were used. The
central axis deviation (CAX) for the beam profiles measured at the three different
depths were evaluated. A perpendicular central beam axis to the phantom scanning
arm was characterized by measuring the same CAX at the various depths. When the
beam was found not to be perpendicular to the phantom scanning arm in the cross-
pane, the results showed a systematic variation in the measured CAX values for the
three depths suggesting a shift in the beam center in one direction. The tilt angle of the
beam central axis was calculated as illustrated in figure 3.6 using the cross-plane lateral

beam profile. The correction was applied by offsetting the gantry angle.
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SSD 90 cm

ds

CAX=3 mm X
o\

CAX=5mm | \
\

d20

Beam central axis

Figure 3.6: A schematic illustration of the method used to calculate the beam filt given by the
angle 0. d5 and d20 are the scanning depth of 5 cm and 20 cm respectively. The values for
CAX at depth 5 and 20 cm are arbitrary values for illustration purposes.

3.2.3 Chamber response linearity

Chamber response linearity refers to the ability of the ionization chamber to produce
a linear response relative to delivered dose [65]. The response linearity of the PTW-
31021 was investigated in 6 and 18 MV photon beams. All measurements were
performed at a depth of 10 cm from the water surface, the set field size was 10 x 10
cm? and a constant source to chamber distance of 100 cm was used. The chamber was
irradiated with monitor units ranging from 10 MU to 640 MU and the measured charge
readings were corrected for variation in temperature and pressure during the

measurement sequence.

The data were analysed by plotting the measured corrected charge readings as a
function of delivered monitor units and the linear coefficient was defined as the ratio

of the detector response to delivered monitor units.
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3.24 Measurement of the effective point of measurement in Photon beams

The chamber’s effective point of measurement (EPOM) was determined
experimentally using a plane parallel ionization chamber as the reference. The relative
depth ionization curves measured using the PTW-31021 were compared with that of
PTW-34045 Advanced Markus and the shift of the reference point was determined by
shifting the PTW-31021 relative depth ionization curve to match that of the reference.
PTW-34045 was used as the reference chamber owing to its characteristically well-

defined effective point of measurement.

The measurements were performed in 6 and 18 MV photon beams using the PTW MP3
scanning system and a PTW TRUFIX chamber mount system. The first set of
measurements were performed with the plane parallel chamber. The PTW-34045 was
mounted on the water phantom using its dedicated holder and positioned in the centre
of the field. The reference point as defined by the manufacture is located in the inner
surface of the entrance window of the PTW-34045. The reference point was positioned
in the surface of the water by submerging the chamber in the water, and then raising it
to the water surface. The chamber was again raised by 0.9 mm, which is the distance
between the surface of the waterproofing cap and the entrance window (polyethylene
foil). Beam profile measurements were performed in the X and Y direction using 6
MV at 10 cm depth from the water surface for a 10 x 10 cm? field and the central axis
deviation (CAX) data were used to reposition the chamber on the beam central axis.
Relative depth ionization measurements were then performed along the beam central

axis for a 10 x 10 cm? field size and a constant SSD of 100 cm.

The plane parallel chamber was then replaced with the PTW-31021 that was initially
mounted parallel to the beams central axis. The PTW-31021 was setup using the
chamber design diagrams such that the recommended reference point was positioned
in the centre of the radiation field at the water surface. The centre of the radiation field
was determined from lateral profiles scans measured at 10 cm depth from the water
surface. Relative depth ionization measurements were performed and the results were
recorded. The chamber was then mounted using a different holder such that it was

perpendicular to the beam central axis. The reference point was positioned on the water
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surface and centered using the CAX measurements obtained from the beam profiles.

A scan of the relative depth ionization curve was performed.

In analysing the data, the relative depth ionization curves acquired using the PTW-
31021 in both orientations were displaced to match the curves acquired with the PTW-
34045 for 6 and 18 MV beams. The amount of displacement measured was used to
define the EPOM. For the orientation in which the chamber was mounted parallel to
the beam central axis, the EPOM was defined relative to the tip of the chamber and for
the perpendicular orientation, it was defined relative to the chamber center. Following
the shift applied to the relative depth ionization curves data acquired with the PTW-
31021, the agreement between the PTW-34045 data and the PTW-31021 data were

further confirmed using a gamma analysis tool.

Figure 3.6: This image was taken from the side of the water phantom just below the water
surface to show the Semiflex 3D ionization chamber mounted parallel to the central axis
in a PTW- MP3 water phantom using a TRUFIX holder. The chamber was positioned
such that it is just breaking the water surface, as represented by point in which the chamber

visually coincides with its reflection when viewed from below.
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3.25 Pre-irradiation and post-irradiation leak current

The PTW-31021 was investigated for leakage current before and after irradiation. This
test was performed both in small and standard fields using 6 and 18 MV photon beams,
a PTW-MP3 water phantom and a PTW Unidos E electrometer.

The chamber’s effective point of measurement was positioned at the center of the
radiation field at a depth of 10 cm from the water surface, the source to water surface
distance was set to 90 cm and the chamber was connected to the electrometer. Three
sets of measurements were performed for various field sizes covering both standard
and non-standard fields. The first set of measurements were performed in the following
sequence; three measurements with the beam off, three measurements with the beam
on for 800 MU and the last set with the beam off immediately after the second set. All
measurements were performed for 60 seconds using the electrometer internal timer.
The sensitivity of the electrometer was varied between low and high range depending
on the measurement performed (low range for beam off measurement and high range

for beam on).

The pre-irradiation and post-irradiation leakage current was then calculated for each
field size by comparing the electric charge collected pre and post irradiation, to the
charge collected during irradiation.

3.2.6 Beam quality dependence

Standard photon beams

The beam quality dependence of PTW-31021 in high energy photon beams was
investigated by comparing the absorbed dose to water measurements obtained with the
PTW-31021 (using equation 3.4) to that of other commonly used reference ionization
chambers with absorbed dose to water calibration factors determined in Cobalt-60
under reference conditions and traceable to primary standards and known beam quality

dependence.
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The reference ionization chambers used for the test were the PTW-30013 and PTW-
31010. Absorbed dose to water measurements were performed in Cobalt-60, 6 and 18
MV beams following the recommendations of the IAEA TRS-398 CoP [25].

For each chamber, the beam quality index (TPR; ;o) measurements were performed
in the 6 and 18 MV beams by taking the ratio of charge readings corrected for
environmental conditions at depth 20 cm and 10 cm in the beam central axis. A fixed
source to chamber distance of 100 cm and a field size of 10 x 10 cm? defined at the

isocentric plane were maintained throughout the measurements.

The absorbed dose to water at depth 10 cm from the water surface for the reference

detectors was estimated using the formalism;

DW,Z,Q = McorrND,w,Qo kQ,QO (3.3)
where

M., is the charge reading corrected for temperature, pressure, humidity,
recombination and polarity, Np, ,, o, is the ionization chamber absorbed dose to
water calibration factor in a Cobalt-60 beam and ko, is the beam quality

correction factor who’s values are provided in the CoP for a list of detectors and
various beam quality [25].

The beam quality correction factor for the reference ionization chambers were selected
according to the ionization chamber used and the measured beam quality index
(TPR?3(10)).

For the PTW-31021, the absorbed dose to water at the reference depth for the various

beam qualities was estimated using the formalism;

Dw,z,Q = McorrND,w,QO (34)
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where

M., is the charge reading from PTW-31021 corrected for temperature,

pressure, humidity, recombination and polarity and Np, ,,, o is the PTW-31021

absorbed dose to water calibration factor in a Cobalt-60 beam.

The measurement conditions used with the PTW-31021 were identical to that of the
reference detectors. The resulting absorbed dose to water measured with the PTW-
31021 was compared to that of the reference detectors using a graph.

The energy dependent correction factors (kq,q,) for 6 and 18 MV photon beams were

determine from the absorbed dose to water (DW,Z‘Q) measurements performed under

reference conditions using the PTW-30013 as described in the work of Katumba [63].
The correction factors were calculated using the expression;

ref

D
(W:anref)
koo = —mm—— 3.5
Q. Npw,Qq . Mcorr ( )
where
D Z;{IQ,Zref) is absorbed dose to water at a reference depth (z,.r = 10 cm) in

water measured in the user beam (6 and 18 MV) using the reference detector
(PTW-30013) as defined by equations 3.3, M, is the charge reading measured
with the PTW-31021 corrected for all relevant influence quantities and Np, ,, o, is
the absorbed dose to water calibration factor for the PTW-31021 determined in

a Cobalt-60 beam under reference condition.

The calculated ko,q, values were then compared to manufacture published values for

the investigated beam qualities.
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Standard electron beams

In electron beams, the beam quality dependence of the PTW-31021 was determined
by comparing absorbed dose to water measured with the PTW-31021 to that measured
with PTW-34045 and PTW-31010. All detectors had Cobalt-60 absorbed dose to water
calibration factors traceable to a primary standard. The comparison was performed for

absorbed dose to water measurements obtained in 12, 18 and 21 MeV electron beams.

The electron beam quality index was expressed as Rso, defined as the depth in water
along the central axis of the electron beam under reference conditions in which the

absorbed dose to water is reduced to 50% its maximum value [24, 25, 27-30].

The relative ionization readings taken along the beam central axis under reference
conditions using the ionization chambers, were converted to relative dose using PTW
MEPHYSTO mc? version 7.42 software. Rso,ion defined as the depth in water in which
relative ionization measurements are reduced to 50% of the maximum were
determined for the various detectors used . The electron beam quality index for the

various electron beams were then calculated from Rso,ion Values using the formalism;

Rso = 1.029 Rsg ;0n, — 0.06 g/cm? ... (Rspion < 10 g/cm?) (3.6)

Rso = 1.059 Rsg jon — 0.37 g/cm? ... (Rsgion > 10 g/cm?) (3.7)

where

Rso,ion IS the depth at which the amount of relative depth ionization measured

with an ionization chamber reduces to 50% of its maximum value[25].

The calculated Rsp values were then used to determine the reference depth for the

various selected electron energies using the formalism:

Zres = 0.6 * Rsg — 0.1 g /cm? (3.8)
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where

Zret IS the reference depth in units of g/cm? and Rso is the beam quality in units
g/cm? [25].

All measurements were performed following quality assurance on the linac beam
output and for the study of the energy dependence, all measurement were performed
on the same day. In each measurement session, the first measurement was repeated at

the end of the series to verify stability of the output.

The chambers were then set up one after another in the water phantom using their
respective holders. The chambers were positioned in the center of the field using the
cross wires projected by the light field (the light field was already verified to be in
congruence with the radiation field during the time of setting up the water phantom).
The EPOM for the PTW-31021 mounted perpendicular to the beam axis in electron
beams was found to be displaced by 1.6 £0.2 mm from the manufacture recommended
refence point away from the source towards the chamber center. This point was then
adopted as the new EPOM for the PTW-31021. The PTW-31010 and PTW-34045
were set up to the EPOM recommended by the manufacture.), the field size was
defined on the surface of the water using a 10 x 10 cm? applicator and the source to

water surface distance was maintained at 100 cm.

The absorbed dose to water for the PTW-34045 and PTW-31010 was determined from
the measured charge readings corrected for temperature and pressure influence,

recombination and polarity using the formalism:

Dy = McorrND,w,QO kQ,Q0 (3.10)
where

M., 1s the charge reading corrected for all relevant influence quantities
(temperature and pressure influence, recombination and polarity) following
recommendation from TRS-398 CoP [25], Np, o, is the absorbed dose to water
calibration factor determined in a Cobalt-60 beam under reference conditions

and ko, is the beam quality correction factor, that corrects for the change in
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the ionization chamber response when it used in a beam spectrum different from
that of Cobalt-60 (calibration beam spectrum). The kg o, values for the PTW-
34045 and PTW-31010 were obtained from the manufacture published values

for the various beam qualities used [66].

The energy dependent correction factors (kg) for the PTW-31021 in 6, 9, 12, 18 and
21 MeV electron beams were derived from the absorbed dose to water obtained using
the calibrated PTW-34045 plane parallel ionization chamber under reference
conditions. The correction factors were calculated using the expression;

ref

D w, Z
ko = __WQFrep) (3.12)

ND,W,QO . Mcorr

where

D g‘j,f Q.zrep) 18 the absorbed dose to water at reference depth in water for 6, 9,

12, 18 and 21 MeV electron beams measured with the reference detector
(PTW-34045) as defined by equations 3.10 under reference conditions, M,
is the charge reading measured with the PTW-31021 under the same reference
conditions corrected for all relevant influence quantities and Np, ,, o, is the
absorbed dose to water calibration factor for the PTW-31021 determined in a

Cobalt-60 beam under reference condition.

Non-standard photon beams

For machines that cannot realize the reference field of 10 x 10 cm? and are used to
deliver doses of ionizing radiation using small fields such as in stereotactic
radiosurgery, the IAEA TRS-483 CoP recommends performing reference dosimetry
measurements in the machine specific reference (msr) field. In this work, a virtual msr
field of 6 x 6 cm? field was chosen to represent a machine that cannot realize a 10 x 10
cm? field. The PTW-30013 was verified to meet the requirement of equation 2.16 for
the selected virtual msr field in both 6 and 18 MV beams following recommendations
from TRS-483 CoP [22]. The energy dependence correction factor for the PTW-31021

was determined using the formalism;
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mesr

fmsr _ ' Dw.Qmsr
S (3.13)
D,w,Qo

Dfmsr /Mfmsr

w,Qmsr/ " Qmsr
e (3.14)
D,w,Qo

Where

Ngﬁzmsr and N[’;r;fQo are the absorbed dose to water calibration factors for the

PTW-31021 in the msr field (f;,s-) at the user beam and in the reference field
(10 x 10 cm?) at the calibration beam (Cobalt-60) respectively. Mg*r’:;: is the
integrated charge readings acquired using the PWT-31021 in the msr field
corrected for all relevant influence quantities, and D‘f}j};;sr is the absorbed dose

to water measured with the reference detector (PTW-30013) in the msr field

using the formalism;

Dfmsr — Mfmsr Nfref kfref kfmsrfref (315)

W,Qmsr Qmsr " 'D,w,Qo "Q,Q0 " Qmsr,Qo

where

Mg"nzz: is the charge reading acquired in the msr field (6 x 6 cm?) using the PTW-

30013 reference detector corrected for influence conditions, recombination and

polarity, Nl];r;fQo is the absorbed dose to water calibration factor in a Cobalt-60

beam for the PTW-30013 provided by the calibration laboratory traceable to a

fref

primary standard, kQ’Q0

is the beam quality correction factor for the PTW-30013

in a reference field of 10 x 10 cm? and kg";;f(;:f is a correction factor that

corrects for the difference in the electron fluence at the point of measurement
between the reference field (10 x 10 cm?) and the virtual msr field (6 x 6 cm?)
[22].
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For the uncertainties reported in the IAEA TRS-483 CoP, the value of kg";zrrfgjf is

assumed to be unity. The knge(’: factors are provided in the IAEA TRS-483 CoP for a

list of ionization chambers recommended for use in msr fields with various beams
qualities (TPR20,10 (10)).

The TPR20,10(10) used to determine the knge(’: was calculated using the formalism;

TPR20,10(5)+C (10—5)

TPR;0,10(10) = 1+¢(10-5)

(3.16)
where

¢ = (16.15+0.12)x10°2 is a constant valid for msr square fields who’s sides
satisfy the condition 4 < § < 72 where S is one side of the msr square field in

cm.

3.2.7 Field output factor correction factors in small photon fields

For the determination of field output factors in small fields, measurements were
performed using a selection of solid state detectors, vented ionization chambers
(excluding the PTW-30013 chamber) and the liquid ionization chamber. All the
detectors used in this study were detectors recommended for use in small fields with
field output factor correction factors provided in the IAEA TRS-483 CoP [22].

All measurements were performed in water in a 6 MV photon beam at a reference
depth of 10 cm from the water surface along the beam’s central axis using
predetermined square set field sizes of 10 x 10,6 x6,4x4,3x3,2x2,1x1and 0.6

x 0.6 cm? normalized to the measurements performed in 10 x 10 cm?.

The field output factors were calculated using the formalism;

fetinf MEn i f

clin ref __ clin clinJ ref

Qchin:fref Mfref chlianref (3 16)
Qref

where
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chlin'fref

Qetin Qrey is the field output factor, M(’;;lll;l is the integrated charge reading

measured in the user beam for the clinical field (small field), MZ;::; is the
integrated charge readings measured in the user beam for the reference field (10

x 10 cm?) and kgc”,”’f ’
clin

fch is the field output factor correction factor found in the

CoP for measurements in small static fields.

The field output factors determined using equation 3.16 for a selection of detectors
recommended in the IAEA TRS-483 CoP were fitted into an analytical function shown
in equation 3.17 as proposed in the work of Sauer and Wilbert to reduce ambiguity and

biasness in the measurements [64].

Q(S) = Py, ——— + S (1 — e~b9) (3.17)

Im4 sn
Where

P, S«, I, nand b are the fitting parameters that were adjusted to maximize the
Maximum Likelihood Estimate (MLE) as described by Casar et al [56]. S is the
equivalent square field side calculated from the beam profiles of the cross-plane
and in-plane direction then computing S = va X b where a and b are the field
sizes measured from the lateral profiles as full with at half maximum (FWHM)

for in-plane and cross-plane respectively.

In the IAEA TRS-483 CoP, the equivalent square field side defined for small fields is
denoted as Sciin and this refers to the same parameteras S = va X b [22].

Using the analytical function with all the fitting parameters, the field output factor can
be predicted for any field size. The field sizes measured with the PTW-31021 were
then used in the analytical function to predict the associated field output factors. From

the predicted field output factors for the specified field sizes the associated field output

factor correction factors (kgzﬁg‘:’; ) for the PTW-31021 were calculated using the

formalism;
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Fetinfref
feiinfrer _ "QclinQref (3 18)

chin'Qref - Mfclin
?clin

ref

MQref

is the field output factor predicted using the analytical function 3.17,

Where

fclinfref
QchinQref

Méc:;f is the integrated charge readings measured with PTW-31021 in the

reference field 10 x 10 cm? and Mgzlll‘z is the integrated charge reading measured

in the fields; 6 x 6, 4 x4,3x3,2x2,1x1and 0.6 x 0.6 cm?.

The variation in the field output factor correction factors with respect to the field size
for the PTW-31021 were then fit to an analytical function 3.19 as proposed in the
IAEA TRS-483 CoP [22]. The function 3.19 was then used to predict field output
factor correction factors for the PTW-31021 in arbitrary square fields that can then be

used to compare with values published by Casar et al [70].

10—a
fetinSfref _14+d.e b _
K et frer 5) = = +c¢.(s—10) (3.19)
Where
giii’;;:‘:’; (s) is the field output factor correction factor as a function of the

equivalent square field (S), d is a coefficient that can take binary values of +1 or
-1 and a, b and c are fitting parameters that were adjusted for the analytical

function to fit the measured data.
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4.1 Chamber long term stability

The reference dose rate in a Cobalt-60 teletherapy unit was measured at a water
equivalent depth of 5 g/m?from the surface of a perspex phantom, using a 80 cm source
to chamber distance and 10 x 10 cm? field size defined at the isocentric plane, and the
results are presented in Table 4.1. The data showing the response of the detector

measured over a period of 18 months are presented in figure 4.1.

Table 4.1: The data used to perform calibration on the Cobalt-60 teletherapy unit using
the Semiflex 3D ionization chamber and IAEA TRS-398 code of practice on 04-Feb-2017.

The average charge reading was corrected for shutter time and influence conditions.

Date Mayvr (NC) Ktp ND,w,Qo D w,zret,Qo
(Gy/nC) (cGy/min)

04-Feb-17 1.892 + 0.002 1.231 0.05803 1352+ 0.4
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Figure 4.1: The results of the Semiflex 3D ionization chamber stability measurements taken

over a period of 18 months.

The results in figure 4.1 shows an average percent difference between the calculated
and measured readings of 0.2%. According to the manufacturer’s specification, the
long term stability of the PTW-31021 is within 0.3% measured over a period of 2 years
and according to IEC 60730, the detector long term stability should be within 0.5%
[65, 66]. Therefore, the long term stability of the PTW-31021 measured over a period
of 18 months was found to be within manufacture specification and internationally

recommended standards.

4.2 Chamber response linearity

The linear response of the PTW-31021 was investigated over a range of monitor units
(10MU - 640MU). The detector response was measured in terms of integral charge
measured under reference conditions at a depth of 10 cm in water and SAD 100 cm.
Figure 4.2 shows linear response of the PTW-31021 in 6 and 18 MV beams given by

the ratio of the chamber response to delivered monitor unit as a function of delivered
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monitor units. A linear regression line was employed for fitting the data and the
coefficient of variance was used as a measure of the linear response of the PTW-31021.

Detector Linear response

0.0124

0.0122
0.0120

0.0118
A 6MV

0.0116
18 MV

worrlNC/mu)

S 00114 Linear (6 MV)

00112 (e Linear (18 MV)
0.0110 |a— a

0.0108
0 200 400 600 800

MU

Figure 4.2: The response of the PTW-31021 to delivered monitor units (MU) ranging
from10 MU to 640 MU. The graph shows the ratio of the chamber response to delivered
monitor unit plotted as a function of MUs. The calculated coefficients of variance were

0.2% and 0.4% for 6 MV and 18 MV respectively.

The linear coefficient calculated as the ratio of the chamber response corrected for
influence quantities to delivered monitor units was used as a measure of the ionization
chamber response linearity and the standard deviation of the linear coefficients was
used to quantitative the linearity of the ionization chamber response. The standard
deviation in the linear coefficient was calculated to be: 0.2% and 0.4% for 6 MV and
18 MV, respectively. This is also in line with recommendations of IEC 60730 which
recommends 0.5% [65]. Therefore, the linear response of the PTW-31021 measured
over the range 10 MU — 640 MU was found to be within internationally recommended

standards.
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4.3 Verifying the effective point of measurement

The effective point of measurement is an alternative to the displacement correction
factor that is used to correct for the water replacement by the detector in the
determination of absorbed dose to water [25]. The effective point of measurement for
the PTW-31021 was determined by shifting the relative depth ionization curve
measured with the PTW-31021 to match that of the PTW-34045. Figure 4.3 shows the
relative depth ionization curves of the PTW-34045 and PTW-31021 used to determine

the actual effective point of measurement for the PTW-31021.

6MVPDD

Figure 4.3: The relative depth ionization curves measured with the Advanced Markus
compared to that measured with the Semiflex 3D ionization chamber set-up to the
recommended effective point of measurement. The Semiflex 3D ionization chamber was
oriented perpendicular to the beam. The actual effective point of measurement was
determined by displacing the Semiflex 3D ionization chamber data to match the Advanced
Markus data.

Figure 4.4 shows the relative depth ionization curve for the PTW-31021 displaced
by 1.3 mm to match the PTW-34045 data.



CHAPTER 4. 43

6MVPDD 1.3mm shift

Advanced Markus

Figure 4.4: A comparison of the relative depth ionization curves for the Semiflex 3D
ionization chamber (mounted parallel to the beam axis) and the Advanced Markus. The
data for the Semiflex 3D was displaced by 1.3 mm to match that of the Advanced Markus.

The new effective point of measurement was validated using gamma analysis and the
agreement between the relative depth ionization curves measured using PTW-3102and
PTW-34045 was quantify the agreements. Figure 4.5 shows the gamma analysis
comparing PTW-34045 to PTW-31021. The distance to agreement (DTA) and the dose

tolerance were set to 1 mm and 1.5% respectively.
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Figure 4.5: Results from the gamma analysis, in which the relative depth ionization curve
acquired using the Advanced Markus chamber was used as a reference and compared with
the relative depth ionization curve acquired using the Semiflex 3D ionization chamber
mounted parallel to the beam axis. The relative depth ionization curve of the Semiflex 3D

ionization chamber was shifted by 1.3 mm away from the source.

When the PTW-31021 was mounted perpendicular to the beam central axis, the
displacement of the EPOM from the reference point defined by the manufacture was
found to be 1.4 £ 0.1 mm towards the source and when the chamber was mounted
parallel to the beam axis, the displacement of the EPOM was 1.3 £ 0.1 mm up-stream
towards the chamber tip along the chamber axis from the reference point defined by

the manufacture.

The gamma analysis tool was used to validate the shift used to match the relative depth
ionization curves acquired using the PTW-34045 to that acquired with the PTW-
31021. The gamma index method quantitatively evaluates the agreement between the
reference PDD (PTW-34045) and the measured PDD (PTW-31021) after the applied
shift by calculating the percent difference in dose for the two profiles at various points
with similar special coordinates (distance to agreement). The pass criterion was set to

1 mm distance to agreement and 1.5% dose tolerance. This meant, at each evaluation
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point the percent dose difference between the refence PDD profile and the measured
PDD profile needed to be withing 1.5% and the coordinates of the evaluation points
needed to agree to within Imm. The results showed very good agreement between the
reference and the PTW-31021 data with 98.3% and 100% of the evaluated points
meeting the requirements for the parallel and perpendicular orientations of the PTW-
31021 respectively. Relatively large deviations were observed at deeper depths and the
possible causes of these deviation is most likely a low signal to noise ratio at very low
dose rates for the PTW-31021. From these results, we can conclude that the reference
point recommended by the manufacture is different from the EPOM for the PTW-
31021.

4.4 Pre-irradiation and post-irradiation leakage current

The PTW-31021 pre and post irradiation leakage current was measured in a 6 MV
beam using 10 cm and 20 cm square set fields defined at the isocenter. The
measurements were performed in water at a reference depth of 10 cm and the results

are displayed in table 4.2

Table 4.2: The results of pre-irradiation and post-irradiation leakage tests performed on
the Semiflex 3D ionization chamber using 6 MV photon beam, 10cm x 10cm and 20cm

x 20cm fields and 1 minute intervals.

Pre-irradiation(%o) Post irradiation(%)
10cm x 10cm 0.001 £ 0.0004 0.005 £ 0.0002
20cm x 20cm 0.003 £ 0.001 0.026 £ 0.003

The results showed pre and post irradiation leakage current of the order of 0.003% and
0.03%, respectively. This is well below the 0.5% limit as recommended in IEC 60731
guidelines [65]. Therefore the pre and post irradiation leakage current for the PTW-
31021 in a 6 MV beam was found to be in very good agreement with international

recommendations [65].
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4.5 Beam quality dependence

The energy dependence of the PTW-31021 was investigated by comparing the dose
rates measured with the PTW-31021 in different photon and electron beam qualities

to that measured with reference detectors of known energy dependence.

Standard Photon beams

Figure 4.6 shows the results of response of the PTW-31021 compared to the dose rate
measurements of the PTW-30013 and PTW-31010 in Cobalt-60, 6 and 18 MV photon

beam qualities.

1.08
1.06

1.04

1.02 ‘[
I "\
j QY S SRS ———————— ] U g ————— I P p—
. = PTW-30013
0.98

A PTW 31010

0.96
X PTW 31021

Absorbed Dose /p1\/-30013

0.55 0.6 0.65 0.7 0.75 0.8
TPR20,10

Figure 4.6: The relative dose obtained as a function of beam quality measured in three
photon beams performed with three different detectors normalized to PTW-30013. The
PTW-30013 Farmer chamber, PTW-31010 Semiflex and PTW-31021 Semiflex 3D
lonization chamber were mounted perpendicular to the beam axis. The results were

normalized to the dose rate measurements obtained with the PTW-30013.
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The response of the PTW-31021 when compared to the absorbed dose rate
measured with PTW-30013 indicates that the response of PTW-31021 is

influenced by beam quality. The calculated ko q, Values to correct the response of

PTW-31021 for the difference in the beam quality between the calibration and the
user beam are given in table 4.3. The beam quality correction factors were assumed

to be independent of the chamber orientation.

Table 4.3: Beam quality correction factors (kq,q,) for a PTW-31021 determined in 6 and

18 MV photon beams from measurements performed in a conventional field size 10 x 10
cm?. The correction factors were determined for measurement with a PTW-31021
mounted perpendicular to the beam axis against measurements with a PTW-30013 under
identical conditions. The estimated uncertainty is 3.6 % at k = 2.

6 MV 18 MV
Ko 0.991 0.973
TPR20,10(10) 0.679 0.775

Standard electron Beams

The energy dependence of the PTW-31021 was also investigated in 12, 18 and 21
MeV electron beams by comparing the PTW-31021 response to the absorbed dose
rate measured with the PTW-34045 and PTW-31010. Figure 4.7 shows the results
of the response of the PTW-31021 compared to the dose rate obtained with the
PTW-31010 and PTW-34045 as a function of electron beam quality (Rso).

47
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Figure 4.7: Measurements used to determine electron beam quality correction factors for
PTW-31021 using absorbed dose rate data obtained with PTW-34045 and PTW-31010

detectors. All measured dose rates were normalized to the values obtained using the PTW-

34045.

The measured Kq,q, Values of the PTW-31021 ion chamber are provided in table

4.4.

Table 4.4: Beam quality correction factors (ko.q,) for PTW-31021 determined in electron

48

beams of various electron beam qualities (Rso) from measurements performed under reference

conditions. The PTW-31021 was mounted perpendicular to the beam axis. The correction

factors were determined against measurements performed with a PTW-34045 under identical

conditions. The estimated uncertainty is 3.8% at k = 2.

6 MeV 9 MeV 12 MeV 18 MeV 21 MeV
ko (PTW-31021) 0903 0.921 0.899 0.905 0.895
ko (PTW-31010) - - 0.909 0.900 0.898
Rso (g/cm?) 2.57 3.82 5.04 7.39 8.28
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The ko values for PTW-31021 determined in this study for electron beams have been

regarded as new values and there were no published values available for comparison

at the time of writing this dissertation. The manufacture does not recommend the use

of PTW-31021 in electron beams with average energy less than 9 MeV and the IAEA

TRS-398 CoP also does not recommend the use of cylindrical ionization chambers for

reference dosimetry in electron beams with average energy less than 10 MeV.

Nonstandard photon beams

The kg"éso’” values measured in a 6 x 6 cm? msr field are presented in table 4.5 as

a function of TPR20,10(10).

Table 4.5: Beam quality correction factors for PTW-31021 measured in 6 and 18 MV
photon and a 6 x 6 cm? “virtual” msr field. The kg’gor values were determined from

measurements against PTW-30013. The estimated uncertainty is 3.8% at k = 2.

6 MV 18 MV
J ms 1.006 0.975

Q Qo
TPR20,10(10) 0.680 0.77

The use of PTW-30013 in a 6 x 6 cm? msr field and photon beams with beam
qualities TPR20,10= 0.68 and 0.77 was found to satisfy the condition FWHM > 2 *

icee + d.
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4.6 Field output correction factors in small photon fields

The analytical function of Sauer and Wilbert [64] was used to fit field output factors
measured with a selection of solid state detectors and vented ionization chambers
recommended for use in small static fields in the IAEA TRS-483 CoP [22]. The fitting
parameters that produced the best fit for the analytical function were: P, =0.741, S.. =
0.41, 1 = 0.517, n = 2.433 and b = 0.099. The analytical function was then used to
predict the field output factor for a range of equivalent square field sizes (Sciin). The
predicted field output factors and the response of the PTW-31021 in a range of

selected field sizes were then used to calculate the field output factor correction factors

(kgill‘;g:‘i’; ) for the PTW-31021 as a function of Scin. The overall uncertainty in the

field output factor correction factors were found to be within 1.8% except for the 0.6
x 0.6 cm? field size with an estimated uncertainty of 2.6%. Table 4.5 provides the
calculated field output factor correction factors for the PTW-31021 and the published
field output correction factors for all the other small field detectors used in this study,
as obtained from the IAEA TRS-483 CoP excluding PTW-30013.
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fclin’fref

QetinQref ) as a function of Sciin ina 6

Table 4.6: The field output factor correction factors (k

MV beam with flattening filter for a selection of detectors that were used in the study for
measurement in small fields. The correction factors for the PTW-31021 were determined in
this study and the correction factors for all the other detectors used in this study were obtained
from the IAEA TRS-483 Cop [22].

Semiflex Semiflex ] Pin
] Micro ) ] ] ]
3D 3D Diode ] Semiflex Point MicroLion

Sclin Diamond

PTW- PTW- PTW- PTW- 3D PTW-
(cm) PTW-

31021 31021 60012 31010 PTW- 31018

60019

(perp) (parallel) 31016
8.0 1.000 1.000 1.005 1.000 1.000 1.000 0.997
6.0 1.000 1.000 1.010 1.000 1.000 1.000 0.994
4.0 0.999 0.999 1.015 1.000 1.000 1.000 0.991
3.0 0.999 0.999 1.017 1.000 1.001 1.001 0.989
2.5 1.000 1.000 1.017 0.999 1.002 1.001 0.988
2.0 1.002 1.001 1.016 0.997 1.008 1.004 0.988
1.5 1.012 1.010 1.010 0.993 1.025 1.013 0.987
1.2 1.033 1.029 1.003 0.989 - 1.025 0.987
1.0 - - 0.996 0.984 - 1.039 0.987
0.8 - - 0.985 0.977 - - 0.990
0.6 - - 0.970 0.968 - - 0.999
0.5 - - 0.960 0.962 - - 1.011
04 - - - 0.955 - - 1.033
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Figure 4.9 shows a graphical representation of all the field output factors measured in

this study for a range of small field sizes.

Field output Factors
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< 06 ® 3D PinPoint PTW 31016
% (parallel)
Semiflex PTW 31010
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Figure 4.9: Field output factors measured in small static fields using a relatively large
selection of detectors. The field output factors were fitted to an analytical function to
produce the line of best fit represented by the solid black line.

_10—[1
The analytical function k’“"/7¢ () = %€ 2 _4 ¢ (s — 10) proposed in

QclinQref 1+d. e~ B

the IAEA TRS-483 CoP was then used to obtain the calculated field output factor
correction factors for the PTW-31021 in any arbitrary square field (S). The fitting
parameters that produced the best fit for the function were; a = 0.120, b = 0.304,
¢ =9.00 x 10®° and d = -1 when the PTW-31021 was mounted parallel to the beam
axis and a = 0.140, b = 0.310, ¢ = 9.00 x 10 and d = -1 when the PTW-31021
was perpendicular to the beam axis. The results of the analytical function fitted to
the calculated field output factor correction factors obtained from measurements
performed with the PTW-31021 mounted perpendicular and parallel to the beam

axis are presented in figure 4.10. and 4.11.
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Figure 4.10: Field output factor correction factors kéiiz:g:‘;’; for PTW-31021 (mounted

perpendicular to the beam axis) as a function of Sgin (cm) fitted to an analytical function
proposed in the IAEA TRS-483 CoP [22].
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Figure 4.11: Field output factor correction factors kéi‘li:g:ee'; for PTW-31021 (mounted parallel

to the beam axis) as a function of Sgin (cm) fitted to an analytical function proposed in the IAEA
TRS-483 CoP [22].
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The estimated field output factor correction factors (kéi’l‘l:g:‘i’; ) for the PTW-31021

for both orientations are presented in figure 4.12 plotted as a function of Sciin. The graph
also includes the field output factor correction factors for all the other small field
detectors that were used in this study, as obtained from the IAEA TRS-483 CoP [22].

Field output correction factors

1.05

X Diode PTW-60012
= Micro Diamond PTW-60019
X =Semiflex PTW-31010

A Semiflex 3D PTW-31021
= = (parallel)
X @ Semiflex 3D PTW-31021
(perp)
X Pin Point 3D PTW-31016

by
o
o
*
L

L
»
[
L]

MicroLion PTW-31018

0.95
0.0 0.2 0.4 0.6 0.8 1.0

clin

Figure 4.12: Field output factor correction factors for the detectors used for small field
output factor measurements as a function of the equivalent square field (Scin). The field
output factor correction factors determined for the PTW-31021 in the perpendicular and

parallel orientation are also shown.

The results of this study suggest that the smallest Sciin in which the PTW-31021 is
recommended to be used is 1.2 cm. Below this field size, the field output factor
correction factors become larger than 5 %, which is recommended as the upper

limit [55]. This is in agreement with the findings of Casar, et al who suggest that
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the smallest field size in which the PTW-31021 can be used, lies between 1.5 x
1.5cm?and 1 x 1 cm? [70].

Table 4.7: A comparison of the field output factor correction factors for PTW-31021
determined in this study (CMJAH) to that of Casar et al. in 6 MV WFF [70]. The values

in brackets shows the uncertainty (reported to 1 standard deviation) in the last one or two

digits.

Semiflex 3D PTW-31021

Semiflex 3D PTW-31021

(parallel) (perpendicular)

Scin Casar et Casar et
(cm) CMIJAH al. CMIJAH al.

0.5 1.400 (42) 1.394(23) 1.454 (22) 1.461(25)
0.8 1.119(51) 1.145(10) 1.134(15) 1.157(10)
1.0 1.058(0) 1.075(8) 1.065(6) 1.077(8)
1.5 1.010(2) 1.021(6) 1.012(7) 1.020(6)
2.0 1.001(2) 1.007(6) 1.002(3) 1.008(6)
3.0 0.999(3) 1.000(6) 0.999(3) 1.001(6)
4.0 0.999(2) 0.998(6) 0.999(1) 0.999(6)
5.0 1.000(1) 0.999(6) 1.000(1) 1.000(6)
10.0 1.000(0) 1.001(1) 1.000(0) 1.001(0)
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Chapter 5 Conclusions

The dosimetric performance of a new 3D air ionization chamber designed for use in
standard and nonstandard fields, was investigated. The characteristics of the ionization
chamber were quantified in terms of its long term stability, linear response with
absorbed dose, effective point of measurement, pre- and post-irradiation leakage
current, beam quality dependence in both photon and electron beams, as well as beam
quality dependence correction factors and field output factor correction factors in small
static fields using a 6 MV flattened photon beam.

The chamber long term stability was investigated by measuring the dose rate from a
Cobalt-60 teletherapy beam over an 18 month period and the result were found to be
in good agreement with manufacture specifications and recommendations in IEC
60731 [65].

The ionization chamber demonstrated a linear response for a range of absorbed dose
to water in 6 and 18 MV photon beams. The coefficient of variance calculated for the
ratio of chamber response to delivered monitor units was found to be less than 0.5%

for doses of up to approximately 5.04 Gy.

The effective point of measurement is displaced from the reference point specified by
the manufacture. The displacement was found to be 1.3 = 0.1 mm up stream from the
manufacture defined reference point for the parallel orientation and 1.4 = 0.1 mm

towards the source for the perpendicular orientation.

The pre- and post-irradiation leakage current for the PTW-31021 was investigated in
a6 MV beam using 10 x 10 cm? and 20 x 20 cm? square fields. The results were well
below the 0.5 % recommendation in IEC 60731 guidelines [65]. In this study,
measurements of lateral beam profiles and polarity correction factors for various
“large” field sizes were not performed in order to determine the effect of cable and

stem irradiation in large fields. This could result in radiation induced leakage current
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that introduces errors in chamber response of the order of + 5 % and requires further

investigation.

® The experimentally determined correction factors for beam quality dependence (kg) in
standard high energy photon and electron beams were comparable to the values
published by the manufacture however, the estimated uncertainties were significantly
higher in comparison to values published by the manufacture [66]. The PTW-31021
and PTW-31010 resulted in different beam quality correction factors measured. This
can be accredited to the difference in the design of the two chambers, with PTW-31010
and PTW-31021 having sensitive volumes of 0.125 cc and 0.07 cc, respectively.

® For measurements in nonstandard small fields, due to the relatively large outer
diameter of the detector in comparison to the size of the sensitive volume, the PTW-
31021 does not provide an advantage for reference dosimetry measurements in msr
fields when compared to the PTW-31010.

® The PTW-31021 does however produce better performance in relative dosimetry
measurements (e.g. field out-put factors measurements) in small fields compared to
the PTW-31010 due to its smaller active volume of 0.07cc compared to 0.125 cc of
the PTW-31010. The manufacturer specifications recommend that the smallest field
size that can be used with PTW-31021 is 2.5 x 2.5 cm?. The results of this study suggest
that the smallest field size in which the PTW-31021 could be used lies somewhere
between 1.2 x 1.2 cm? and 1 x 1 cm? Compared to the 1.5 x 1.5 cm? of the PTW-31010.
This is also in agreement with the data published by Casar, et al. [70]. Considering
the active volume of PTW-31021 compared to the PTW-31010 or the PTW 31016, the
results of this study are also in agreement with the data published in the IAEA TRS-
483 CoP [22].
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Appendix

Appendix 1.

Manufacture Specification of PTW-31021 Semiflex 3D lonization chamber

Semiflex 3D Chamber
0.07 cm?
Type 31021

Standard therapy chamber with
excellert 3D characteristics for scanning
systerns and for absolute dosimetry

Highlights Materials and measures

b Wisterproof, ssmiflexdble design for easy mounting in Wall of sensitive volurne 057 mm PRMA,

sc@nning water phantoms a%mm

b Excellent 30 characterstics 1.85 gfom?®

» Sensitive volume of 0.07 om? Total wall area density 84 mgfcr?

¥ Outperforms all requirements of IEC 60731 Dimension of sensitive radius 2.4 mm

and AAPM TG-51 valume

»  Designed for axial and radial iradiation Central electrode Al 9598, diameter 0.8 mm
Build-up cap PRAMA, thickness 3 mm

The 31021 Semiflex 30 chamber is ideal for dose

measurements in small fields as encountered e.g. in lon oollection effidency at nominal voltage

IORT, IMRT and sterectactic beamns as well as for dose lon collection time 18 s

measurements in standard fields up to 40 x 40 an?. o for

Relstive dese distribution can be measured with high Max doseratefor 67 Gyis

spatial resolution in any direction. The waterprocf, 9.0 % saturstion 134

fully quarded chamber can be used in air, solid state = s

phantoms and in water. = 99.5 0 saturation 0.68 mGy
= 99.0 % saturation 1.42 miGy
Specification
Type of product vented cylindrical Useful ranges
jonization chamber Chamber voltage =({50 ... 400h V
ication bschute dosi Radiation quality =00 . 50 MV photons
“op! raotharapy beare ' (9. 45) MeV dlectrons
Measuring quantities absorbed dose to water Field size (25 x2 5 arf . (A0 x A0) o
air kerma F0x30 ard . (A0xA0) ard
EXDOISUNE = 18NV
Reference radiation =o Temperature 0 ...400°C
quality Eﬂ lodeF
Mominal sensitive volume  0.07 om? Hurnidity {10 ... B0 %0, max 20 gfm?
Diesign waterprocf, vented, Air pressure (700 ... 1060) hPa
h.lly guarded
Reference point 5 .
A 3,-15 mm f'rm?:ﬁ'tan-bertp Ordering Information
Direction of inddence axial, radial TH31021 Semiflex 3D chamber 0.07 am?,
] connecting systern BNT
Nominal response 2 /Gy TW31021 Semiflex 30 chamber 0.07 am®,
Long-term stability = (.3 9% over 2 years '# connecting system THC
Chamber voltage 400 V nominal TWE1021 Semiflex 30 chamber 0.07 an?.
= 300V maximal connecting system M
5 Polarity effect photors = = 0.8 %
g_ o Electrums::=1 % Options
SE Directional response = + 0.5 % for rotation TAZD12? Radicactive ched: davice 5
i i :’E‘,‘Tg”f;ffﬁﬁ T48002.1.004 Chamber halder for check device
- : axis up o= 90°
EE Leakage current =4 fA
gg Cable leakage = 100 fFCAGy-om) 1# expected value ichamber is not yet 2 years old)
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