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Abstract

The limited effectiveness against radioresistant tumors and the radiation-induced
toxicity in normal organs remain two major challenges to achieve optimal treat-
ment outcomes in modern radiotherapy. Among advanced treatment modalities,
high-LET particle therapy using heavy charged particles such as carbon ions in-
duces dense ionization events along their tracks, enhancing biological effectiveness.
More recently, FLASH radiotherapy has emerged as a promising technique that
delivers radiation at ultra-high dose rates and has shown potential to spare normal
tissues while maintaining tumor control. Accurate dosimetry is essential to en-
sure the safe and effective application of these modalities. However, the complex
beam characteristics of high ionization densities and extreme dose rates introduce
significant ion recombination losses in ionization chambers (ICs), the standard
instruments for reference dosimetry. Among other challenges, when correcting
for recombination losses, the established correction methodologies with current
detector designs are complex, time-consuming and in some cases unreliable un-
der these conditions. This thesis addresses different challenges associated with
these advanced modalities by deepening the understanding of ion recombination
and charge carrier transport processes in |Cs, identifying radiation resistant ma-
terials for prolonged ultra-high dose rate (UHDR) and ultra-high dose per pulse
(UHDP) operation, and developing a novel ionization chamber concept for refer-
ence dosimetry including its inherent method to correct for recombination losses.
A Monte Carlo simulation framework was developed to model recombination ef-
ficiencies under realistic beam conditions beyond the limitations of theoretical
models. Complementary experimental studies assessed the radiation tolerance of
materials commonly used in ICs under high cumulative doses and varying dose rate
conditions. Building on these insights, a dual gap ionization chamber (DGIC) pro-
totype was designed, constructed, and tested across multiple beams. The DGIC
allows straightforward determination of recombination correction factors from a
single irradiation, resulting in a more time-efficient dosimetric workflow, while
maintaining uncertainties comparable to those of currently endorsed methods.
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Chapter 1

Overview

This chapter presents the motivations underlying this thesis and provides an
overview of its main contributions to the field, together with the overall struc-
ture of the thesis.



4 CHAPTER 1. OVERVIEW

1.1 Research motivation

Radiotherapy is one of the principal modalities for cancer treatment, used either
alone or in combination with surgery, chemotherapy, or other targeted therapies.
The interaction of ionizing radiation with biological matter has been extensively
studied, leading to the use of multiple radiation types and delivery techniques that
optimize tumor control while minimizing damage to surrounding healthy tissues.

From the early use of X-rays, technological progress has enabled highly confor-
mal dose delivery, allowing precise shaping of the radiation field to match tumor
geometry. In recent decades, particle therapy (PT), including protons and heavier
ions, has further improved dose conformity, offering superior sparing of healthy
organs and, in some cases, increased biological effectiveness.

More recently, research has explored radiation modalities that combine excel-
lent dose distribution with unique radiobiological advantages. High Linear Energy
Transfer (LET) particles, such as carbon ions, not only maintain high dose con-
formity but also exhibit enhanced relative biological effectiveness (RBE), making
them promising for the treatment of radioresistant tumors. The recent re-discovery
of the FLASH effect, a still unknown biological mechanism observed at ultra-high
dose rates (UHDR), has opened a new frontier in radiotherapy. Preclinical studies
have shown that the FLASH effect can maintain tumor control while reducing
normal tissue toxicity.

Radiotherapy relies on complex treatment machines that must meet strict qual-
ity and safety requirements. This is ensured in practice through dosimetric verifi-
cations, which include regular quality assurance (QA) measurements of machine
output to ensure, for example, that the delivered dose matches the prescribed dose.
The complexity of novel modalities such as carbon therapy and FLASH therapy in-
troduces unique dosimetric challenges, particularly for ionization chambers (1Cs),
which remain the gold standard for reference dosimetry.

Under high-LET or UHDR conditions, ionization chambers experience signifi-
cant ion recombination losses due to the high density of ions created in very small
spatial and temporal scales. This reduces collection efficiency and requires the
application of a correction factor that may depend on the specific beam prop-
erties and chamber design. While several theoretical models exist to describe
ion recombination, they may fail under certain irradiation conditions, as their as-
sumptions may not hold for advanced modalities. Experimental determination of
recombination correction factors is therefore recommended.
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Under these advanced treatment modalities periodic determination of recom-
bination correction factors is often impractical, as existing methods can be too
time-consuming or incompatible with routine QA workflows. Consequently, these
factors may remain unverified for extended periods, potentially affecting dosimetric
accuracy. Beyond recombination issues, other practical challenges also arise, such
as the degradation of conventional ionization chambers under prolonged UHDR
exposure, which can compromise detector performance and longevity.

The present thesis addresses these challenges by further understanding fun-
damental ion recombination and transport processes in ICs, identifying suitable
materials for prolonged UHDR irradiation, and designing and testing a novel ion-
ization chamber specifically tailored for reference dosimetry in advanced treatment
modalities. The primary aim is to develop a detector that simplifies the determi-
nation of ion recombination correction factors while maintaining accuracy across
a wide range of beam radiation types and temporal structures.

1.2 Main contributions

This thesis is structured around three research papers: two preparatory studies
intended to guide the optimal design of the detector, and a third that presents
the development and testing of the final prototype.

1.2.1 Modeling recombination and ion transport in ICs

Although ICs have been used in dosimetry for decades, conventional reference
conditions permit simplifying assumptions about charge collection and recombina-
tion. These assumptions no longer hold for modern modalities, where large LET
and dose rates cause other non-negligible effects. In this work, an open-source
Monte Carlo simulation tool was developed to model ion transport and recom-
bination processes under more realistic irradiation conditions. This tool enables
detailed study of correction factor dependencies on chamber geometry, gap size,
and multiple beam parameters, and has been used to optimize the chamber design
developed in this thesis.

1.2.2 Identifying materials for prolonged UHDR irradiations

Clinical translation of FLASH therapy will inevitably require prolonged UHDR
exposures, during which dosimeters can accumulate very high total doses. To
ensure the longevity and stability of dosimetric devices, a systematic study of ma-
terials used in IC construction and phantoms was conducted. Candidate materials
were irradiated with both electrons and protons under various conditions, includ-
ing different cumulative doses, average dose rates, and instantaneous dose rates.
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Their physical, chemical, and mechanical properties were monitored over time
to assess radiation-induced degradation or recovery. This work identifies suitable
materials for durable detector construction in high dose and UHDR environments
that are needed for the development of the IC prototype.

1.2.3 Development and testing of a novel IC design

Building on the findings from the simulation and material studies, a novel dual-
gap ionization chamber (DGIC) was designed for reference dosimetry in advanced
modalities. This design enables direct determination of recombination correction
factors by exploiting the variation in the measured charge ratio between the two
gaps from a single irradiation, thereby improving accuracy and compatibility with
clinical workflows. Several iterations of the prototype were built and evaluated,
resulting in a final optimized design. This chapter presents the results for the final
design, which was tested across a wide range of beam types and delivery modes,
including a carbon ion beam, an UHDR proton beam, and, the most extreme case,
an ultra-high dose per pulse (UHDP) electron beam.

1.3 Thesis outline
The thesis is structured as follows:

e Chapter 1: Which is the present chapter, it resumes the motivations behind
this thesis and provides an overview of the thesis contributions to the field.

e Chapter 2: Provides the theoretical background necessary for the thesis. It
covers the basic principles of radiotherapy, introduces the rationale behind
novel treatment techniques such as particle therapy and FLASH, and reviews
the fundamentals of reference dosimetry, ionization chamber operation and
ion recombination.

e Chapter 3: Describes the development of an in-house Monte Carlo sim-
ulation to model ion transport and recombination processes in ionization
chambers. The chapter presents the validation of the model against exist-
ing theories and experimental data.

e Chapter 4: Reports on the experimental study of different materials ex-
posed to prolonged UHDR conditions. This includes the irradiation pro-
tocols, characterization methods, and assessment of material performance,
and concludes on recommendations of commonly used materials for con-
structing dosimetric devices for UHDR applications.
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e Chapter 5: Details the design, development, and experimental evaluation of
the proposed prototype: a dual-gap ionization chamber (DGIC). It covers
the operating principle, optimization process, and performance testing across
multiple beam types and delivery modes.

e Chapter 6: Summarizes the findings of the thesis, discusses their implications
for clinical practice and future research, and provides concluding remarks
from a personal perspective.
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Chapter 2

Introduction

This chapter provides the theoretical background relevant to this thesis, covering
the fundamental principles of radiotherapy, the rationale for advanced techniques
and the fundamentals of reference dosimetry, with a particular emphasis on ion-
ization chambers and a detailed focus on ion recombination.
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2.1 Radiotherapy

Cancer is one of the leading causes of death globally, with an estimated 20 mil-
lion new cases and 9.7 million deaths reported in 2022. According the World
Health Organization (WHO) [83], the global cancer incidence is projected to rise
to nearly 35 million cases annually by 2050, driven largely by population ageing
and lifestyle-related factors [191]. In industrialized countries, radiotherapy (RT)
is widely integrated into cancer care, as it is estimated that over 50% of cancer
patients receive RT at some point during the course of their disease [15].

The primary objective of radiotherapy is to eradicate malignant cells by inducing
irreparable DNA damage with ionizing radiation, while sparing surrounding healthy
tissues to avoid acute and late toxicities. Achieving this delicate balance requires
accurate dose delivery and careful consideration of normal tissue tolerance and
tumor biology. In RT clinical practice, the oncologist prescribes the dose (the
mean energy imparted per unit mass) that achieves tumor control while respecting
tolerance thresholds for surrounding healthy tissues.

The use of radiation for cancer treatment dates back to shortly after Rontgen’s
discovery of X-rays in 1895 [160]. Since then, radiotherapy has evolved from
rudimentary X-ray tubes to highly sophisticated treatment systems. Today, a
variety of radiation types are used clinically, including photons, electrons, protons,
and heavier ions, each with distinct physical properties and biological effectiveness
[120, 140].

The following sections introduce key concepts related to the physics of particle-
matter interactions, radiobiological effects, beam delivery technologies and their
relevance to radiotherapy. These provide the necessary background on reference
dosimetry as well as the rationale and specific challenges to novel radiotherapy
modalities, which are central to the scope of this thesis.

2.2 Interaction of ionizing radiation with matter

There are different types of ionizing radiation that are used with radiotherapeutic
fines, depending on their interaction with matter different properties and deposi-
tion of energy are observed:

2.2.1 Non-charged particles

Photons are by far the most widely used non-charged particle in external beam
RT. Because they carry no electric charge, photons can travel considerable dis-
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tances through matter before interacting with atomic structures [120]. The nature
and probability of these interactions depends strongly on their energy.

At low photon energies, scattering processes such as Thomson and Rayleigh
scattering may occur, involving the deflection of the incident photon with negli-
gible energy transfer to the medium. As photon energy increases, three principal
mechanisms become dominant: the photoelectric effect, where the photon is fully
absorbed and an atomic electron is ejected; Compton scattering, in which the
photon transfers part of its energy to an atomic electron and is deflected with
reduced energy; and pair production, where the photon is converted into an elec-
tron—positron pair in the vicinity of a nucleus [12].

The attenuation of a photon beam as it passes through matter is described by
the exponential attenuation law [180]:

I(z)=1I e h® (2.1)

Where I(x) is the photon beam intensity after traversing a thickness z (in cm)
of material, Iy is the initial intensity and x (in cm™) is the linear attenuation
coefficient. This coefficient represents the probability per unit length that a photon
interacts with the medium and is given from the contribution of the previously
described interaction mechanisms.

Since p depends both on the material composition and its density, the mass
attenuation coefficient 1/p (in cm? g!) is often used to remove the influence
of density alone. The variation of this coefficient with photon energy, and the
relative contribution of each interaction process is illustrated in Figure 2.1.

X-rays produced in the megavoltage (MV) range typical of clinical radiother-
apy, Compton scattering and pair production predominate [55]. Both processes
produce energetic secondary electrons which undergo further ionizations in the
surrounding medium. These secondary electrons with relative long range (1.5 cm
in water for a 6 MV photon beam) are mainly responsible for the actual deposition
of energy in matter and cause a shift between the position of photon interaction
and that of energy deposition in the material. This shift causes the build-up effect
[151]: an increase in the dose deposited in the first centimeters of the beam's
path through the material. The dose rises until it reaches a maximum, where
charged particle equilibrium is reached (the number and energy of charged parti-
cles entering a small volume equal those leaving it), followed by the characteristic
exponential decrease shown in Figure 2.2 for therapeutic X-rays and %°Co.
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Figure 2.1: Contributions of Photoelectric effect, Compton effect, and Pair pro-
duction to the mass attenuation coefficient as a function of photon energy. Figure
taken from [49].

2.2.2 Charged particles

In contrast to photons, charged particles interact with matter continuously along
their path. The detailed nature of this energy loss depends on the mass, charge,
and energy of the incident particle.

Light charged particles such as electrons are commonly used in radiotherapy
for the treatment of tumors located close to the body surface. Their small mass
leads to large angular deflections during collisions, resulting in erratic trajectories.
Energy loss occurs predominantly via Coulomb interactions with atomic electrons,
which cause ionization and excitation of the medium. Electrons can also interact
with atomic nuclei, emitting bremsstrahlung radiation; this process becomes more
significant at higher energies and in materials with high atomic numbers [151].
The rate of energy loss (dE), per unit path length (dz) is described by the stopping
power S (units of MeV cm™):

S = i (2.2)
The total stopping power of electrons is given from the contribution of the mecha-
nisms described: S = S o1 + Syaq, Where S.; is the collisional stopping power and
Srad 1S the radiative stopping power. To remove the dependency on the density
of the medium, the mass stopping power is often used:

S5__1dE (2.3)
p p dx

This quantity has units of MeV cm? g'! and is commonly used to compare energy
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loss properties in different materials regardless of density. In therapeutic electron
beams with energies up to about 22 MeV, collisional stopping power dominates,
and the resulting depth—dose curve falls sharply beyond the therapeutic range as
illustrated in Figure 2.2.
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Figure 2.2: Typical percentage depth dose (dose at depth as a percentage of the
maximum) distribution for different particles used in radiotherapy.

Heavier charged particles, such as protons and heavy ions, interact with matter
similarly to electrons at low energies via Coulomb interactions with atomic elec-
trons. However, due to their greater mass, conservation of momentum implies
that they undergo smaller deflections and travel in nearly straight paths through
matter [140]. Bremsstrahlung emission is negligible, and at higher energies, ad-
ditional processes such as scattering from atomic nuclei and non-elastic nuclear
interactions may occur, leading to the production of secondary particles.

The interaction of heavy charged particles is described using the mass stopping
power, governed by the Bethe-Bloch equation [18], a quantum-relativistic model
that predicts the energy loss of heavy charged particles in a medium:

- B - ¢ (2.4)

dE  4mk3Z*e'n l 2mec? 3
Z

Cdr T mec2B2 n[(l — ?)

Where kg is Coulomb constant, Z atomic number of incident charged heavy par-

ticle, e is the electron charge, n the density of electrons in the medium, m.c? is

electron’s mass, 3 = v/c relative speed of the heavy charged particle in relation
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to the speed of light, ¢, I the mean excitation potential of the material and C is
the shell correction for low energy effects.

Protons used clinically typically have energies in the range 70-235 MeV, cor-
responding to ranges in water of approximately 4-32 cm. In this energy range,
the stopping power is strongly dependent on the inverse square of the proton’s
velocity, meaning that the stopping power increases as the particle slows down.
This energy regime is especially important because it leads to the characteristic
proton dose distribution shown in Figure 2.2. Initially, protons move fast and de-
posit little energy, resulting in an almost flat dose deposition, the so-called plateau
region but as they penetrate deeper and lose velocity, the energy deposited per
unit length rises sharply, producing the Bragg peak, a narrow region of high dose
just before the particle comes to rest [180]. It should be noted that for heavier
ions the drop in dose after the Bragg peak is less pronounced at the end. This is
because these heavy ions undergo nuclear reactions throughout their path, process
known as fragmentation, that leads to the formation of ions that are lighter than
those in the primary beam which deposit dose beyond the Bragg peak, forming
the fragmentation tail [101].

The range of heavier charged particles in matter is determined primarily by
its initial energy, which makes that protons of different energies come to rest at
different depths. A monoenergetic proton beam therefore produces a single, well-
defined Bragg peak, which is well suited for targeting a small lesion at a specific
depth. However, most clinical tumors extend over a finite volume, making a single
Bragg peak insufficient for full coverage. To address this, the incident beam energy
is modulated so that multiple Bragg peaks at different depths are superimposed,
forming a Spread-Out Bragg Peak (SOBP) that conforms to the target volume,
as illustrated in Figure 2.3. This dose distribution offers an advantage of particle
therapy compared to the conventional radiotherapy: the reduction of the dose to
healthy tissue [128] which results is less toxicity which improves patient’s quality
of life [107], potentially reduces the risk of secondary cancers [139] and allows
for other therapeutic options, such as has the possibility of re-irradiate patients
with recurring cancers [159]. It should be noted that, in clinical practice, treat-
ment plans typically employ multiple fields, and practical considerations such as
range uncertainties, motion, and anatomical changes may reduce the magnitude
of the distal-dose sparing advantage, depending on the treatment site and delivery
technique.
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Figure 2.3: Dosimetric differences between conventional radiotherapy based on
photons and proton therapy. It can be seen how conventional radiotherapy with a
single beam deposits extra dose in the surrounding healthy tissues to achieve the
same dose levels as protons at tumor depth. Adapted from [149, 79].

2.3 Quantifying radiation effects

2.3.1 Absorbed Dose

One of the dosimetric quantities that best correlates with the deterministic
biological effects produced by ionizing radiation is the absorbed dose! [12]. It is
a fundamental quantity in radiation physics and dosimetry defined as the mean
energy imparted by ionizing radiation (d€) to unit mass of matter (dm):

de
D=— (2.5)

dm

Where D is the absorbed dose expressed in units of Grays, equivalent to Joule per
kilogram: 1 Gy = 1 J kg!. If the condition of delta-ray particle equilibrium is

! Although absorbed dose does not correlate with stochastic effects, it remains the relevant
quantity for describing deterministic effects, which are the primary focus of radiotherapy.
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met, absorbed dose can also be expressed in terms of the fluence of the radiation
field [151]. Fluence, denoted by ® (particles cm™), is defined as the number of
particles incident per unit area. For a monoenergetic beam of particles:

D=3&. (S“’l) (2.6)

p

Where S,/ p is the collisional mass stopping power of the medium (MeV cm? g1).
This quantity represents the energy loss per unit path length due to inelastic
collisions with atomic electrons, per unit density of the medium, and is directly
related to the energy deposited locally. The use of the collision component, rather
than the total stopping power, excludes energy losses due to radiative processes,
which may result in energy transport out of the local volume.

Alternatively, for non-charged particles, absorbed dose can be written in terms
of the energy fluence ¥ (J cm™2) if full charged particle equilibrium is established:

D=1. <“e”> (2.7)

P

Where fien/p is the mass energy absorption coefficient (cm? g!). In radiation
dosimetry, this coefficient is preferred over the mass attenuation coefficient u/p,
since fen/p quantifies the fraction of photon energy actually absorbed in the
medium per unit mass, whereas u/p only describes the attenuation of the photon
beam.

2.3.2 Linear Energy Transfer

While stopping power describes the total energy lost by a particle as it moves
through a medium, a relevant quantity more directly related to the biological
effects of radiation is the Linear Energy Transfer (LET). LET is defined as the
average energy deposited locally in the medium per unit path length and is typically
expressed in units of keV pmt [151].

A portion of the energy lost by the particle may be carried away by secondary
particles, particularly d-electrons that can travel significant distances from the
primary particle’s path. To account only for the energy deposited near the track,
the concept of restricted LET (LETA) is introduced. LETA includes only the
energy transferred to secondary electrons with energies below a specified cutoff
value A. The choice of A depends on the spatial resolution or biological scale of
interest. LETA is therefore a fundamental quantity in radiobiology, as it is closely
related to the spatial distribution of energy deposition and its potential to cause
complex DNA damage.
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If, instead, all of the energy lost to secondary electrons is included, regardless
of their energy or range, we arrive at the definition of unrestricted LET (LET,,).
This quantity is equivalent to the linear collision stopping power [84]. LET
provides a measure of the total energy loss per unit path length without regard
for where the energy is ultimately deposited.

Low-LET radiation, such as photons, produce sparsely distributed ionizations,
and are often associated with mainly indirect DNA damage. This sparsely ra-
diation also interacts with other molecules inside the cell, producing chemical
reactions that generate free radicals that diffuse and interact with DNA, gener-
ating additional damage. Such interactions predominantly result in single-strand
breaks or isolated base damage, which can usually be repaired, as the intact com-
plementary DNA strand preserves the information needed to restore the original
sequence [151].

As LET increases, so does the density of ionization events along the particle
track. High-LET radiation, such as carbon ions, deposits energy densely along
its track, producing mainly direct DNA damage, often resulting in complex DNA
double-strand breaks, which are difficult for the cell to repair as complementary
DNA strand may also be damaged.

2.3.3 Relative Biological Effectiveness

The same absorbed dose, delivered using different radiation qualities, may not
yield the same biological effect and the limitations of just using LET become promi-
nent when ions of different atomic number are compared as different biological
effects are experimentally observed [174]. The Relative Biological Effectiveness
(RBE) was introduced to compare the biological effectiveness of different radiation
types. It is defined as the ratio of the absorbed dose required to achieve a specific
biological effect using a reference radiation, and the absorbed dose required to
produce the same effect using another type of radiation [151]:

Dref

te

RBE = (2.8)

t
5 |Isoeffect

RBE depends on various factors, including the type of radiation, the biological
endpoint, cell type and dose among others. Experimentally, RBE has been found
to correlate with the LET value across all types of radiation. At low LET values,
RBE remains approximately constant and close to unity. As LET increases, RBE
generally rises, reaching a maximum. Beyond this range, further increases in LET
result in a decrease in RBE due to the overkill effect, in which energy deposition
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becomes excessively concentrated, surpassing the cell's capacity for damage repair
[110].
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Figure 2.4: Representation of indirect and direct damage to DNA, effects of
different LET radiation on DNA strand breaks and relation between LET and
RBE. Partially adapted from [55].

In conventional radiotherapy with photon beams, RBE is considered constant.
For clinical proton beams, a uniform RBE of 1.1 is generally used. This value is
based on historical experimental data and represents a simplification for treatment
planning purposes. However, there are indications that RBE for protons is not
uniform, and that it increases significantly in the distal dose fall-off the Bragg
peak where LET increases. This variability could result in a higher than expected
biologically equivalent dose deposition, which can be problematic in normal tissues
located distal to the tumor. Carbon ions exhibit RBE greater than 1 across all
the range, and also increases with depth. For heavier ions, the RBE maximum
is shifted to larger LET values and becomes less pronounced which is not always
optimal for radiotherapy purposes as explained in section 2.5.
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2.4 Beam technology

2.4.1 Cobalt-60 units

Historically, Cobalt-60 (°°Co) units were widely used in external beam radiother-
apy. These units continuously emit gamma photons with energies of 1.17 MeV and
1.33 MeV. Radiation is generated through the radioactive decay of ®°Co, which
is encapsulated and housed within a heavily shielded head. During irradiation, a
mechanical system positions the source into an unshielded aperture, where the
beam can be directed towards the target field.

Although °Co units were once the mainstay of external radiotherapy, they have
been largely replaced in modern clinical practice by linear accelerators (LINACs).
Despite their declining clinical use, °°Co sources remain essential for reference
dosimetry. Their stable and well characterized photon spectrum makes them ideal
for use as reference radiation beams in the calibration of ionization chambers
and dosimetric instruments. As such, they are widely used in primary, secondary
standard dosimetry laboratories and national metrology institutes to establish a
traceable calibration chain.

2.4.2 LINACs

Linear particle accelerators (LINACs) are widely used in modern external beam
radiotherapy and are designed to accelerate low mass charged particles, primarily
electrons, to high energies. The process begins in an electron gun, where electrons
are generated by thermionic emission from a heated cathode. These electrons are
then injected into an accelerating waveguide, where they travel in a straight path
and gain energy through interaction with high-power microwaves. After acceler-
ation, a bending magnet system directs the electron beam toward the treatment
head. LINACs can operate in either electron mode or photon mode. In photon
mode, the accelerated electron beam is directed onto a high atomic number target,
typically tungsten, producing bremsstrahlung radiation. Photon energies typically
range from 6 MV to 25 MV, allowing for deeper penetration depth.

High dose conformity in advanced techniques such as intensity modulated radio-
therapy (IMRT) or volumetric modulated arc therapy (VMAT) is achieved through
the use of primary, secondary and multi-leaf collimators (MLC), which enable con-
formal dose distributions tailored to the target volume. This techniques deliver
beams from different angles so that each individual beam contributes with a lower
entrance dose compared with a single radiation field; when the beams overlap at
the tumor site, the doses sum to produce a higher total dose to the target, while
lowering the dose to surrounding healthy tissue.
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Being inherently pulsed systems, LINACs time structure are best described using
the following specific beam parameters according to [24] definitions applicable to
any pulsed systems, graphically represented in Figure 2.5:

Pulse duration (t,,5): Time interval between the start of the first bunch to
the end of the last bunch in the pulse. A pulse is a basic component of the
macrostructure of a beam formed by a train of bunches. A bunch is a basic
component of the microstructure of a beam, formed by clusters of particles
generated by the electron or ion source. The duration of a single bunch is
denoted as tpunch-

Pulse repetition time (7): The time interval between the start of two consec-
utive pulses. The pulse repetition frequency, PRF, is defined as the inverse
of the pulse repetition time: PRF=7T"1.

Total irradiation time (totq;): The elapsed time from the start of beam
delivery to its completion, including all beam-on and off intervals part of
the delivery sequence.

Total dose (D): Total dose delivered by the beam at a specified reference
point or to a reference volume.

Dose per pulse (DPP): dose delivered within a single pulse. In Figure 2.5 it
corresponds to the area of the rectangle, which represents a single pulse.

Instantangous dose rate (Djnst): The dose rate during the pulse itself, de-
fined as Djpst = DPP /5.

Average dose rate (Dm,): The dose rate averaged over one complete pulse
period, defined as Dav = D-PRF. Note that this definition differs from that
of the average dose rate over the full irradiation, as it depends significantly
on the delivery mode. In particle therapy, for example, the definition on
pencil beam scanning (PBS) may differ substantially [47].
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Figure 2.5: Graphical representation of temporal structure of pulsed beam param-
eters. Adapted from [65].

2.4.3 Accelerators for particle therapy

In particle therapy, circular accelerators are used to accelerate protons and heavy
ions to therapeutic energies. Compared to LINACs, they are less widespread due
to their greater complexity, cost, and infrastructure demands. Because of this,
they are currently in a limited number of specialized centers worldwide [144].
These centers typically use one of these three types of circular accelerators: syn-
chrocyclotrons, isochronous cyclotrons or slow-cycling synchrotrons [129, 192].
Each system uses a different acceleration strategy, which results in different beam
characteristics, particularly regarding beam time structure, which is relevant for
dosimetry purposes.

All three types use magnetic fields to bend the particle trajectories into circular
or spiral paths and apply a RF electric fields to accelerate particles each time they
pass between accelerating structure. However, as particles approach relativistic
speeds, their effective mass increases, causing them to drift out of phase if a fixed
RF frequency is kept. Each system addresses this challenge differently:

Synchrocyclotron

Synchrocyclotrons operate by varying the RF frequency and gradually decreasing
the magnetic field during each acceleration cycle to match the changing revolution
time of the particles [192]. Because the RF does not vary very quickly, the ac-
celeration is relatively slow and requires many revolutions before extraction. The
whole cycle is repeated at a frequency of up to 1 kHz. As a result, it delivers a
pulsed beam with a typical pulse duration of 1-10 ps and a period of 1-3 ms. This
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results in a low duty cycle, defined as the fraction of time during which the beam
is actively delivered relative to the total cycle, typically ranging 0.1-5%. [129]

Synchrocyclotrons are compact and cost effective accelerators, most commonly
employed for single room proton therapy facilities [148, 193, 185]. With the
increasing use of proton therapy worldwide, several companies have developed
and commercialized compact synchrocyclotron based solutions, such as the IBA
S2C2 ProteusONE [81] or the Mevion S250i Hyperscan [122].

Isochronous cyclotrons

Isochronous cyclotrons maintain a constant RF frequency (in the range of
50-100 MHz) by increasing the magnetic field with radius, allowing particles to
remain synchronized throughout acceleration. This results in a beam composed
of successive 1-2 ns bunches separated by 10-20 ns intervals. Due to the high
repetition frequency and regularity of these bunches, the beam appears continuous
on clinical or dosimetric timescales, resulting in an effective duty cycle close to
100%.

Typical isochronous cyclotrons are generally larger in size and are often con-
figured to serve multiple treatment rooms [192]. However, superconducting de-
signs have enabled the development of more compact systems [64, 16] thereby
reducing overall facility costs. Popular industrial solutions include the IBA 235
ProteusPLUS [82] and the Varian ProBeam 360° [121]. While most existing ma-
chines are designed for protons, a new generation of isochronous cyclotrons is
being developed to accommodate heavier ions as well [91].

Synchrotrons

Synchrotrons accelerate particles in a circular ring where both the magnetic field
and the RF frequency are varied synchronously during the acceleration phase. For
clinical use, they operate in slow-cycling mode, delivering spills of particles that
follow a regular sequence: injection of particle bunches into the ring, accelera-
tion to the desired energy, slow extraction over multiple turns, and ramp-down.
This cycle produces a quasi-continuous beam during extraction phase, with spills
typically lasting 1-10 s, spaced by approximately 2 s, and a duty cycle ranging
10-50%. [129, 192]

Synchrotrons are currently used to accelerate protons, as well as heavier ions, in-
cluding carbon for clinical applications and helium or oxygen for research purposes
[190]. Most existing synchrotrons facilities are custom made [35, 42], result of
large collaborations with experienced centers. Nevertheless, commercial systems
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are also available, such as Hitachi's solutions for protons, heavy ions, and hybrid
centers [74, 72, 73].
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Figure 2.6: Beam time structures of the different beam technologies. Adapted
from [170, 52, 157].

Beam transport and delivery

While the type of accelerator determines the initial characteristics of the beam,
the subsequent components of particle therapy systems share many similarities
across different facilities.

Following the acceleration initial phase, the beam is directed into the beamline,
a system of vacuum pipes, magnets, and beam-shaping devices that ensures proper
focusing, steering, and energy modulation. Dipole magnets bend the beam'’s tra-
jectory, quadrupole magnets focus it transversely to maintain the desired size and
shape, and steering magnets provide fine positional adjustments. A big distinction
between the different accelerator for particle therapy systems is the method based
for energy selection, that adds different components into the beamline. Synchrocy-
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clotrons and isochronous cyclotrons produce a beam with fixed maximum energy,
therefore they necessitate a energy selection system in the beamline. This sys-
tem typically includes a carbon wedge degrader, which reduces the particle energy
through controlled scattering, followed by dipoles and momentum selection slits
that filter out particles with undesirable energy spread. In contrast, synchrotrons
are able to vary the extraction energy directly, eliminating the need for degraders
and thereby minimizing beam loss and secondary radiation production.
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Figure 2.7: Scheme of the different parts of a particle therapy system. Partially
adapted from [1, 33].

After beam transport, the particles are delivered to the treatment room via a
rotating gantry. This structure allows beam delivery from multiple angles around
the patient. At the end of the gantry is the nozzle, which houses the final elements
for beam shaping and dose monitoring. These include ionization chambers for
real time beam position monitoring and intensity verification, as well as devices
to modulate the beam based on the delivery technique employed. Depending on
the components of the nozzle, two main beam delivery techniques are recognized:
passive scattering and active scanning.
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Historically, passive scattering techniques were the first to be widely imple-
mented in clinical proton therapy [140] and are conceptually analogous to conven-
tional X-ray radiotherapy. In this approach, the beam is broadened laterally using
scattering foils, and a SOBP is created in depth using range modulators such as
ridge filters (for fixed SOBP lengths) or modulator wheels (for variable SOBP
widths). This method allows for very rapid dose delivery since the entire SOBP
is delivered almost instantaneously. However, it suffers from several drawbacks as
it requires the use of patient-specific range compensators and apertures, has poor
proximal dose conformity, and generates significant neutron contamination due to
beam interactions with the scattering and collimation systems. These limitations
have led to a decline in its use.

Active scanning techniques, particularly pencil beam scanning (PBS), are now
widely adopted in modern particle therapy centers [117, 32] since their first devel-
opment [145]. In PBS, the lateral distribution of the dose is achieved by electro-
magnetically steering narrow proton beams, called spots, across the target volume.
Depth modulation is performed by varying the beam energy, delivering a series of
iso-energetic layers (energy slices), each corresponding to a specific depth in the
tissue. This technique distributes the dose sequentially spot by spot, and layer
by layer and provides excellent dose conformity. However, PBS is relatively slow
compared to passive methods, primarily due to the energy switching time required
between layers, which can be on the order of hundreds of milliseconds.

Figure 2.8 illustrates a representation of the different components and the beam
shaping techniques in radiotherapy.
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Figure 2.8: Beam shaping in radiotherapy with a LINAC (multileaf system) and
particle therapy systems (passive scattering and active scanning). Adapted from
[158, 119, 173].
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2.5 Rationale and challenges behind novel treatment
modalities

2.5.1 High LET particle therapy

A challenge for the effectiveness of cancer treatments remains in certain ra-
dioresistant hypoxic tumors. As discussed in previous sections, low-LET radiation
such as photons, induces most DNA damage indirectly, via the generation of free
radicals. The presence of oxygen enhances this process: oxygen molecules react
with the radiation-induced radicals to form stable chemical products that bind
to DNA and interfere with repair enzymes, making damage repair more difficult.
Many tumors grow rapidly and develop regions of poor vascularization, resulting
in varying degrees of hypoxia. Under hypoxic conditions, fewer free radicals are
produced, and the DNA damage caused by low-LET radiation is reduced. This
means that normoxic healthy tissue can be damaged while the hypoxic tumor re-
mains relatively resistant. Dose escalation can compensate for this loss of tumor
control, but it comes at the cost of increased risk to surrounding normal tissues.

High-LET radiation offers a potential solution. Because these particles cause
mainly direct ionization of DNA and their effectiveness is much less dependent on
oxygen concentration. This makes high-LET beams more effective against hypoxic
tumors, delivering comparable damage in both hypoxic and normoxic tissues.

For protons, the RBE remains close to that of photons across most of the beam
range, rising significantly only near the distal end of the track where LET increases.
In clinical treatments employing a SOBP, this localized RBE increase means that
only a small fraction of the tumor volume (Figure 2.9, right) can benefit from the
increased RBE.

To achieve consistently higher RBE across the whole tumor volume, heavier ions
have been investigated. Oxygen or neon ions have a substantially higher LET,;
however, they also exhibit increased nuclear fragmentation, producing a broader
and more biologically damaging dose tail beyond the target. Moreover, as shown
in Figure 2.9 (left), increasing the particle’s atomic number reduces the steepness
of the LET—RBE relationship, raising the RBE across the full depth—dose curve,
including the plateau region. While this may seem advantageous, a high constant
RBE across the whole depth-dose curve also increases healthy tissue toxicity. This
reduces the therapeutic advantage of high LET particle therapy.

The optimal therapeutic gain occurs when the Bragg peak aligns with the high-
est RBE, a condition well met by carbon ions. Carbon ions are currently the most
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Figure 2.9: Left: Schematic representations of RBE vs LET for different particles
with increasing atomic number (Z). Right: Relative dose distribution of an SOBP
(dashed grey line) and associated RBEs for different particles (solid colour lines)
vs depth in water. Adapted from [100, 189].

widely used heavy ion beam in the clinic because they offer an optimal balance
between physical dose distribution and biological effectiveness.

Now a question regarding intermediate ions between protons and carbon may
arise, as they could provide and interesting balance between larger RBE than
protons and smaller fragmentation tail than carbon ions. In principle, ions such
as lithium, beryllium, or boron could be considered. However, their charge to
mass ratios (Z/A =~ 0.43-0.45), inversely related to the magnetic rigidity (re-
sistance of a particle to deflection by magnetic fields), make acceleration more
challenging [54, 13] as stronger magnets and higher RF are needed for standard
clinical synchrotrons, increasing the machine’'s complexity, size and cost. Carbon
(Z/A =~ 0.5) can be accelerated efficiently using existing clinical technology. He-
lium ions (Z/A ~ 0.5) have recently attracted attention as a promising alternative
[97, 116] as they offer improved lateral dose conformity, a modest RBE increase,
and lower nuclear fragmentation compared to carbon, while maintaining simpler
beam delivery. Nevertheless, for the treatment of deep-seated and radioresistant
tumors, carbon ions remain the most clinically established.

2.5.2 FLASH therapy

Another emerging treatment modality that has gained considerable attention
in recent years is FLASH radiotherapy. This technique exploits the recently re-
discovered FLASH effect [30, 188, 187]. A biological effect in which preclinical
studies have shown that irradiation at ultra-high dose rates (D,, > 40 Gy/s)

~

can protect normal tissues from radiation induced damage while maintaining tumor

control comparable to conventional dose rates (Dg, ~ 1 Gy/min) [30].



CHAPTER 2. INTRODUCTION 29

FLASH is one of the most breaking discoveries in recent radiotherapy, however
the exact biological mechanism is still not understood. As a result, the precise
beam parameters required to trigger the FLASH effect are still under debate.
While average dose rates above 40 Gy/s are often cited as a threshold, recent
studies give more importance to achieving instantaneous dose rates in the range
of 10%-10° Gy/s, total irradiation time below 200 ms and fraction doses > 5 Gy
[30, 129]. To date, the FLASH effect has been studied most extensively with
electron beams, but it has also been observed with X-rays, protons, and, more
recently, heavy ions. Significant effort and progress has been made not only in
understanding the biology, but also overcoming the technical challenges of beam
delivery.

Electron beams have been the most widely studied, since ultra-high dose rates
are relatively easy to achieve. Some modern LINACs, typically used for hypofrac-
tionated treatments such as intraoperative radiotherapy (IORT), are already ca-
pable of delivering average dose rates of several Gy/s and have been modified
to reach FLASH compatible dose rates [57, 87]. Other systems, such as clinical
LINACs, have been modified by removing the X-ray target to further increase dose
rates [108, 124, 43, 154]. By optimizing beam parameters, electron systems can
achieve DPP up to 10 Gy, among the highest values studied to date. Nevertheless,
electrons are limited by their shallow penetration depth and large lateral penumbra,
restricting their use to superficial tumors. Alternatives for deeper targets include
very high energy electrons (VHEE), X-rays, or protons. Clinical translation of
VHEE (100-200 MeV) or synchrotron generated soft X-rays (< 1 MeV) remains
challenging, as no dedicated clinical systems currently exist, even though several
facilities are under development [187]. FLASH RT with conventional energy X-rays
also remains technically challenging on current photon systems. As described in
subsection 2.4.2, X-rays are generated by directing a high-intensity electron beam
onto a high atomic number target, where bremsstrahlung photons are produced.
This conversion process is intrinsically inefficient, leading to substantial heating of
the target. Achieving ultra-high dose rates would require significant higher beam
intensities, resulting in thermal loads that are difficult for existing target designs
to withstand [17]. This leaves protons the most practical path towards clinical
FLASH applications.

For deep-seated tumors, heavy particle beams are therefore the most promising
option for rapid clinical translation. Although other particle modalities such as
VHEE electrons or advanced photon systems may ultimately challenge this in the
longer term. Proton FLASH delivery at ultra-high dose rates has already been
demonstrated [53], and early clinical trials using transmission mode are being
underway [118, 45]. These approaches, however, involve the use of the plateau



30 CHAPTER 2. INTRODUCTION

region of protons without modulation, thereby losing the conformality advantage
of protons. Even with reduced normal-tissue toxicity due to the FLASH effect,
only a 30-50% sparring is expected [129], which may not be acceptable for rou-
tine clinical use given the excess dose and toxicity to surrounding normal tissue.
Current research is therefore focused on conformal proton FLASH delivery, which
remains technically difficult. Energy layer switching with degraders requires at
least 100 ms per layer, resulting in total delivery times of around 20 s, too long
to observe the FLASH effect. The most viable strategy proposed up to date com-
bines components from passive scattering, such as patient-specific ridge filters and
range shifters, with pencil beam scanning, which help to mitigate the mentioned
limitation [165, 48].

The accelerator type and associated beam time structure is also important
for clinical translation. Isochronous cyclotrons appear to be strong candidates,
providing high beam intensity and continuous delivery with average dose rates
around 100 Gy/s [129]. Synchrocyclotrons have also been adapted, modifying
pulse widths to 20 ps and repetition rates to 648 Hz, achieving average dose rates
up to 200 Gy/s [44]. Modified synchrotrons, capable of fast cycling and extraction
within 50 ms, have reached average dose rates of 800 Gy/s, enabling also studies
of heavy ion FLASH therapy. FLASH effect has reported to be observed with
all this different temporal structures [157], but recent studies on pulsed beams
highlight the importance of instantaneous dose rate in the pulse, a definition that
does not apply to continuous beams. Further studies are required to establish
thresholds and beam parameters for continuous beam time structures.

Challenges remain not only in biology and beam delivery but also in dosimetry.
As illustrated in Figure 2.8, many internal beam control systems rely on ioniza-
tion chambers, which suffer from large ion recombination effects at ultra-high
dose rates, complicating not only reference dosimetry, but also real-time beam
monitoring. These issues will be further discussed in the following sections.

As closing remarks for the rationale for these novel treatment modalities, both
high-LET particle therapy and FLASH radiotherapy independently offer promising
strategies for widening the therapeutic window, the dose region that enables tumor
control at a doses levels lower than that causing severe toxicity. High-LET beams
primarily shift the tumor control probability (TCP) to lower doses, improving ef-
fectiveness against radioresistant and hypoxic tumors. At higher beam energies,
the reduced RBE also allows for improved sparing of normal tissues, effectively
shifting the normal tissue complication probability (NTCP) curve toward higher
dose levels. FLASH therapy also shifts the NTCP curve to higher doses through
its characteristic biological effect of sparing healthy tissues. While each modality
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can independently improve the therapeutic ratio, they also represent complemen-
tary strategies that can be used together as illustrated in Figure 2.10. Together,
these modalities exemplify the central aim of modern radiotherapy: widening the
therapeutic window and maximizing tumor eradication while minimizing normal
tissue toxicity [187].
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Figure 2.10: Therapeutic window in radiotherapy, represented by the dose region
between the sigmoid functions of TCP (red continuous line) and NTCP (green
continuous line). Heavy lon Therapy increases tumor radiosensitivity, shifting the
TCP curve to lower doses (purple dashed line) and at higher beam energies with
reduced RBE can also improve normal tissue sparing, shifting the NTCP curve
to higher doses. FLASH therapy shifts the NTCP curve to higher doses (yellow
dashed line). Used separately or in combination, these novel therapies expand the
therapeutic window in radiotherapy. Adapted from [187, 166].

2.6 Dosimetry

The therapeutic window in radiotherapy can be very narrow. Since a typical
treatment is divided into multiple fractions and only a few Grays are delivered
per fraction, a high level of accuracy must be achieved in the delivered dose.
According to ICRU Report 24 [85], an accuracy of approximately + 5% in the
absorbed dose to the target volume is required for most radiotherapy treatments.

Systematic deviations in the delivered dose can have significant clinical conse-
quences: underdosage may compromise local tumor control and leave the treat-
ment ineffective, while overdosage increases the likelihood of adverse side effects
and toxicities associated with radiation. Accurate dose measurement and verifi-
cation are therefore essential for both patient safety and treatment efficacy.
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As discussed in previous sections, radiation beams vary in particle type, energy,
modality, and delivery technique. Without standardized procedures, treatment
verification would lack consistency across institutions, leading to uncertainties in
patient outcomes. Dosimetry provides a solution by establishing reproducible mea-
surement methods that are systematically performed to verify that the planned
treatment is delivered precisely. These procedures range from simple, routine
daily checks performed before treatments, to more exhaustive and time consuming
weekly, monthly, and annual quality assurance tasks. In radiotherapy dosimetry, a
wide range of measurements and verifications are performed, however, for exter-
nal beam radiotherapy, absorbed dose to water remains the primary quantity of
interest.

Water is adopted as the reference medium due to its radiological equivalence
to soft tissue, widespread availability, and ease of standardization. International
dosimetry protocols such as the International Atomic Energy Agency (IAEA) Tech-
nical Report Series n.398 (TRS-398) [78] and the American Association of Physi-
cists in Medicine (AAPM) protocol from Task Group 51 (TG-51) [6] establish well
defined reference conditions for its determination, ensuring traceability to primary
standards laboratories and thereby harmonization of clinical practice worldwide.

A dosimeter can be defined in general terms as any device capable of providing
a reading that reflects the average absorbed dose deposited in its sensitive volume
by ionizing radiation. A large diversity of detectors are available for the determi-
nation of absorbed dose to water: lonization chambers (ICs), solid-state detectors
such as silicon diodes and diamond detectors, passive dosimeters such as thermo-
luminescent dosimeters (TLDs) and optically stimulated luminescent dosimeters
(OSLDs), as well as radiochromic films, alanine dosimeters, and calorimeters,
among others. Each detector type has unique advantages and limitations in terms
of energy dependence, sensitivity, dose linearity, spatial resolution, and usability.

An ideal dosimeter should be accurate, exhibit linear response with dose, show
minimal dependence on dose rate, energy, or beam direction, have high spatial
resolution, small physical size, and be convenient to use? [151]. Despite this diver-
sity, ionization chambers remain the most established tool for reference dosimetry
in both conventional and particle therapy. Their long standing use is explained
by their stability, reproducibility, robustness, well understood response, and the
existence of established calibration procedures.

2For example, passive dosimeters do not provide direct readouts. Determining absorbed dose
with them requires a separate reading device and often several hours, which makes them less
suitable for routine reference dosimetry in the clinic.
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2.6.1 lonization Chambers

According to international reference dosimetry protocols such as IAEA TRS-
398 and AAPM TG-51, ionization chambers are the endorsed instruments for the
determination of absorbed dose to water. They are gaseous detectors consisting of
an air filled cavity, surrounded by water-equivalent materials, and two electrodes
connected to an electrometer that applies a potential difference to establish an
electric field inside the cavity.

In plane-parallel chambers (PPICs), a guard ring is typically placed near the
collecting electrode to minimize edge effects, ensure a uniform electric field and
avoid influence of leakage current into the collecting electrode. An illustrative
representation of an ionization chamber and its components is shown in Figure
2.11.

Plane parallel
ionization chamber

&

E: Electric field

Housing

Triaxial cable to
electrometer

Connecting
Collecting electrode electrode wires

Guard ring

Figure 2.11: lllustration of an ionization chamber connected to an electrometer
and schematic representation of the main components of a plane-parallel ionization
chamber. Partially adapted from [67].

When an incident radiation particle interacts with the air within the cavity,
positive and negative ion pairs are produced. These ions drift under the influence of
the applied electric field and are collected at the electrodes. The induced current,
which arises due to the movement of charges in the vicinity of the collecting
electrode, is measured by the electrometer. The instantaneous current can be
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described by the Shockley-Ramo theorem [155]. For the electrode configuration
used in ionization chambers, the time integral of this current over the collection
period corresponds to the total charge collected at the electrode [75]. In clinical
dosimetry, it is this collected charge, rather than the instantaneous current, that
is used as the measured quantity.

Although conducting measurements under stable conditions must be always
carefully kept, the amount of collected charge is influenced by several external pa-
rameters that cannot be controlled and must be corrected for. The most relevant
influencing quantities include:

e Air temperature and pressure: The air mass in the sensitive volume of a
vented ionization chamber depends on the ambient temperature and pres-
sure, affecting the number of ion pairs produced.

e Humidity: Variations in humidity alter the fraction of water vapor in the air,
which can affect parameters such as air density, the mean energy required
to produce an ion pair, and the mass stopping power.

e Polarity: The response of an ionization chamber may change depending on
the sign of the applied polarizing voltage. A polarity correction accounts for
any such variation between the calibration and measurement conditions.

e lon recombination: Ideally, ionization chambers should operate in the ioniza-
tion region of gaseous detectors (see Figure 2.12), where all charge carriers
created are collected. In practice, this region is very narrow, and partial
recombination of ions occurs. lonization chambers used in radiotherapy
therefore require a recombination correction. The different types of re-
combination, their theoretical basis, and experimental determination will be
discussed in detail in the following chapter.

e Charge multiplication: If the electric field is too high, the chamber may be-
gin to operate in the proportional region (see Figure 2.12). In this regime,
electrons gain sufficient energy between collisions to cause additional ioniza-
tions, leading to a collected charge greater than the initially created ioniza-
tion. The experimental determination of this correction will also be discussed
in later chapters.
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Figure 2.12: Operation regions of gaseous detectors. The collected charge (M,
logarithmic scale) is represented as a function of the applied voltage (V). loniza-
tion chambers ideally must operate in the ionization or saturation region, where
all charge initially created is collected. Adapted from [131].

lonization chambers can serve as primary standards provided that the mass of
air in the sensitive volume is accurately known. This principle is exemplified by
free-air ionization chambers, which are used as primary standards for low-energy
X-rays.

However, in practice, ionization chambers are not employed as primary standards
for typical radiotherapy beams. Instead, they are used as secondary standards and
must be calibrated against a standard traceable to a primary standard to determine
a calibration coefficient that relates the collected charge to absorbed dose. This
calibration coefficient, Np 4 q,. is determined experimentally for each specific
chamber in a reference beam quality Q, which is usually a °Co source. In clinical
practice, ionization chambers are used in beam qualities ) that differ from the
calibration beam quality. Therefore, a beam quality correction factor, kg g,, must
be applied. Although the first recommendation of TRS-398 is to determine the
calibration coefficient directly in the beam quality of use, Np ., . in practice, such
direct calibrations are rarely feasible as they would require bringing the primary
standard to the clinical beam. This is why is more common to apply generic kg g,
factors for each chamber model. These kg g, factors are determined through
detailed Monte Carlo simulations or experimentally by using a primary standard
such as a calorimeter.
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According to the TRS-398 formalism, the absorbed dose to water determined
with an ionization chamber is obtained through the following expression:

Duq = Mo ki Np.wao - ka.q (2.9)
7
where D,, g is the absorbed dose to water in beam quality () and Mg is the
charge readout in that same beam quality. To obtain Mg, the raw measurement
is corrected by subtracting the charge measured while the IC is connected to the
reading system without being irradiated®. []k; represents the product of the
different correction factors associated with the previously explained influencing
quantities that affect the chamber reading. These include the polarity correction
factor, kpy, that can be obtained as:

[My| + M|

] (2.10)

kpol =
where | M| and |M_]| are absolute values of the charge readings at positive and
negative polarity, respectively, and |M| is the absolute value of the charge reading
at the calibration polarity. For most ICs, the polarity correction factor is typi-
cally very close to unity. The temperature and pressure correction factor can be
determined with the following expression:

op p = (273.15+ 1) P (2.11)

’ (273.15+ 1) P
where T" and P are the ambient temperature and pressure during measurement,
respectively, and Ty and Py are the calibration reference conditions (typically Ty =
20°C and Py = 1013.25 hPa). Humidity must also be considered: if the calibration
coefficient refers to a relative humidity of 50% and the chamber is used within
20-80% RH, no correction is needed, but if calibration in %9Co was performed
in dry air, a correction of k;, = 0.997 should be applied. Additional corrections
include the ion recombination factor kg, also named the saturation correction
factor, and the charge multiplication correction factor kops. The determination
of ks and kcps is more complex and will be discussed in detail in the following
sections. The exact reference measurement conditions for each beam type are
detailed in the corresponding codes of practice.

2.6.2 Charge carrier transport dynamics

In the previous section, a general overview of the ionization chamber principle
of operation was discussed. In this section, a more detailed explanation of the

3This small signal, typically negligible compared to the signal induced by radiation, originates
from surface and volume leakage currents between the polarizing and measuring electrodes or
leakage of insulators, cables and electronics.
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generation of charge carriers and the different effects they may undergo before
collection, with special focus on the recombination process, will be presented.

When an incident radiation particle interacts with an ionization chamber, it
ionizes the air contained within its sensitive volume, which is typically composed of
approximately 80% nitrogen (IN2) and 20% oxygen (Oz). This ionization produces
positive ions (cations) such as N~ and OJ, which act as the primary positive
charge carriers. At the same time, electrons (e™) are released, initially serving
as the primary negative charge carriers. However, most of these free electrons
undergo a process known as attachment (illustrated in Figure 2.13 (c)), in which
they combine with neutral molecules of Ny or Os. This process yields anions such
as O, and N, , the last one being a non stable ion. After this rapid reaction,
the charge carrier population consists mainly of N; and O;r as positive ions,
and O, along with a small fraction of free electrons as negative carriers. This
charged species undergo further chemical reactions, leading to the formation of
other cations and anions. For clarity, the description is here restricted to the
primary ions introduced in this paragraph.

Under the influence of the applied electric field, positive and negative ions drift
towards the collecting electrode (see Figure 2.13 (a)) at velocities proportional to
their mobilities and the electric field. Due to their much larger mass, ion drift is
orders of magnitude slower than that of electrons, which are therefore collected
almost instantaneously in comparison to the ions. In addition to drift, charge car-
riers also undergo diffusion (Figure 2.13 (b)), migrating towards regions of lower
ion concentration. At sufficiently high electric fields, drifting electrons may acquire
enough energy to further ionize surrounding ions, leading to charge multiplication
(Figure 2.13 (e)) and operation in the proportional region of gaseous detectors.
Although ionization chambers are designed to avoid this regime, corrections may
still be necessary, particularly for chambers with narrow air gaps set at high op-
erating voltages. In certain conditions, such as ultra-high dose rates (UHDR)
regimes, the rapid formation of a dense ion population can distort the local elec-
tric field through space charge screening (Figure 2.13 (f)), thereby reducing the
drift velocity of ions.

Recombination events play a crucial role in charge collection efficiency. These
involve the neutralization of a positive carrier by a negative one (Figure 2.13
(d)), thereby reducing the total number of charge carriers available for collection
and lowering the efficiency of the chamber. Because free electrons are collected
rapidly, electron—ion recombination is almost negligible. Instead, most recombina-
tion within ionization chambers is dominated by ion-ion processes, mostly through
Ny + 05 and OF +O;.
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Figure 2.13: Schematic representation of the different processes that charge carri-
ers may undergo during transport. White-filled circles with a nearby “+" symbol
represent positive ions (N, and OJ). Black-filled circles with a nearby “~" symbol
represent negative ions (O, ). Smaller black-filled circles labeled "e™" represent
electrons, while grey-filled circles without a symbol correspond to neutral ions (Vo

and O2).

Recombination is traditionally divided into two types: initial recombination,
which occurs between ions created by the same incident radiation particle and is
strongly related to the LET; and volume recombination, which occurs between
ions originating from different incident radiation particles and depends primarily
on the dose rate. Both types of recombination are illustrated in Figure 2.14.

Depending on the beam time structure, volume recombination is further clas-
sified into pulsed or continuous [20]. In dosimetry, the definition of pulsed beam
depends on the relation of different beam time parameters in relation with the ion-
ization chamber collection time. This definition is specific to ionization chamber
measurements, as the intrinsic classification of the beam should not depend on
the detector used. From the ionization chamber perspective, a beam is considered
pulsed when the pulse duration (t,,s) is much smaller than the collection time
of the ionization chamber (7.,), and this is in turn much smaller than the time
between pulses (7'):

tpuls L T KT (212)



CHAPTER 2. INTRODUCTION 39

A beam is considered continuous when one or both of these conditions are not
satisfied. It is worth noting that typical ionization chamber collection times range
from a few tens of microseconds up to about 200 ps [157], depending on the
applied voltage and the electrode gap size. The time between pulses is usually
long enough to satisfy the second condition for pulsed beams. However, the first
condition is more ambiguous: in chambers with small air gaps and high bias volt-
ages, the collection time 7., may approach the order of the pulse duration £ps. In
these cases, the assumption of a pulsed beam is not always valid, which leaves the
distinction between pulsed and continuous beams somewhat unclear. Reference
[132] proposed a practical threshold, suggesting that the boundary between the
two regimes occurs when:

tpuls

Teol

~ 1073 (2.13)

However, ionization chambers operating around this intermediate regime remain
difficult to categorize, and no theory has yet been formulated to describe this case.

Initial recombination: Volume recombination:

Cathode Cathode

Figure 2.14: Representation of initial recombination (left) and volume, or general,
recombination (right).

2.7 lon recombination theoretical models

The recombination of ions in ionization chambers has been described by sev-
eral theoretical models. Early work by Onsager [135] focused on the theory of
geminate recombination, while Jaffé [88, 94] developed a columnar model that
later formed the basis of most treatments of initial recombination. In parallel,
Kara-Michailova and Lea [95] extended these ideas by considering recombination
within dense clusters of ions. Complementary microdosimetric frameworks intro-
duced amorphous track structure descriptions to represent the spatial distribution
of ionization around particle tracks, which is particularly relevant to initial recom-
bination [99, 171, 37]. Volume recombination was first addressed by Mie [123]
and subsequently refined in multiple studies [172, 102]. Boag [23, 19] later pro-
vided a comprehensive framework to describe recombination in both continuous
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and pulsed beams, which remains the standard reference for modern dosimetry
protocols.

Although these models are based on different physical assumptions, they try to
solve the following non-linear partial differential equation that describes the time
evolution of the charge-carrier densities of positive and negative ions (n+) in a
differential volume in the ionization chamber:

on [ [

aTi = DiV2ny FpsE - Vinge FpuensV-E —angn_, (2.14)
where D_ is the diffusion constant, p4 the ion mobility, E the electric field, and «
the recombination constant. The different terms of previous equation correspond,
respectively, to effects such as diffusion, drift, space charge screening, and ion
recombination.

The following subsections provide a concise description of Jaffé’'s theory for
initial recombination and Boag's formulations for volume recombination, as they
are the most widely used models on which experimental methods for determining
the ion recombination correction factor with plane-parallel ionization chambers are
based. The following overviews are intended to highlight the key assumptions and
intermediate steps most relevant for the context of this thesis. Full derivations
can be found in the original publications.

2.7.1 Jaffé theory for initial recombination

According to Jaffé’'s theory for columnar recombination [88, 89], the positive
and negative ions created along a track of an incident radiation particle follow
a cylindrical distribution with a radial gaussian profile. He approximately solved
the previous differential equation 2.14, neglecting terms such as the space charge
screening and recombination (since no analytical solution can be found otherwise)
to obtain an expression that describes the density of positive or negative ions (n4.)
at any given point r = (z,y, z) after a time ¢:

N 7w2+y2+(ziuiEt)2
na(rt) = e 4Dy t+b2 2.15
+(r?) T(AD1t + b?) (2.15)
Where N is the linear charge carrier density, b is the initial mean squared radius
which experimental studies correlate with LET [163]. At ¢ = 0, previous equation
effectively means that the distribution of positive and negative ions follow a radial
gaussian distribution over a column:

Ny =r
no(r) = —2e v (2.16)



CHAPTER 2. INTRODUCTION 41

Where Ny is the initial charge carrier density, given by the ratio between the LET

and the mean energy required to form an ion par (wgir): No = fﬂE—T Jaffé
assumed that N decreases over time due to recombination as:
dN(t o
dt() = —27ra/ rny(r,t)n_(r,t)dr (2.17)
0

Substituting expression 2.15 in 2.17, he obtained that:

No

= aNy 4D t+b2
1+87rDiln( o )

N(t)

(2.18)

The ion collection efficiency f (the inverse of k) is the ratio between the number
of charges collected, N_.yjected, and the number of ions created, Niyeateq. The
latter can be calculated as the volume integral of the initial charge distribution
from Equation 2.16:

v
Nereated = / nO(T)dV = No-d (219)
0

where d is the distance between electrodes. Ngyjectea Can be obtained by inte-
grating the number of 2u F N (t)dt ions that will escape the overlapping region
between positive and negative ions without recombining at a time dt. The time
it takes for an ion to be collected is 7., ~ d/2u+ E, therefore:

Teol d/21u'iE NO
N, llected = / 2,uiEN(t)dt = Q[H:E dt
collecte o -0 1+ 8?7%(; ln(4D:E§+b2)
(2.20)
Finally, f is calculated as:
d/2p+ E N,
2 E [V o dt
f= Neoliected o = 1+8(jrg0i ln(4Dﬂ1:7;+b ) B
Ncreated N()d
whose final solution is:
-1
= ﬂ[u(el/g“"(lﬂ)) — li(e'9)] (2.21)
99

where [i is the logarithmic integral of the argument (, calculated as:

¢
li(¢) = /O lnt{)df
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in which & is the integration variable and:

OéNg 2dD:t
- — 2.22
9= %, 1T LpE (2.22)

This expression is valid only when initial recombination is present and the tracks
created are parallel to the electric field.

2.7.2 Boag theory for volume recombination in pulsed beams
Boag’s original model

In this first theory [19], Boag formulated a model under two main assumptions,
along with neglecting charge screening and diffusion, that allow to simplify the
problem. The first assumption is that the ions created initially are homogeneously
distributed within the chamber volume. The second is that all electrons created
in the initial ionization event attach to neutral ions to form negative ions. In the
region where negative and positive ions overlap, the density of ions is diminished

equally and constantly due to recombination losses as:*
dny 9
— = —anqn_ & —an 2.23
. . (2.23)
At a certain time t, the density of ions is:
2 no
dn = /—an dt — n(t)= —— (2.24)
14 angt

Where ng is the initial ion density. The positive and negative ions drift with
a constant speed Uy = uiﬁ, and the overlapping region between positive and
negative ions decreases over the collection time as 7., ~ d/(v4+ + v_). It can
be deduced that the total number of ions per unit area that escape from the
overlapping region in a time interval dt is n(t)(vy—+wv_)dt. Similarly as in Jaffé’s
theory, f is the ratio between the number of charges collected and the number
of ions created. Equally, Nereqtea = Mo - d and Ngjected can be calculated as
the integral of the rate of ions that will escape the overlapping region between
positive and negative ions without recombining at a time dt:

Tcol
Neottected = / n(t) (UJr + v*)dt (225)
t=0

*Note on notation: due to this assumptions, from now on the notation for the density of ions
is reduced to simply n.
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The ion collection efficiency is then:

d?/(pg+u-)V v
f _ Ncollected _ t=0 e 1+T£’Lot (M+ + 'U’_)E dt (2 26)
Nereated ng -t ’
after solving it we arrive to the solution:
1
vobpulsed — Zjp (1 4 ) (2.27)
u
with ,
w= —mod (2.28)
(4 +p-)V

where the different constants have already been defined previously.

Accounting for the free electron fraction

As described in section 2.6.2, electrons produced in the initial ionization typically
attach to neutral molecules to form negative ions. However, in ionization chambers
operated at high voltage or with a small electrode gap, the electric field can be
sufficiently large that a fraction of electrons do not attach and are rapidly collected
as free electrons. This reduces the negative ion concentration and increases the
charge collection efficiency.

The free electron fraction (FEF), denoted numerically as p, was incorporated
by Boag in his pulsed beam theory [22]. He proposed the fraction of electrons
created within a pulse that cross a gap d without attachment as:

VeY d

p="2(1 e (2.:29)

Where v, is the drift velocity of free electrons and + is the mean electron lifetime.

Consistent with this definition, the concentration of negative ions changes with
the distance z from the negative electrode as:

n_(z) =no(l — e ) (2.30)

Including this spatial distribution of negative ions into the transport equation 2.14
(even with the simplifying assumptions used in the original model) does not yield
an analytical solution. Boag therefore introduced three approximations of the
distribution of negative ions (visually represented in Figure 2.15) which lead to
three different models that account for FEF in pulsed beams:
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e Model I: Assumes that the initial negative ion density is uniformly reduced
by (1 — p)ng throughout the gap.

e Model II: Assumes that there is a depletion layer of width pd adjacent to the
negative electrode formed by only free electrons. In the remaining region of
width (1 — p)d the negative ion density equals the positive ion density.

e Model Ill: Assumes that the negative ion density is reduced to (1 — A\)n
uniformly over a region of width (1—\)d, while free electrons are distributed

between 0 and Ad, where A =1 — /(1 — p).

fa) 0 b) P () I ) I ) 111

0 d 0 pd d 0 Ad d

0 d o

Figure 2.15: Representation of negative ion distribution according to Boag original
model 0 (a), proposed distribution of FEF according to Equation 2.30 (b), and
approximated distributions of from Boag models models I, Il and Il corresponding
to (c), (d) and (e), respectively. The plots represent a 50% free electron fraction,
p = 0.5. Adapted from [22].

Boag’'s Model |

Starting with model I, following the same assumptions as in the original model,
but with the reduction of the negative ion density to (n — png), Equation 2.23 is:

dn+

— = — 2.31
" % —an(n — pro) (231)

At a certain time ¢ the density of ions is then:

) = 1 N de—anwt (232)

Following a similar derivation as previous model, the integral of the rate of ions
that escape the overlapping region is:

Tecol V
Ncollected = / n(t) (N+ + ,Uz—)g dt (233)
t=0
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. . _ ,—angpt _ angd? . . .
by chz.mgmg varla?bles w=e P andu = T n v and substituting on previous
equation, we arrive to:
e—(1-p)w
dw nod 1
N, = — =—In(l+ —(e’* -1 2.34
collected /1 w(l — (1 — p)w) u n( + p(e )) ( )

The expression for ion collection efficiency in Boag's model | for pulsed beams,
including his first approximation of the distribution of free electrons is then:

epu—l

VO ULSE 1
frobpulsed i1+ ) (2.35)

p

where the different parameters have been previously defined.

Boag’'s Model Il

Derivation of Model Il is the same as the original model, but the collection time,
taking into account that in this model negative ions occupy the remaining space
((1 — p)d) that the layer of electrons of width pd do not occupy, becomes:

pd
Teol =
(H+ +p-)V

and the number of ions collected is calculated from a similar integral to 2.25, with
the limit of collection time given in eq. 2.42, and previous definition of u:

(2.36)

pd?

(i +tu)V ng \% 1
N, = —_—— _)dt = nod—In(1+(1— 2.37
it = [ T )it = modin(1+ (1=p)u) (237)

The expression for ion collection efficiency in Boag's model Il for pulsed beams,
including a second approximation of the distribution of free electrons is then:

VO ULSE 1
frebputsed — p 4 i1+ (1= p)u) (2.38)
with the different parameters previously defined.

Boag’'s Model Ill

Lastly, for model Ill, both the density of negative ions and its distribution differ.
It assumes that the negative ion density is reduced as (1 — A\)n, homogeneously
distributed in a layer of width (1 — A)d. The total negative charge remaining after
clearance of free electrons is nge(1 — \)2d, which must be equal to (1 — p)nged,
since pnged is the charge transported by electrons. Therefore:

1-p)=>10-XN? = X=1-+/(1-p) (2.39)
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Similar as done in previous models, Equation 2.23 becomes:

d
RUENY —an(n — Ang) (2.40)
dt
leading to the density of ions at a certain time ¢:
/\n()
= 241
) = T e mon (241)
and collection time: N2
1—
oot = AN (2.42)
(H+ +p-)V

The integral of the rate of ions that escape the overlapping region for this model
from Equation 2.33, changing the variables:

2
w=e AN and 4= __aned” (2.43)
(H4 +p-)V
The number of ions collected is:
—A(1-=X)u
€ dw nod 1, 4
Neollected = — = —In(l+ — (1 )‘)u_l
llected /1\ ’UJ(l — (1 — )\)’LU) u n( + )\(6 ))

(2.44)
The expression for ion collection efficiency in Boag's model Il for pulsed beams,
including his third approximation of the distribution of free electrons is then:

vol,pulsed 1 1 —
™ = A (1 + X(em N —1)) (2.45)

The three modified versions of the original model predict lower recombination than
the original model, as lower number of negative ions are available to recombine,

typically:
vol,pulsed vol,pulsed vol,pulsed vol,pulsed
0 < I < frr <fi

2.7.3 Boag theory for volume recombination in continuous beams

Boag's theory dedicated to continuous beams [23], assumes again homogeneous
distribution of ions and neglected diffusion and space charge screening contribu-
tions, leaving Equation 2.14 for positive ions with simplified notation from previous

section as:

d
q= —%(mrmr) —anyn_ (2.46)

Where ¢ is the ionization intensity (in C cm™ s1) in steady state. The ionization
current density ¢ (units of C cm™ s7! ) is defined as:

q=n4vy +n_v_ (2.47)
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An approximated expression can be obtained from the assumption that the den-
sity of positive ions rises linearly from zero to a maximum value at the negative
electrode, and the opposite for negative ions. So that the density of positive and
negative ions at a distance = from the positive electrode are:

z\ fqd?
ny(r)=(1-=
( d> HtV (2.48)
n_(z) = z fqd?
N dplv

Defining the average rate of recombination R and substituting expressions from
Equations 2.48 we obtain:

1

d 2,24
R= d/ any (z)n_(x)dr = af7q
0

= SV (2.49)

If the fraction of total charge liberated per unit of volume destroyed by recombi-
nation is 1 — f, so that:

R=(1-f)q (2.50)

Rewriting Equation 2.50 as f = 1 — R/q and substituting Equation 2.49 we arrive
to a quadratic expression of f, whose positive root is Boag's expression of the
collection efficiency for volume recombination in continuous beams:

2

fvoz,com: _ - (2.51)
Ly /1+3¢
where: wd'
2= V2 (2.52)

in which the different parameters have been defined previously.

2.8 Experimental methods in non-saturation regime

In the following subsection, the most established experimental methods endorsed
in TRS-398 will be presented and discussed. TRS-398 recommends that the ion
recombination correction factor for ionization chambers be determined experimen-
tally.

The main reason is to avoid dealing directly with complex theoretical expressions
that heavily depend on the parametrization of different constants and instead
obtain ks in a more practical manner. This is achieved by developing simplified
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expressions based on a first-order Taylor series expansion, where only one constant
needs to be experimentally determined. As a result, linear relationships can be
established that are easier to apply in practice.

Traditionally, TRS-398 has recommended the two-voltage method (2VM) as
the standard approach. However, with the increasing number of centers using
particle therapy, this method shows certain limitations. For continuous beams,
the 2VM is applicable only when initial recombination is negligible; otherwise, it
leads to an underestimation of the ion recombination [68].

In the recent update of TRS-398, new recommendations based on the study of
Jaffé plots (inverse of the charge collected versus inverse of the applied voltage)
have been introduced to address these situations. Both the traditional two-voltage
method and the newly endorsed approaches will be described in the following
subsections.

Before introducing these methods, it is useful to recall the description of cham-
ber behavior through the saturation curve, a plot of the chamber response (current
I or collected charge M) as a function of the applied voltage V' determined under
the same irradiation conditions that is helpful to identify the different regions of
an ionization chamber. The collection efficiency is defined as the ratio:

M

f= M (2.53)

or alternatively /I, where Mg, and Igq are the saturation values of M and I,
respectively. The relationship between M and Mg, can also be expressed as the
reciprocal of the collection efficiency, which is the ion recombination correction

factor:
Msat

M

As illustrated in left panel of Figure 2.16, in the saturation region, f = 1 and
ks = 1. In the near-saturation regime when recombination losses are present,
f < 1and ks > 1. In contrast, in the proportional region f > 1, and k; is no
longer meaningful. In this case, the inverse of the collection efficiency corresponds
instead to the charge multiplication correction factor, kcas < 1. In some chambers
with a very small air gap, the saturation region is extremely narrow, so that both
recombination and charge multiplication regions coexist.

ks = (2.54)
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Recombination lonization or Proportional
M 4 region saturation region 1/M 4
region
1/M, A
f<1 f=1 f>1
ks> 1 k=1
Msar 1 I/MN E
1/Msat T
174 1/Vy 1/v, 1/]/

Figure 2.16: Left: Typical saturation curve for an ionization chamber, where M,
is the saturation charge. Right: Jaffé plot (1/M vs 1/V') on the recombination
region where a linear extrapolation to determine Mgy, inverse of two voltages
(1/Vy and 1/V7) and its corresponding inverse of charge measured (1/My and
1/M7,) for the two voltage method in pulsed beams is represented.

2.8.1 Two Voltage Method

In the IAEA TRS-398 Code of Practice, the two-voltage method (2VM) is the
endorsed approach to experimentally determine the ion recombination correction
factor k4 [78]. Different expressions are used depending on the beam type (pulsed
or continuous) and the magnitude of the recombination correction.

Pulsed beams

In the near-saturation region, a first-order Taylor series expansion around 1/V =0
of Boag's expression for pulsed beams (Equation 2.27) simplifies ks, or the inverse
of the collection efficiency to:

a
ks ~1+4+ — 2.55
+o (25)

where a is a constant that should be determined for each particular chamber

and irradiation conditions, whose theoretical value is a = %52. Combining with
Equation 2.54 we obtain:
1 1 a
— = = 2.56
M Mgy + v ( )

so that plotting 1/M versus 1/V yields a straight line. Extrapolation to 1/V =0
gives 1 /Mg as illustrated on Figure 2.16.

The idea behind this method is that the correction can be derived from mea-
surements under the same irradiation conditions at two polarizing potentials: The
chamber signal M is measured at the nominal operating voltage Vi, and My, is
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the charge collected at a lower voltage V7. Equation 2.56 can be written for both

cases as:
1 1 a 1 a

= - — = — — — 2.57
Mset My VN Mp Vg (257)
From this relation, the constant a can be expressed as:
1 1 ViN( _ @)
M M M M
a= LN_LL: N_ViNL (2.58)
VN VL Vi

By substituting Equation 2.58 into the left-hand equality of Equation 2.57 and
then into Equation 2.54, the ion recombination correction factor at the nominal
voltage V) can be obtained as:
n—1

ke = — — — 2.59

* n—(My/Mp) (2:59)
where n = Viy /Vr,. TRS-398 specifies that this previous expression should be used
if ks < 1.03. Otherwise, assuming linearity between 1/V and 1/M, the protocol
recommends using the following quadratic polynomial expression:

B My My \?
ks =ap+ a1 (M) + ag <]\4L> (260)

where the coefficients a; are tabulated in TRS-398 for pulsed and pulsed-scanned
beams.

It is worth noting that TRS-398 does not include the free electron fraction,
as it assumes that its effect is negligible for conventional modalities and PPICs
operated at relatively low electric fields. More recent work [106] has introduced
expressions that include this effect for the two-voltage method. However, these
corrections are not commonly applied in practice, since they depend on constants
that vary considerably on the experimental conditions and are not well established.

Continuous beams

In the near-saturation region a first-order Taylor series expansion around 1/V =
0 of Boag's theory for continuous beams in Equation 2.51 leads to the following
polynomial approximation for the collection efficiency:

b
ks ~1+ V2 (2.61)
where b is a constant dependent on each particular chamber and irradiation con-

.. . 0 (¢ 4
ditions, whose theoretical value is b = %.
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Following the same derivation as for pulsed beams, the expression for the recom-
bination correction factor at the nominal voltage Vi in the case of a continuous
beam is:

n?—1

ks - n2 — (MN/ML)

(2.62)
where n = Vi / VL.

In TRS-398 it is mentioned that volume recombination on continuous beams can
occur in %9Co beams or in kilovoltage X-rays, where the radiation field is clearly
continuous. However, the protocol also notes that in these cases the dose rate is
usually so low that the contribution of volume recombination is almost negligible,
and therefore nearly all recombination is attributed to initial recombination. A
similar situation may occur for quasi-continuous proton beams at low dose rates,
where initial recombination is expected to dominate.

Contribution of initial recombination

Using a first-order Taylor series approximation of Jaffé's expression for initial
recombination around 1/V = 0, the inverse of Equation 2.21, kg, can be simplified

and approximated as:
!/

a

ks~ 1+ v (2.63)
where a’ is a constant whose theoretical value is a/ = g[;ff ,with the parameters
defined in Equations 5.10 or in Section 2.7.1. Following a derivation similar to the
pulsed case, one arrives at the same experimental expression obtained for pulsed
beams, meaning that initial recombination can be determined experimentally using
Equation 2.59 from the pulsed beam case.

There are also situations where initial recombination coexists with volume re-
combination, and both contribute simultaneously. In this case, the total ion re-
combination correction factor is written as

kéotal — k;m . k;ml (264)

where k™ is the contribution from initial recombination and k%% is the contribu-
tion from volume recombination (either pulsed or continuous).

If initial and volume recombination coexist for continuous beams, the assumed
linearity between 1/M and 1/V (or 1/V2) is no longer valid. In this situation, the
previous two-voltage method expressions cannot be directly applied. To address
this, De Almeida and Niatel [130] proposed an experimental approach based on
the two-voltage method applied at different dose rates. The method consists of
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performing measurements at two polarizing voltages, V' and V/n, for various dose
rates. From the ratio of ionization readings at these two voltages, the parameters
describing initial and volume recombination, A and B, can be obtained by fitting
the following relation to the data:

My, A 9 B
=1 - 1)— — 1) —=M 2.
The combined experimental expression for ks at the operating voltage Vyy is then:
A B
glotal =14+ = 4 —_ M 2.66

In the case of pulsed beams, the second term of this previous expression 2.66
becomes (n — 1)2- My, where only a linear dependence is observed [142]. The
corresponding combined expression for kg at the operating voltage Vi is:

!/

A B
glotal =14 — 4 — M 2.67
Vn VoY (267)

2.8.2 Charge multiplication correction

As shown in Figure 2.16, when the polarizing voltage is increased sufficiently,
an ionization chamber may enter the proportional region of operation, where
charge multiplication occurs. The charge multiplication correction factor follows
a negative exponential dependence on the applied voltage V:

ke =e 7Y, (2.68)

where v is a geometrical parameter. Although it has not been extensively studied,
result from [164, 141] indicate that this parameter depends mainly on the chamber
geometry, in particular the air volume or gap thickness, and appears to be inde-
pendent of beam quality. To determine this factor experimentally, the chamber
can be used in a beam where recombination losses are negligible, or, if present,
corrected for. By obtaining a full Jaffé plot, the value of v can then be extracted
from a fit to the exponential expression 2.68.

In practice, if the voltage used by the customer is the same as the voltage used
for the calibration this correction is normally included in the calibration factor of
the ionization chamber and therefore should not be applied again when determin-
ing absorbed dose to water. However, charge multiplication disturbs the linearity
assumption required for the two-voltage method. To minimize this effect, it is rec-
ommended that the ratio of applied voltages, n, remain within a moderate range
(typically 2 < n < 5) in order to avoid operating at excessively high voltages [151].
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It is generally not recommended to operate ionization chambers in the propor-
tional region due to the risk of electrical breakdown of insulators and the additional
uncertainties introduced. Nevertheless, in practice many modern ionization cham-
ber designs often reduce the air-gap size to limit recombination losses® which may
become substantial in some beam modalities (commercial chambers such as the
Advanced Markus chamber from PTW has 1 mm gap [2], while the PPCO05 from
IBA has 0.6 mm [3]). While this approach reduces recombination, it also in-
creases the likelihood of operating near the proportional region, making charge
multiplication corrections more relevant than in conventional parallel-plate ion-
ization chambers with a 2 mm gap (e.g., the PPC40 from IBA [4] or the Roos
chamber from PTW [5]).

A comprehensive discussion of experimental scenarios and recommendations on
the use of this correction factor is provided in [164]. The following subsection will
address in more detail how to correct for recombination when charge multiplication
is present.

2.8.3 Jaffé Plot Method

The two-voltage method relies on the assumption of an approximately uniform
charge carrier distribution, which is generally valid for photon and electron beams.
However, its applicability to light ion beams is questionable [142, 163]. Several
factors contribute to this limitation: the classification of particle beams as either
continuous or pulsed with respect to ion recombination is not always straightfor-
ward, making it difficult to verify linear regions using only two voltages; recom-
bination losses can be significantly large; and under certain conditions, charge
multiplication may also occur, leading to the coexistence of recombination and
multiplication effects.

In high-energy particle beams, isochronous cyclotrons and synchrotrons gen-
erally behave as continuous beams with respect to recombination [162], while
synchrocyclotrons deliver short pulses separated by relatively long intervals, be-
having as pulsed beams [163]. At high polarizing voltages, the pulse duration
may be comparable to the ion collection time. To determine whether a beam be-
haves as continuous or pulsed with respect to recombination, a Jaffé plot (1/M,
versus 1/V') should be constructed under the conditions of interest. If a linear
relationship between 1/M and 1/V is observed, the beam is considered pulsed. In
contrast, a quadratic dependence between 1/M and 1/V/, or a linear dependence
between 1/M and 1/V?, indicates continuous-beam behavior. If the expected

5In all theoretical descriptions of ion recombination the probability of recombination increases
with the electrode spacing and decreases with the strength of the electric field.
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trends are confirmed at conventional dose rates, the same models proposed in the
2VM can be applied [111, 163]. Examples of the differences in Jaffé plots for each
case are illustrated in Figure 2.17.

For higher-LET beams, both initial and volume recombination may be present,
and their relative dominance depends on the applied voltage, typically exhibiting an
inflection point: at high voltages, initial recombination dominates, whereas at low
voltages, the collection efficiency is mainly affected by volume recombination [163].
To evaluate each contribution, the use of De Almeida method is recommended,
and it has been shown to be valid for particle beams [142]. If initial recombination
is dominant, a linear relationship between 1/M and 1/V may be observed. In
some cases, however, this approximation may not be fully adequately describe the
data [162]. In such situations, the full Jaffé theory, which predicts a logarithmic
dependence (see Figure 2.17), provides a more accurate description.

Volume recombination, pulsed beam

Initial recombination
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Figure 2.17: Examples of Jaffé plots (1/M vs 1/V or 1/V?) corresponding to

different recombination regimes.
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As noted previously, modern PPCls with reduced air gaps can exhibit charge
multiplication effects. In such cases, Jaffé plots reveal two distinct regions cor-
responding to recombination and multiplication contributions (Figure 2.18). At
low voltages (high 1/V'), the expected recombination trends dominate, while at
high voltages (low 1/V), the previous behavior is perturbated by the negative
exponential behavior due to charge multiplication [68].

Volume recombination, pulsed beam Initial recombination
1.04 A 1.04 -
g 1.03 4 : 1.03
X X
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* 1.00 * 1.00
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Figure 2.18: lllustration of the contributions of ion recombination (red) and charge
multiplication (blue) to the overall response (black). The magnitude of charge
multiplication corresponds to a typical PPIC of 1 mm gap thickness.

ks can be determined by linear extrapolation or interpolation, based on a fit
through multiple voltages without requiring the operating voltage to lie within the

linear region:
Msat

pu— MN 3
where M, is the saturation charge and My the measured charge at the operating
voltage. Figure 2.19 illustrates this method graphically.

ks

(2.69)
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Figure 2.19: Representation of the Jaffé plot method. Interpolation or extrap-
olation is performed to estimate the collected charge at the operating voltage.
Adapted from [68].

A drawback of the Jaffé plot method is its time-consuming nature: multiple
measurements at multiple voltages must be measured under stable conditions.
Each voltage change may disturb charge equilibrium in the chamber, requiring
pre-irradiation with a dose of 2-10 Gy [151], which can take several minutes.

To reduce measurement effort, intermediate methods such as the three-voltage
method (3VM) have been proposed [161]. This technique estimates M, by mea-
suring 1/M at three voltages within a linear region. The recombination correction
factor kg is then obtained as the ratio between Mg, and the charge collected at
the operating voltage, even if the latter is outside the linear region. The 3VM
may be considered a good compromise between the two-voltage method and the
Jaffé plot, as the additional measurement provides a check on linearity.

Currently, codes of practice provide no guidance for UHDR beams, which remain
under investigation. The Jaffé plot method and the 3VM have both been demon-
strated to be valid for UHDR proton beams delivered by isochronous cyclotrons.
To date, there is a lack of experimental data characterizing UHDP proton beams.
For UHDP conditions with electrons, the situation is more complex: extremely
high instantaneous dose rates and space charge screening can distort the electric
field and invalidate linear behaviors. Recently, a semi-empirical model based on
a logistic function fit has been proposed, originally by Petterson [150] and later
generalized [29] to arbitrary gap sizes:

= <1 + (Vl,)_];PQ)W)B (2.70)
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where DPP is the dose per pulse (mGy), V the applied voltage (V), d the
electrode spacing (mm), and v and $ fitting parameters. Although this model
successfully describes charge collection losses, it still requires multiple measure-
ments and careful fitting, making it relatively time-consuming. The associated
uncertainty for this method is reported as 2.2% for an specific IC, and 3.7% for a
general 1C model.
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Chapter 3

Simulation of ionization chamber
efficiencies

This chapter describes the development of an in-house Monte Carlo simulation
to model ion transport and recombination processes in ionization chambers. It
presents the validation of the simulation tool against established theoretical models
and experimental data. The content presented in this chapter corresponds to the
published article: Monte Carlo simulation of initial and volume ion recombination
correction factor in plane parallel ionization chambers exposed to ion beams. Phys.
Med. Biol. 69 165012, 2024.
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Summary

Objective: Accurate reference dosimetry with ionization chambers (ICs) relies on
correcting for various influencing factors, including ion recombination. Theoreti-
cal frameworks, such as the Boag and Jaffé theories, are conventionally used to
describe the ion recombination correction factors. Experimental methods are time
consuming, the applicability may be limited and, in some cases, impractical to be
used in clinical routine. The development of simulation tools becomes necessary
to enhance the understanding of recombination under circumstances that may
differ from conventional use. Before progressing, it is crucial to benchmark novel
approaches to calculate ion recombination losses under known conditions. In this
study, we introduce and validate a versatile simulation tool based on a Monte Carlo
scheme for calculating initial and volume ion recombination correction factors in
air-filled ICs exposed to ion beams with clinical dose rates.

Approach: The simulation includes gaussian distribution of ion positions to model
the distribution of charge carriers along the chamber volume. It accounts for
various physical transport effects, including drift, diffusion, space charge screening
and free electron fraction. To compute ion recombination, a Monte Carlo scheme
is used due to its versatility in multiple geometries, without exhibiting convergence
problems associated with numerically solved procedures.

Main results: The code is validated in conventional dose rates against Jaffé's
theory for initial recombination and Boag's theory for volume recombination based
on parameters derived from experimental data including proton, helium and carbon
ion beams measured with a plane parallel IC.

Significance: The simulation demonstrates excellent agreement, typically 0.05%
or less relative difference with the theoretical and experimental data. The current
code successfully predicts ion recombination correction factors, in a large variety
of ion beams, including different temporal beam structures.
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3.1 Introduction

Air filled ionization chambers (ICs) are one of the most accurate and reliable
dosimeters to determine the absorbed dose in radiotherapy. They are extensively
used in clinics and international dosimetry codes of practice such as IAEA TRS-
398 [8] and AAPM TG-51 [10] endorse their use as the preferred detector for
reference dosimetry and daily quality assurance in electron, photon, proton and
heavier ion beams.

ICs measure the charged ion pairs created by the ionizing radiation inside the
cavity of the detector. However, due to recombination, some of these ions do not
reach the electrodes, leading to an underestimation of the collected charges. To
compensate for this effect, an ion recombination correction factor (k) is applied
to the response of the IC.

lon recombination is a complex mechanism influenced by a variety of param-
eters, including particle type, beam quality, linear energy transfer (LET), depth,
voltage, dose rate, beam delivery method and IC design. Generally, two types of
recombination are recognized: initial and volume recombination. Initial recom-
bination (intra-track recombination) occurs between ions within the same track
or same trail of ionized species left behind the incident radiation particle, and it
is theoretically addressed in the Jaffé model [88]. This type of recombination is
heavily influenced by the LET of the particle.

In contrast, volume or general recombination is produced between ions of dif-
ferent tracks (inter-track recombination). It is described in the Boag models (for
pulsed beams in [19], and in [23] for continuous beams) and is mainly dependent
on the dose rate. In 1996, Boag extended his theory for pulsed beams to account
for the fraction of electrons that do not attach to other molecules [22], known as
the ‘free electron effect’. There are three updated models, each of them corre-
sponding to different approximations of the distribution of electrons inside the IC.
All three models estimate lower recombination compared to the original expression
and depend on the free electron fraction, p:

p= é(l — e ) (3.1)

being d the distance between electrodes in plane-parallel geometry and a a coef-
ficient that depends on the gas and the electric field strength. This coefficient a
can be calculated as the inverse of the product of the mean time until attachment
of the electron and the drift velocity of the free electron in the gas. These val-
ues depend on the electric field [106] and can be calculated from a fitting to the
experimental data from [76].
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Several methods have been developed to experimentally determine ks, among
them, the widely known two-voltage method (2VM), the recent three-voltage
method by Rossomme et al. [161] or the approach developed by Boutillon et al.
[31] based on De Almeida and Niatel method [130] and extended by Palmans et
al. [142]. The 2VM is a reliable and accurate technique extensively tested and
validated in electron and photon beams and is the standard method recommended
by IAEA TRS-398 and AAPM TG-51. It is based on a first-order term of a series
expansion around 1/V = 0 of Boag's theory, in which the equation for ks can be
simplified as a linear relation between ks and the inverse of the applied voltage
(1/V) for pulsed beams or 1/V2 for continuous beams. Due to this approximation,
the 2VM is only valid when the measured current is close to the saturation current.

For protons and ion beams, dense track cores result in variations in charge
distributions, and the contribution of initial recombination can disturb this linearity
[142]. In particle beams, the use of the 2VM is often limited [161] and alternative
methods such as the Boutillon approach [31] are needed. That latter allows to
determine experimentally the contribution of initial and volume recombination in
a continuous beam by measuring the inverse of the charge collected by the IC
versus the inverse of the voltage (these charts are frequently referred to as Jaffé
plots) for three different dose rates. However, this method is time-consuming and
hardly feasible in clinical routine, leaving linear methods as the only practical way
to account for recombination.

Simulations are an accurate and time-efficient tool to comprehend recombina-
tion losses in cases that deviate from the conditions in which experimental methods
or theories were intended and may not be valid. They can also help to find strate-
gies to minimize recombination by making easy to explore different combinations
of geometry and applied voltage.

In recent years, various simulations have emerged, primarily based on the reso-
lution of partial differential equation systems (PDEs) that describe the temporal
evolution of charge within the IC. [147] accurately predicts the complex chamber
response for electron beams by assuming a homogeneous distribution of ions and
solving the PDEs in one dimension. However, this approach is not suitable to
model ion beams because the non-uniform gaussian distribution of the ion pairs
generated in the IC does not allow the reduction of the dimensions of the problem.
In [40] the PDEs resolution is extended to three dimensions, allowing to model
initial and volume recombination in proton beams.

However, when dealing with complex geometries, the election of the mesh to
solve the PDEs may be challenging and convergence issues with the resolution of
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the PDEs may arise. To avoid these potential problems, [63] proposed a Monte
Carlo simulation method that demonstrates its versatility across various geometries
and any charge density distribution. However, their work focuses on calculating
volume recombination in different geometries by assuming homogeneous ion dis-
tributions and exclusively models ion drift as the transport mechanism through
the IC.

In this work, we present a Monte Carlo based simulation to model kg for ion
beams addressing both initial and volume recombination. The simulation includes
Gaussian ion track structure and allows to generalize for any ion beam, energy
spectrum and temporal structure of the beam. It includes transport mechanisms
of charge carriers inside the IC like drift, diffusion, free electron fraction and space
charge screening (SCS). These last two effects are believed to be crucial in the
ultra-high dose rate (UHDR) regime. The inclusion of all these fundamental pro-
cesses effectively models the behavior of ions inside IC. The simulation is tested
for proton, helium and carbon beams and validated against Jaffé's theory for initial
recombination and Boag's theory for volume recombination in pulsed and continu-
ous beams in conventional dose rates. The parameters used in the calculations of
both theories were obtained through fitting them to experimental data obtained
from several experimental campaigns at different irradiation facilities measured
with a plane parallel I1C [163].

3.2 Materials and methods

The distribution of charge carriers created by an incident radiation particle is
modeled using Jaffé’s theory for initial recombination in combination with Boag
model for volume recombination and the extended versions which account for
the free electron fraction. The simulation methodology will follow the approach
proposed by [63]: the algorithm starts by placing the charge carriers inside the
active volume of the chamber. Every time step, the charges are shifted to account
for the different transport processes, then the recombination algorithm takes place
for every ion in the simulation. To simulate initial recombination only one track
is computed and developed in the simulation, whereas for volume recombination
various tracks are added in different time distributions, depending on the time
structure of the beam. The previous steps are repeated until all charge carriers
have been collected. At the end of the simulation, the number of ions reaching
the electrodes are counted, and kg is computed as the number of ions initially
created divided by the number of ions collected by the electrodes.

The non-homogeneous distribution of charge carriers created by ion beams does
not allow the reduction of the dimensions of the problem. Therefore, the simu-
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lation is carried out in 3D. For modeling ks of a specific beam, it is necessary
to provide the beam’'s LET, dose rate, chamber geometry and voltage applied.
Further details about the distribution of charge carriers, the transport process, the
recombination scheme, dose rate implementation and uncertainties are given in
the following sections (3.2.1 - 3.2.5).

3.2.1 Implementation of the charge carrier distribution on a single
track

When the incident particle passes through the detector and ionizes the sensitive
material in its track, it creates a non-homogeneous distribution of positive and
negative charge carriers. Based on Jaffé’s theory for column recombination [88],
the charge carriers in the simulation follow a cylindrical distribution with a radial
gaussian profile (see Figure 3.1) with the width of b = 202 (o is the standard
deviation of the Gaussian distribution) centered at the trajectory of the incoming
particle. This gaussian charge carrier density ng(R) inside the cavity (0 < z < d)
is proved to be the best correlation with experimental data [92] and is modeled
as:

R2
_ Mo 37

b2

where Ny is the linear charge carrier density that can be obtained as the ratio
between the LET of the particle beam and the mean energy expended to form an
ion pair in air by the incident radiation particle (wg;-). The parameter b is the
initial mean square radius, which can be provided by the user, or if it is unknown,
it can be calculated with the LET of the particle with the following experimental
relation [163]:

no(R) (3.2)

b(-1073) = —0.393 - log[10™2 - LET]? + 3.094 - log[10™2 - LET] — 0.584 (3.3)

Where LET is in KeV pm™ and b in cm. For low LET values, b is considered as

a constant value of 10 ym [93]. For high LET values b reaches a saturation value
of 50 ym [163].

The number of ions placed in each ion track is calculated as the product of
Ny and the length of the particle path inside the IC. Assuming that the ionizing
particle enters perpendicular to the IC, the length of the particle path is equal to
the air gap thickness of the plane parallel chamber.
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Figure 3.1: (a) 3D, (b) axial and (c) transversal view of the gaussian structure of
a 115 MeV/u Carbon ion track. (d) 3D, (e) axial and (f) transversal view of the
gaussian structure of a 96 MeV/u proton track. The blue points represent the
negative charge carriers and the red points represent the positive charge carriers.

The negative charge carriers initially created by an incident particle consist of
electrons. The negative ions will be formed when the electrons diffuse and attach
to other molecules. Previous studies [25, 40, 147] have shown that recombination
between electron and positive ions is negligible for ion beams as electrons are
dragged out to the collecting electrodes orders of magnitude faster than the ions.
Based on this, the electrons are assumed to be instantaneously collected, and the
free electron fraction is considered as a lack of negative ions. Taken this into
consideration, p is calculated from the parametrization in [106], and the three
different models described by Boag [22] are implemented in the simulation as:

e Model I: The fraction of negative ions is reduced by a factor 1 — p.

o Model Il Negative ions reduced by a factor 1 — p are distributed in the
volume of the chamber between z = pd and z = d.

e Model Ill: A fraction of negative ions /1 — p is distributed between z =
(1-—y1—p)and z=d.

An illustrative example of the implementation is provided in Figure 3.2.
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Figure 3.2: (a)—(d): Implementation of distribution of positive (red points) and
negative ions (blue points) at t = 0 according to the different Boag models (0, |,
Il and I, respectively) in the simulation. All representations correspond to a 50%
free electron fraction, p = 0.5.

3.2.2 Implementation of the transport algorithm

After the ions are placed in the simulation, each one is shifted in a straight
line of distance Ar4 each time step. The direction of this shift is determined
by the vectorial sum of the three components A’y = (A7, 4+, ATy +, AT, +).
The modulus of the displacement of ions of z-component (Ar 1) is given by the
following expression:

Arzyi(At) =tus B, At +% /2D At F HiESCS,zAt (3.4)

The displacement in z and y axis is analogous. The first term from Equation 3.4
models the drift of ions, which depends on the mobility of positive and negative
ions (p+) and the electric field E,. In plane parallel geometry, the electric field it
is assumed to be constant and only has z-component: E(r) = E, = Y2, where
V' is the bias applied voltage, d is the separation between plates and £ the unit
vector, perpendicular to the electrodes. The time step At is calculated as:

b

At= 20
0 Epy

where § is the number of discretizations in the time step, which may be adjusted
by choosing a value > 1 to increase the time step resolution. The second term in
Equation 3.4 represents the diffusion motion. To calculate how far the ion moved
after a time At has elapsed, the square root of the mean squared displacement of
the Brownian motion was used, M SD = 2D, At. D4 represents the ion diffusion
constant of negative or positive ions. Note that the sign +* in Equation 3.4 implies
that the diffusion is not always towards the same direction. After |\/2DLAt| is
calculated, it is multiplied by randomly sampled -1 or 1. By doing this, the ions
to move in random directions and eventually that leads to a naturally diffusion
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towards lower concentration of ions. This term may produce that some charge
carriers may go out of the lateral limits of the detector. In this case, they are
equally collected and counted, with this we ensure that all the ions missing are
due to recombination losses.

The third term corresponds to the SCS. It can be understood as a distortion
of the electric field experienced by ions due to the presence of other charged
species that screen the electric field caused by the potential difference between
electrodes. This term can increase recombination as the charge carriers of opposite
sign overlap longer. This effect is implemented with a term similar to the drift but
with a perturbated ‘screened’ electric field ESCS,z for every positive and negative
ion located at z.

In this work, we exclusively consider the component of the screened electric field
along the z-axis, as it is the vectorial component that perturbs the electric field
in the direction of the collection motion. This simplification is made under the
assumption that contributions from the x and y axis are negligible, primarily due
to vectorial compensation near the central axis of the IC, caused by the circular
geometry in the x - y plane.

SCS may also alter the velocity of ions, given by v = —uiﬁeff, where E¢ff =
E + ESCS. This change in velocity could potentially affect the recombination
probability, as the recombination constant arises from the product of the cross
section (o) and the relative speed between two ions i and j (v;;): a =0 - v [7].
However, due to the approximation of « being constant, this effect is not taken
into consideration.

To calculate Fgcs,., each track of ions is considered a cylinder of uniform
charge density, the electric field is computed by integrating the contribution of
each disc of the cylinder to the coordinates of the ion. To calculate the charge
density in the integral, the number of ions contained on each disc is counted and
multiplied by the elemental charge.

The values of the different constants used in the simulation can be found in
Table 3.1.
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Constant Symbol  Value Units References
Average ion diffusion Dy 0.037 cm? 57! [93]
Average ion mobility Mt 1.65 cm? Vvlsl [22]
lon recombination constant « 1.6 -10°6 cm3 st [19]

34.23 (protons) 1
35.72 (heavy ions) Ic 8]
Air density p 0.001225 gcm [90]

Mean energy to form an ion pair @, /e

Table 3.1: Parameters of the different constants used in the simulation. The
use of the same diffusion and mobility parameters for positive and negative ions
instead of more recent and accurate values such as [25] is justified as in this work
the simulation is compared with fixed values in Jaffé and Boag theories which do
not account for this distinction.

3.2.3 Implementation of the recombination scheme

The recombination is considered as a random process computed with a Monte
Carlo scheme similar to [63] with some modifications which allow to reduce the
computation time. The scheme consists on calculating the probability of recom-
bination for each ith negative ion, then sampling a random number between 0
and 1. If the random number is smaller than the recombination probability and
the distance between the ith negative ion and closest positive ions is less than the
recombination radius, a recombination event occurs. As a consequence, the pair
of positive and negative ions are annihilated.

The probability of recombination for the ith negative ion belonging to track k&,
on time step t, is calculated as:

Pi(t) =1— e @Prr()at (3.5)

where p, 1 (t) is the local density of positive ions in the core of track k. py x(t) is
calculated every time step as the number of positive ions inside a sphere of radius
s, centered in the middle of track k divided by the volume of the sphere. The
value of r; is left as a free parameter, that is found to be optimal if it is set to
1.6% according to the best fit to the Jaffé theory for a 62 MeV/u carbon ion
beam [162]. To avoid recombination between ions that are far apart the following
constrain is added: if the distance between ions is bigger than r¢, the ions do not
recombine.

Note that the data points marked with yellow triangles in Figure 3.3 correspond
to the simplified Monte Carlo algorithm introduced in [63], where no 7 is con-
sidered and p; 1(0) is the same quantity as ng(R). In contrast, our approach
accurately computes the probability of recombination without the need to con-
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sider the local density of each ion, as required in the full Monte Carlo in [63],
which demands higher computation time.
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Figure 3.3: Relative deviation of the k; values with Jaffé theory for different
voltages when different approaches to calculate P’ (t) are taken to calculate initial
recombination. In yellow triangles no radius of action ry is considered and py j
is calculated for each track only at the beginning of the simulation. This is
equivalent to the simplified Monte Carlo algorithm in [63]. In red diamonds the
radius of action is included and p4 j is calculated only at the beginning of the
simulation. In blue squares the radius of action is included and the probability
is calculated on each time step for each track. This last approach satisfactorily
predicts the theoretical values with minimal relative difference, less than 0.01%
for initial recombination in a proton beam.

The distinction between the red diamonds and blue squares in Figure 3.3 is
attributed to the inclusion of the diffusion in the transport algorithm. Particularly
at low voltages, ions exhibit greater diffusion, which leads to a reduction in the
local density of ions. This shows the importance of including diffusion and the
necessity of a 3D simulation for accurately simulating charge losses due to initial
recombination.
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3.2.4 Implementation of dose rate for volume recombination

To model initial recombination, one track is added and evolved in the simulation.
For volume recombination the same scheme is followed but various tracks are
placed randomly over time (TR, Track Rate) in the area of the simulation (7 R2, )

according to the fluence rate (¢) that depends on the dose rate (D) as proposed
by [40]:

TR= b, =i (356)

The number of tracks needed to add to the simulation and their distribution
over time depends on the dose rate and if the beam is considered pulsed or
continuous. A beam is considered pulsed if the pulse duration is much shorter than
the collection time of the IC and the latter is much shorter than the pulse repetition
period. Considering this definition, the pulsed beam is simulated by inserting all
tracks in the simulation homogeneously along the pulse duration and considering
the instant dose rate of the pulse. A continuous beam is considered when the
beam does not fulfill the previous definition. In this case, the average dose rate is
considered and the tracks are inserted following a homogeneous distribution over
the simulation time. Due to computation limitations, only a fraction of the I1C
volume is simulated (Rgim ~ Rrc/10 ~ 0.8 mm). Figure 3.4 shows how the ion
tracks are sampled all over the area of the simulation according to the different
dose rates.
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Figure 3.4: Distribution of Carbon lon tracks over the transversal section of the IC
for 3 dose rates (DR): 0.3-DR, 0.6-DR and DR (corresponding to ~ 16 Gy/min)
of a continuous Carbon lon Beam (from left to right). Each cluster of points
represents a column of ions as shown in Figure 3.1.



CHAPTER 3. SIMULATION OF IONIZATION CHAMBER EFFICIENCIES 71

3.2.5 Uncertainties

Monte Carlo methods are used in almost every phase in the simulation, from
randomly sampling the initial distribution of ion pairs, to modeling recombination
and calculating the shift on the position of ions due to stochastic effects like
diffusion. Due to the inherent randomness of the processes being modeled and to
reduce the noise typically associated with this method, the ks value is obtained by
repeating the simulation several times and averaging the results over the multiple
batches.

The type-A uncertainty of the Monte Carlo simulation is calculated as the stan-
dard deviation of all ks divided by the square root of the number of batches.
Type-B uncertainties emerge as the most significant source of uncertainty. The
contribution of various sources to the overall uncertainty, which is found to be
0.9%, is explicitly addressed in Table 3.2. To estimate the relative standard un-
certainty, the impact of the maximum and minimum values found on literature of
the different sources of uncertainty to a general case was calculated: a 96.17 MeV
proton beam with a 2 mm air gap chamber with a voltage of 300 V at a dose rate
of 20 Gy/min. It is anticipated that for UHDR or higher k5 values, the uncertainty
will be larger.

Sources of uncertainty Range of values / variability U (%)
i+, Average ion drift coefficient (cm? V1 s1) 1.98-1.6 0.1
Dy, Diffusion coefficient (-1072 cm? V-1 s1) 3.7 -3.59 0.1
a, lon recombination constant (-107% cm3s!) 0.9-1.6 0.3
Ny, Linear charge carrier density (ions/cm)

LET (KeV pm) +10% 0.6

Wairfe (J C1) +1.5% 0.1
b, gaussian radius (mm) +0.001 0.3
p, Free Electron fraction

a (cm1)? +1.5% 0.1

Boag model Model 0 / Model I 0.1
Dose Rate (Gy/min) £10 0.4
Voltage

300 V +1 0.1

30V +1 0.3
d, Air gap thickness (mm) +0.1 0.1
Combined - 0.9

Table 3.2: Sources of type-B uncertainty, range of values found on literature or
typical variability and the relative standard uncertainty (U) associated in conven-
tional dose rates.

To quantify the variability of a, the parametrizations from [25] and [106] were used.
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To calculate kg for initial recombination, a minimum of 1000 batches were
conducted to achieve accurate results (see Figure 3.5), resulting in type-A uncer-
tainties lower than 0.2% in all cases. For volume recombination and high LET
beams, where a large number of ions are simultaneously present in the simulation,
a dramatically reduced number of iterations is needed.

The present algorithm is implemented in python. The simulation of a single
track with 512 ions pairs of a 96 MeV proton beam in a space gap of 2 mm at
300 V, iterated 1000 times takes 117 s with a single threaded laptop with Intel
i7 processor, 2.5 GHz and 32 GB RAM. Simulation time of volume recombination
depends on the dose rate. One single iteration of the previous pulsed beam at
the same voltage, with a reduced radius of Ry /10 (more information on section
3.2.4), and a beam intensity of 2.9-10° particles/s which corresponds to 24,576
ion pairs initially created in the simulation takes 205 s.

1.004

1.003

ks

1.002

1.001

0 200 400 600 800 1000

Batches
Figure 3.5: Evolution of various collecting histories of the ks averaged and standard
deviation bands of the mean over the number of batches for a proton beam with
512 ions/track at 300 V. The number of batches needed to achieve a stable result
is inversely proportional to the number of ions present in the simulation. The
different runs converge to the same value.

3.2.6 Experimental setup for code validation

To validate the numerical code, ks values for different beams and voltages
were computed based on parameters from published experimental data for proton,
helium and carbon beams [163]. All measurements were performed with an IBA
PPC40, with an air gap size of 2 mm, addressing the widest range of voltages
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used in literature for both clinical and research purposes: 20 — 600 V. Through the
Jaffé plots experimentally obtained and fittings to Boag and Jaffé models, specific
values of b, Ny, ¢ and ¢ (see Equations 2.21, 2.27 and 2.51) were found for each
ion beam. With these parameters, theoretical ks values for each ion beam were
determined and compared with our numerical results.

For the experimental results used to validate the simulation a 96.17 MeV
non-modulated pulsed pencil beam scanning (PBS) proton beam produced by
a synchro-cyclotron was used. The pulsed repetition frequency was 1 kHz and the
pulse length varied between 4 — 6 ps. Heavier ion beams in continuous mode were
also investigated. A 50.57 MeV /u PBS helium beam produced by a synchrotron.
The spill duration was in the range of 5 s and the pause between spills was 4.5 s.
A 115 MeV/u PBS carbon ion beam measured at the plateau and spread out
Bragg peak (SOBP) produced by synchrotron, with spill duration between 1-3 s
and pause between spills 4-5 s. More details can be found in [163].

3.3 Results and validation

3.3.1 Proton beam

For the 96.17 MeV pulsed PBS proton beam, the parameters used to model
the track structure were: Ny = 2559 ions/cm and b = 0.00225 cm according
to the values that can be found in [163]. In Figure 3.6 (a) it can be seen that
the results for initial recombination are in good agreement with Jaffé theory, the
relative differences between theoretical values and the Monte Carlo simulation for
the different voltages were below 0.05%.

In Figure 3.6 (b), results for six doses per pulse were compared to verify that
the simulation can satisfactorily compute volume recombination for the following
dose rates: 0.5-Dinst, 1.7-Dinst, 1.92-Dinst, 3.33-Dinst and 6.21-Dyp, with Dy
the dose rate per pulse corresponding to 2.9-10° particles/s as defined in [163].
According to Equation 3.6, Dinst is found to be on the order of 20 Gy/min.
Volume recombination can be calculated independently if the condition of only
allowing recombination between ions from different tracks is added. To calculate
both volume and initial recombination at the same time in the simulation, no
constraint is added. All the computed ks values are in accordance with Boag
theory. If the free electron fraction (e.g. p = 0.24 at 300 V) is considered, small
relative differences were found only at high voltages: at 500 V, 0.05% with Boag
model |, 0.08% with Boag model Il and 0.07% with Boag model Ill. As there is no
consensus on which model is the most accurate and the relative difference were
very small, no free electron fraction was considered. Similar differences were found
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for all the other cases shown in this work. Values of the uncertainty (type-A) were
found to be 0.02% or smaller.
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Figure 3.6: (a) ks versus inverse of the voltage for a 96.17 MeV proton beam.
Comparison between Jaffé theory (blue dashed line) and Monte Carlo simulation
(blue solid squares) for initial recombination. (b) ks versus the dose rate per
pulse (Djns) at 300 V. Comparison between Boag (red solid line), neglecting the
free electron fraction, and Monte Carlo simulation (red solid squares) for volume
recombination in a pulsed proton beam.

3.3.2 Helium beam

For the 50.57 MeV /u quasi-continuous PBS Helium beam, the parameters used
for the track in the simulation were: Ny = 1739 ions/cm and b = 0.00137 cm
according to the calculations that can be found in [163]. At 0.67 cm water
equivalence depth (in the plateau) three dose rates were used: DR, 0.66-DR and
0.5-DR. For this beam, the absolute dose rate values within the phantom were
not available due to the complexity of the definition of the dose rate in PBS
modalities. [163] primarily relied on the relative values, which is similarly done in
this work by scaling the dose rate values. In the pulsed proton beam from previous
section, it was possible to validate the k; values related to certain levels of dose
rate. These values served to obtain a rough estimation of the dose rate levels of
the other beams according to Equation 3.6. In this case, the average dose rate
(DR) was found to be of order of 3 Gy/min.

Figure 3.7 (a) shows a comparison between numerical and theoretical ks-values
for the three dose rates. The uncertainty values (type-A) ranged from 0.05% to
0.01%, the highest values were found for the initial recombination or low dose
rates where less ions are involved.
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In Figure 3.7 (b), numerical values are compared to theoretical values for the
dose rate DR, when initial and volume recombination are both present and their
contribution. The total theoretical k; is calculated as the product of Jaffé theo-
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Figure 3.7: (a) Comparison between theoretical values on solid curves and MC
simulation on solid symbols for three different dose rates: DR, 0.66-DR and 0.5-DR
with the contribution from initial recombination (blue). (b) Contribution of initial
and volume recombination (for the dose rate DR) to the total ks versus inverse
of the voltage for a 50.57 MeV/u Helium beam. The solid red circles show
the MC calculation of the volume recombination contribution and on solid red
curve the theoretical values from Boag theory. The solid blue stars show the MC
calculation of initial recombination and on the dashed blue curve the theoretical
values from Jaffé theory. The solid black squares show the MC calculation of the
total recombination and on the solid black curve the theoretical values that can
be obtained from multiplying Jaffé and Boag theories.

3.3.3 Carbon beam

To model a 115 MeV/u quasi-continuous PBS Carbon lon beam in the plateau,
the parameters used in the simulation were: Ny = 9565 ions/cm and b = 0.00345
cm. Figure 3.8 (a) shows ks values for the three dose rates tested: DR, 0.6:DR
and 0.3-DR. As done for the helium beam (see section 3.3.2), the average dose
rate (DR) was estimated to be 16 Gy/min.

To model the same beam in the middle of the SOBP the parameters used in the
simulation were: Ny = 15478 ions/cm and b = 0.0037 cm. Figure 3.8 (b) shows
the tested dose rates: DR and 0.6:-DR, where DR ~ 26 Gy/min. All the results
are in accordance with theoretical values. Values of the uncertainty (type-A) were
found to be 0.1% or smaller.
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Figure 3.8: ks versus inverse of the voltage of a 115 MeV/u Carbon ion beam.
(a): Comparison between Jaffé, Boag theoretical values (solid lines) and numerical
values (symbols) for different dose rates at the plateau. (b): Analogous graph for
the SOBP beam.

3.3.4 Space charge effect

With the emergence of a new treatment modality known as FLASH therapy,
that requires UHDR conditions, there is a growing interest in investigating the
response of ICs in this regime. When the dose rate is significantly increased, it
has been observed that the Boag theory is not in accordance with the simulated
[147] and experimental values [150]. This trend suggests that the Boag theory is
not suitable for UHDR conditions due to the non-inclusion of the SCS.

Figure 3.9 (a) illustrates the difference in ks values with and without the in-
clusion of space charge. It is predicted that for PPC40, Boag theory will start
to fail if the dose per pulse is increased by approximately one order of magnitude
compared to the dose rates in the pulsed proton beam used in this work. Figure
3.9 (b) shows the distortion of the electric field along the IC air gap according to
the distribution of ions proposed in Boag model Ill. At low dose rates, as used
in this work, the screened electric field is negligible (purple line). As the dose
per pulse increases, the electric field becomes more and more screened. A 10%
relative difference in ks value was found at 4.25-101! particles/s (Figure 3.9 (a)),
where the maximum distorted electric field reaches a 40% difference from the bias
electric field (Figure 3.9 (b)). Figure 3.9 (c) shows that the choice of Boag model
significantly affects the distribution of the distorted electric field due to SCS, how-
ever the impact on kg of each model was found to be similar as in conventional
dose rates. This should be thorough studied for other beams and other conditions.
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Figure 3.9: (a) ks values for a PPC40 versus Dmst at 300 V for a pulsed proton
beam. Comparison between Boag theory (dashed gray line) and Monte Carlo
simulation if the SCS is included in the simulation (black crosses) and if the SCS
effect is not included (dark grey solid diamonds). (b) Distortion of the electric
field relative to the bias electric field (1500 V/cm) along the air gap for different
dose rates according to Boag distribution of free electrons Ill. (c) Impact on the
SCS distribution of the different Boag models at t = 0 for 1.7-10! particles/s.

3.4 Discussion and conclusion

In this study, we have presented a new Monte Carlo simulation code that effectively
models the ion recombination factor for plane parallel IC exposed to clinical ion
beams (quasi-continuous helium and carbon ion beams and pulsed proton beams).
Our simulation demonstrated excellent agreement (typically 0.05% or less relative
difference) with established theories, such as Jaffé theory for initial recombina-
tion and Boag theory for volume recombination regardless of the temporal beam
structure.

We have also introduced a novel approach to compute recombination, signifi-
cantly reducing simulation time compared to previous works. This enables three-
dimensional calculations necessary to model initial recombination and its inter-
play with volume recombination in a reasonable time. While our implementation
considered effects like diffusion, free electron fraction and SCS, validation with
experimental data showed that the free electron fraction and the SCS term are
negligible due to the air gap thickness, the low dose rates and dose per pulse
conditions addressed in this work.

Further investigations with experimental values are needed to benchmark the
simulation in the UHDR rate regime where Boag theory fails. This simulation
tool holds the potential to extend k; calculations beyond these limits. Other
effects, such as the charge multiplication, should be further investigated as it
could potentially interplay with the free electron fraction and SCS.
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Chapter 4

Study of materials for UHDR

This chapter presents an experimental study of materials exposed to prolonged
UHDR conditions, describing the irradiation protocols, characterization methods,
and performance assessment, concluding with recommendations for dosimetric
device construction. The content presented in this chapter corresponds to the
published article: Radiation damage evaluation of materials for radiotherapy qual-
ity assurance devices under high dose and ultra-high dose rate electron and proton
beams. Phys. Med. Biol. 70 165018, 2025.
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Summary

Objective: FLASH radiotherapy is a promising technique based on the delivery of
ultra-high dose rates (UHDR) to spare healthy tissue. Robust quality assurance
(QA) is required to ensure a safe delivery of the treatment. QA devices such
as phantoms and ionization chambers are typically made out of polymeric ma-
terials to ensure water equivalence. However, radiation exposure, particularly at
UHDR where achieving high doses is easier, may cause irreversible changes to the
structure of these materials. Such extreme conditions can, for example, induce
microstructural defects that may lead to mechanical failure or alter electrical prop-
erties such as the dielectric permittivity or conductivity, potentially compromising
the calibration and reliability of critical QA devices, such as ionization chambers.
This study aims to characterize radiation damage in common materials used for
QA devices and identify which of them can withstand these challenging conditions.

Approach: A variety of materials commonly used in phantoms and ionization
chambers, with diverse characteristics (transparent, opaque, conductive and non-
conductive) were irradiated using 68 MeV proton and 20 MeV electron beams,
reaching doses up to 1 MGy under UHDR conditions (average dose rates of 100 —
500 Gy/s). Material damage was evaluated through optical, chemical, mechanical
and electrical tests to quantify change in different properties.

Main Results: External appearance of some materials significantly changed after
irradiation. All transparent materials exhibited change in color post-irradiation.
Chemical analyses conducted after irradiation and repeated two years later indi-
cated partial recovery in some materials. No significant difference in damage was
observed between proton and electron irradiation, suggesting comparable radiation
damage mechanisms. Dose rate alone did not exacerbate damage beyond total
dose effects; however, extended irradiation at high dose rates resulted in thermal
damage under some conditions. Mechanical testing revealed increased fragility,
changes in hardness and dimensions, while some materials experienced significant
changes in dielectric constant and conductivity.

Significance: Materials such as Polymethyl Methacrylate (PMMA), Polycar-
bonate (PC), Polyoxymethylene (POM), and its electrically conductive variant
POM ELS, are unsuitable for prolonged irradiations at UHDR due to significant
structural degradation observed. For see-through phantom construction, Clear
Polystyrene (CPS) offers a more durable alternative to PMMA. For detector con-
struction, Polyether ether ketone (PEEK, endorsed for non-conductive parts) and
graphite (for conductive parts) demonstrated promising durability, making them
preferable choices under high dose and UHDR conditions.
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4.1 Introduction

Polymeric materials are widely employed in the field of radiation therapy, partic-
ularly in the construction of quality assurance (QA) devices such as ionization
chambers (ICs), water tanks, and phantoms. These materials are preferred due to
their unique properties, including mechanical strength, radiation resistance, and
water equivalence, a key property for accurate dose measurements, as emphasized
by the International Atomic Energy Agency (IAEA) protocol TRS-398 [8].

FLASH radiotherapy, an emerging cancer treatment modality, delivers thera-
peutic doses at ultra-high dose rates (UHDR), several orders of magnitude higher
than those used in conventional radiotherapy (2 40 Gy/s [194]). This promising
technique has demonstrated to spare healthy tissues while effectively controlling
tumors and has been observed with different particles [52, 125]. UHDR conditions
poses several challenges, [50, 176], including material selection for QA devices,
as high doses are easily achieved in a short time, accelerating the material degra-
dation. When polymeric materials are irradiated, they undergo complex chemical
and physical processes, including macromolecular chain scission, cross-linking, and
free-radical formation [60]. Over time, these processes result in cumulative defects
that may degrade the material’s properties. This degradation may be particularly
pronounced under UHDR conditions, as illustrated in Figure 4.1, where significant
degradation of commercially available ICs and water phantoms exposed to UHDR
is shown.

Figure 4.1: Commercial ICs (Top: IBA PPC40, Bottom: PTW ROOS Chamber)
and in-house built water phantoms (Top: built out of PMMA, Bottom: built out
of Polycarbonate) after exposure to very high dose and ultra-high dose rates with
an electron beam observed at Physikalisch-Technische Bundesanstalt (PTB).
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The functional requirements of QA materials vary depending on their applica-
tion. Transparency is essential for devices such as water tanks and phantoms,
where precise alignment with positioning laser systems is critical. In contrast, ma-
terials used in ICs do not require optical clarity. But they require durability and a
combination of conductive and non-conductive components. These differing char-
acteristics require the selection of polymers tailored to their specific applications.
Given the importance of QA devices in ensuring the safe delivery of radiotherapy,
it is vital to understand the limits of radiation-induced degradation of materials
used in their construction.

Assessing changes in optical, mechanical, chemical, and electrical properties is
crucial, as irradiation-induced alterations may not be visible through simple ob-
servation but can significantly impact the accuracy, calibration, and functionality
of dosimetry devices. For instance, reduced optical transmittance can affect laser
alignment in water phantoms, while microstructural defects observed on material
surfaces can reveal the onset of a mechanical failure. Chemical analysis can reveal
degradation mechanisms whereas mechanical properties evaluation can detect di-
mensional changes that may cause misalignments, invalidating critical parameters
in ICs such as calibration coefficients, quality correction factors, and ultimately,
dose determination. Evaluating fragility is also important, as increased brittleness
can lead to crack formation, potentially leaving the device unusable. Changes in
electrical properties are particularly crucial for ICs, as significant variations in the
permeability of non-conductive components can increase leakage current, while
alterations in conductive components can compromise calibration coefficients.

This study aims to evaluate the structural and functional changes in various
properties (optical, chemical, mechanical and electrical) of commonly used ma-
terials for QA device construction across a range of applications, under UHDR
conditions More detailed information on the materials studied and the typical use
is provided in Table 4.1. This study specifically investigates how particle type
(electrons and protons in this work), total deposited dose, and dose rate influence
material degradation. By establishing the tolerances of these materials and iden-
tifying the most resistant materials to UHDR exposure, this work aims to provide
recommendations for the selection of durable materials for QA device construction
suited for UHDR radiotherapy applications.
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4.2 Materials and methods

4.2.1 Materials

Two different sets of samples focused for different applications were used for
this study, with their characteristics summarized in Table 4.1. Figure 4.2 provides
an illustration of the two kinds of samples. The first set, referred to as Type ‘E’
(Electron-irradiated samples), is intended for studying thicker materials typically
used in the manufacturing of water tanks and phantoms. The geometry selected
is a rectangular prism of 10 x 10 mm? surface with the following thicknesses and
materials: 3, 5, 10, 15 and 20 mm Polymethyl Methacrylate (PMMA); 5 and
20 mm Polyether ether ketone (PEEK); 5 mm Polycarbonate (PC); 5 mm Cyclic
Olefin Copolymer (TOPAS) and 4.8 mm Clear Polystyrene (CPS).

PEEK

type "E’

. 2mm

type "P"

Figure 4.2: Example of Type "E” sample with a 10x10 mm? surface area and
thickness of 5 mm of PMMA and PEEK. Type “P"” sample has an external diam-
eter of 12 mm, an internal diameter of 2 mm and thickness of 2 mm.

The second set of samples, labeled Type ‘P’ (Proton-irradiated samples), fo-
cuses on studying thinner samples commonly used in the construction of ICs.
While large recombination effects suggest that some ICs might not be suitable
for UHDR electron beams [29], the dose rates achieved with protons are not as
high [176], allowing ICs with smaller electrode spacing to be used under these
circumstances even though recombination effects are still present [177]. There-
fore, this set of samples was irradiated under proton beams. As recommended
by international dosimetry protocols [78, 6], ICs with plane parallel geometry is
preferred. Therefore, the chosen geometry is a disc with 2 mm inner diameter
and 12 mm outer diameter with thickness of 0.5, 1, 1.5 and 2 mm. These di-
mensions are typical for ICs critical structures, such as the entrance window and
collecting electrodes. The following materials are used for this set of samples:
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PMMA; PEEK; cross-linked polystyrene copolymer (REXOLIT); Polyoxymethy-
lene (POM); C-552 (or SCHONKA, air equivalent plastic); Graphite; Electrically
Conductive POM (POM ELS) and Electrically Conductive PEEK (PEEK ELS).

Material Colour Conductive Geometry Thickness Dens'gy
(mm) (8/cm”)
Type E 3,5,10,15,20 1.19
PMMA Transparent No Type P 05 1 15 2 118
. Type E 5, 10, 20 1.32
PEEK Beige opaque No Type P 05 1 1.5 2 191
PC Transparent No Type E 5 1.20
TOPAS Transparent No Type E 5 1.01
CPS Transparent No Type E 4.8 1.05
REXOLITE  Transparent No Type P 05,1,15,2 1.05
POM White No Type P 05,1,15,2 1.41
C-552 Black Yes Type P 05,1,15,2 1.76
GRAPHITE Black Yes Type P 05,1,15,2 2.26
POM ELS Black Yes Type P 05,1,15,2 1.41
PEEK ELS Black Yes Type P 0.5,1,15,2 1.36

Table 4.1: Materials and relevant characteristics of the samples used in this study.

The typical uses of the materials in this work include PMMA for water-tank
walls, buildup caps, water-equivalent plates, phantoms, and IC components; PEEK,
CPS, REXOLITE, C-552, POM ELS and PEEK ELS for IC components; PC and
TOPAS for phantoms; POM for water-equivalent plates and IC buildup caps; and
graphite for IC components and graphite calorimeter parts.

4.2.2 Experimental setup for irradiations

The electron irradiation was carried out with the dedicated research LINAC from
the Metrological electron accelerator facility at PTB, Germany [27]. Type ‘E’ sam-
ples were irradiated with a 20 MeV electron beam, at a 10 Hz pulse repetition
frequency and a pulse width of 2.5 ps, inside a water tank at a Source to surface
distance (SSD) of 50 cm. This resulted in a dose per pulse of about 10.5 Gy at
the half-value depth (R50) [78] of 7.14 cm. All sets of samples were positioned at
a depth of around 1 cm, to ensure the most uniform dose deposition through the
sample. Samples were irradiated with six different dose levels: 102, 103, 104, 10°,
5.10° and 10° Gy; the number of pulses delivered varied depending on the dose and
dose per pulse selected in each experiment. One sample per condition was kept
unirradiated. These conditions are labeled as experiment SSD50. For comparison
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with other dose rates, an additional set of PMMA and PEEK samples were irradi-
ated under two extra experiments: SSD70 and SSD50-C. Detailed characteristics
of these experiments are provided in Table 4.2. The dose delivered to the sam-
ples was estimated using the in-beamline integrating current transformer, which
was calibrated with a diamond detector [104] that had been previously calibrated
against alanine dose measurements in a separate investigation [28]. Since this
experiment does not need a high precision on the delivered dose, the uncertainty
in the dose estimation in the QA was large, around 5%.

. Energy . FWHM SSD Z,.t tpuls  fpuls
Experiment (MeV) Collimator at Zug (mm) (cm) (mm) (us) (Hz)
SSD70 20 None 79.9 70 462 25 5
SSD50-C 20 ¢=5cm 497 50 412 25 10
SSD50 20 Nose 47.3 50 419 25 10

DPP Dinst Dav
(Gy) (Gy/s) (Gy/9) D&)

SSD70 6.5 2.6:10° 324 0, 10%, 103, 10%, 10°, 5-10° and 10°
SSD50-C 115 4.6-10% 115 0, 102, 103, 104, 10°, 5-10° and 10°
SSD50 10.5 4.2.105 105 0, 102, 103, 10%, 10°, 5-10° and 10°

Experiment

Table 4.2: Experiment specifications for the electron (e) irradiations.

We want to emphasize that particular care was taken to ensure dose homo-
geneity in order to minimize localized effects which could influence the measured
properties. Collimators were used to shape the beam, ensuring a sufficiently large,
flat, and homogeneous irradiation field (e.g. for SSD70, flatness was 1% over
10 mm, and dose uniformity in depth was within 5% over 2 cm). To minimize
dose gradients with depth during electron irradiations, samples were placed side-
by-side rather than stacked. Proton irradiations were conducted with samples
stacked in the plateau region, where dose uniformity with depth was ensured.
Sample positions were marked and tracked to ensure no differences were found
across the entire sample. Measurements were taken across different surface loca-
tions, and for macroscopic tests, different sample orientations were used. These
checks consistently confirmed the uniformity of irradiation and the reproducibility
of the material response across different parts of the sample.

Type ‘P’ samples were irradiated in air with a 68 MeV broad pulsed proton beam
with the pulsing chopper-based system of the Arronax C70XP cyclotron [152] at
Arronax, France. The different dose levels and dose rates achieved are summarized
in Table 4.3. To achieve the 4x4 cm? field size, the beam was spread with a
300 pm tungsten target placed in the beamline, which resulted in an effective
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energy to the samples about 64 MeV, and collimated with paraffin blocks. For
the 1x1 cm? field size, no target or collimator were added. The estimation of the
average dose delivered to the samples in this setup was done using films [186] for
the profiles as the beam was not homogeneous. To estimate the dose, a Faraday
cup was used to measure the cumulated dose and cross-calibrated against an IC
at low dose rates where recombination losses can be corrected [163, 39].

Experiment Energy Field size t,us T Dingt D, D tiotal
(Mev)  (cm?) (ms) (ms) (Gy/s) (Gy/s) (MGy) (h)

P1 68 4x4 0.05 1.8 9.0-10° 141 0.42 0.8

P2 68 4x4 1 21 2.1-10° 105 1.02 2.7

P3 68 1x1 1 41  8.4-10° 216 1.09 1.4

P4 68 1x1 1 5 2.6-103 500 1.00 0.6

Table 4.3: Experiment specifications for the proton (p) irradiations. PO would be
the pristine, non-irradiated, samples.

4.2.3 Sample characterization
Optical properties

A UV-VIS-NIR Spectrophotometer UV-3600 Plus from Shimadzu was used to
quantify color changes in the irradiated samples, by measuring changes in transmit-
tance relative to the non-irradiated samples, as radiation-induced optical changes
can affect transparency which is directly related to material damage and chemical
changes. The transmittance spectrum was recorded across wavelengths ranging
from 200 to 800 nm, with a resolution of 0.5 nm. Spectra were normalized at the
lowest wavelength, and values were compared at 420 nm [46] as this wavelength
in typically related to the yellowness of the sample evaluate which is the typi-
cal change observed in plastic degradation. To enhance the signal-to-noise ratio
and improve the readings accuracy, two measurements modes were used based on
transparency. For highly transparent samples, transmittance mode was used. For
non-transparent samples, measurements were conducted in absorbance mode and
latter converted to transmittance using known relations.

Scanning electron microscopy (SEM) analysis was used to investigate the surface
morphology of the samples to investigate primary signs of structural degradation
such as micro-cracks or micropores formation due to gas release [56]. This tech-
nique is particularly well-suited for electrically conductive materials, where surface
details can be accurately assessed without additional preparation. Although the
main focus of the SEM analysis was on conductive samples, non-conductive sam-
ples were also examined as an exploratory step. Non-conductive samples were
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imaged without applying conductive coatings in this study to avoid altering their
native surface. This approach is essential to preserve the possibility of repeat
the measurements and long-term follow-up on potential permanent damage or
material recovery, without compromising the original material properties.

Irradiation might induce changes in the electrical conductivity of some materials
initially classified as non-conductive. By comparing irradiated and non-irradiated
samples with SEM analysis, we aimed to assess whether any visible surface changes
could indirectly indicate such conductivity shifts as suggested in [56], particularly
in relation to the dielectric constant variations observed in the electrical properties’
analysis.

A JEOL JSM—T100F Field Emission Scanning Electron Microscope was used
under ultra-high vacuum conditions, employing accelerating voltages of 2, 5 and
15 kV and magnifications of x20, x200, x900 and x1600.

Chemical properties

To investigate chemical and molecular changes in the sample structure as chemi-
cal degradation may occur even in the absence of visible damage or changes in bulk
physical properties, fourier transform infrared (FTIR) spectroscopy was performed
using a Nicolet iN10 Infrared Microscope equipped with a mercury cadmium tel-
luride in attenuated total reflectance mode. Spectra were measured across a range
of 675-4000 cm™ with a resolution of 2 cm™, averaging 64 scans per sample to
ensure a high signal-to-noise ratio. Background spectra were acquired and sub-
tracted from each measurement. Standard pressure was applied to samples during
collection, and the detector was cooled with liquid nitrogen to enhance sensitivity.
After acquisition, all spectra were baseline-corrected, normalized, and analyzed
using Omnic Spectra software from Thermo Fisher Scientific Inc.

Due to the specific relevance of graphite in ionization chamber construction (e.g.
for collecting electrodes or walls in cylindrical 1Cs) and its use in other detectors
such as graphite calorimeters, additional characterization of graphite samples was
performed using Raman spectroscopy as FTIR is not suitable for graphite charac-
terization due to its highly ordered structure and lack of infrared-active functional
groups [62]. A Reinshaw Qontor inVia Raman microscope was employed. The
Raman spectra were acquired using a 785 nm laser, with measurements taken
at multiple points across the sample surface. Acquisition parameters included an
exposure time of 15 s, laser power set to 10%, and a total of 3 accumulations,
with a Raman shift range of 827-1896 cm™. Automatic baseline correction was
applied to all spectra, and the intensity of the G and D bands was analyzed.
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Mechanical properties

To evaluate the potential impact of UHDR irradiation on the structural in-
tegrity of the materials, we assessed several key mechanical properties that could
be affected by radiation-induced degradation. Specifically, we studied dimensional
stability, hardness, and fragility, as these properties are critical for ensuring the
long-term functionality and mechanical reliability of QA devices. A Palmer mi-
crometer with a 1 pm resolution was used to identify possible changes in dimen-
sions of the different samples. Hardness was evaluated via micro-indentation with
the Micro indenter EMCO Durascan 70G5 equipped with a Vickers tip. A quasi-
static load function with a peak force ranging 0.05-1 N was applied. A minimum
of 10 indentations were performed through the surface. Fragility was evaluated
indirectly by observing the presence or absence of rifts around the indentation
marks left by the hardness tests.

Electrical properties

The conductivity and dielectric constant of the samples to evaluate perma-
nent changes in these electric properties were measured using alNovocontrol alpha
high resolution impedance/dielectric Analyzer. Measurements were conducted
at a fixed alternating current (AC) voltage of 1 V, across a frequency range of
103-107 Hz of the applied AC voltage signal. All components of the complex
dielectric permittivity, the loss tangent, phase angle, conductivity and impedance
components were determined as a function of the frequency, however only changes
on the real part of permittivity (¢), and conductivity were analyzed and reported in
this work. Since the measured values of € are highly dependent on the conditions
under which the measurements are performed, all samples were analyzed on the
same day and measurements were repeated across several days. € values for com-
parison were taken at 100 Hz to mitigate the effects of capacitance dependence
at higher frequencies, as described by [69]. The relative change in & with respect
to non-irradiated samples was used for comparative analysis.

4.3 Results

Figures 4.3 and 4.4 show the external appearance of the different samples irradi-
ated with electrons and protons. For PMMA type ‘E' samples, the gradual change
in color with increasing dose levels is clearly visible (Figure 4.3 (a)). It can also
be observed that optical density recovers over time (Figure 4.3 (b))—two years
post-irradiation (Y2), when compared to the appearance shortly after irradiation
(Figure 4.3 (a)—YO0), which aligns with trends described in the literature [41].
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Figure 4.3: External appearance of type ‘E’, electron irradiated samples in experi-
ment SSD50. (a) PMMA samples of different thickness and dose levels. (b) Same
samples as (a) two years later. (c) Different materials with 5 mm thickness and
dose levels. (d) Same samples as (c) two years later.

In general, gradual color changes were observed for all transparent materials
(Figures 4.3 (c) and 4.4). Significant opacification occurred for PC samples
starting at dose levels around 10° Gy for electron irradiation. Black materials
maintained their color with no noticeable change (Figure 4.4), except for POM
ELS, which seemed to lose its shiny appearance, turning its surface matt. PEEK
samples showed a slight color shift towards warmer tones when irradiated with
10° Gy, regardless of particle type which did not recover over time (Two years
later, Figure 4.3 (d)). Both PMMA (observed in both particle types (see Figures
4.3 (a) and 4.4) and POM (see Figure 4.4) exhibited significant radiation induced
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stress fractures. While PMMA retained its structural integrity, POM samples were
completely destroyed.

PMMA REXOLITE  POM C-552 GRAPHITE PEEKELS FOMELS
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FAl
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Figure 4.4: External appearance of type ‘P’ samples; pristine (P0) and irradiated
with proton beams under different conditions (P1-P4).

4.3.1 Optical properties

UV—-Vis analysis of PMMA indicated a decrease in transmittance spectra as
the radiation dose increased (Figure 4.5 (a)). This decrease correlates with the
observed yellowing of the samples, likely attributed to the introduction of conju-
gated carbonyl groups in the polymer chain [46]. A partial recovery in color was
observed two years post-irradiation, with UV-Vis analysis revealing up to a 30%
increase in transmittance for thicker samples (>5 mm) and a 5-10% increase for
thinner samples (<5 mm).

Figure 4.5 (b) highlights the dependence of transmittance on sample thickness
for PMMA. Figures 4.5 (c) and (d) show the transmittance at 420 nm for type ‘E’
and ‘P’ samples, respectively, for various materials. For PMMA type ‘E’ samples,
no significant differences in transmittance were observed between different dose
rates (Figure 4.5 (e)). Conversely, type ‘P’ samples exhibited differences in trans-
mittance; however, these differences did not show a clear correlation with dose
rates.

When comparing the effects of different particle types, it is clear that no fair
comparison can be made due to the dependence of the transmittance with the
sample thickness. Figure 4.5 (f) illustrates this dependency for type ‘E' and ‘P’
PMMA samples irradiated with 1 MGy, showing a continuous trend across both
sets.
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Figure 4.5: Results for the UV-Vis spectroscopy. (a) Example of the transmit-
tance spectra versus the wavelength for the different dose levels (presented in
different shades of yellow line colors) for the 3 mm PMMA type 'E’, electron
irradiated samples. (b) Transmittance of type ‘E' PMMA samples of different
thicknesses (presented in different line colors) irradiated with electrons in experi-
ment SSD50 for different dose levels. (c) Transmittance comparison of type ‘E’
different materials (presented in different line colors) from experiment SSD50 for
different dose levels. (d) Transmittance comparison of type ‘P’, proton irradiated
materials (presented in different colored points) for the 0.5 mm samples on differ-
ent experiments. (e) Transmittance for different dose levels for type ‘E' PMMA
samples irradiated in the three different experiments (presented in different colored
points) performed at different dose rates. (f) Transmittance for different thickness
of PMMA samples irradiated with 1 MGy protons (presented in red and orange
points) and electrons (presented in green and different shades of blue points) in
different experiments.
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SEM analysis on conductive samples (Figure 4.6 (a)) revealed no observable dif-
ferences in the surface of PEEK ELS and C-552 samples across the different irradi-
ation conditions. For graphite samples, smoother and larger surface chunks were
identified in irradiated sets compared to non-irradiated samples. These changes,
did not exhibit significant variation between different experimental conditions,
suggesting limited dependence on dose or dose rate.

(

Q
-

PEEK ELS POM ELS GRAPHITE

C-552

(b) x20 X200 X900 x1600

Figure 4.6: (a) SEM visualization of surface of 1 mm type ‘P’, proton irradiated
samples of different conductive materials, at x1600, accelerating voltage of 15
kV from pristine samples (P0) and all consecutive experiments with protons (P1,
P2, P3 & P4). (b) SEM visualization of surface of POM samples for different
augmentations from experiment P4.

Significant changes were found in the surface of POM ELS samples. Multiple
rifts and surface fissures were evident, with the greatest density and size of rifts
appearing in samples irradiated in experiment P2. This was followed by exper-
iments P3 and P4, with progressively fewer rifts observed. However, no clear
correlation was found between the observed changes and the dose rate.
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Although SEM is not typically suitable for analyzing non-conductive samples,
irradiated POM samples could be successfully analyzed, indicating an increase in
surface conductivity induced by irradiation. This finding aligns with the electrical
characterization results in section 4.3.4. Figure 4.6 (b) shows detailed SEM images
of irradiated POM samples at different magnifications (x20, x200, x900, and
x1600), highlighting the presence of rift-like patterns across the surface. These
microstructures are consistent with the degradation seen in POM ELS samples
and may be attributed to gas release during irradiation which leads to surface
cracking, as reported in previous studies [56].

4.3.2 Chemical properties

The FTIR spectra of various materials are presented in Figures 4.7-4.10. This
analysis focuses on the observed spectral changes, as a comprehensive discussion
of all peaks is beyond this study's scope. Overall, the obtained spectra align well
with their expected profiles.
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Figure 4.7: FTIR spectra of PC for different dose levels (different line colors)
studied in experiment SSD50 of electron irradiated samples analyzed two years
after the irradiation was performed. Zoom-in of the relevant parts of the spectra
that displayed changes are presented.

FTIR analysis revealed no significant changes in the spectra of CPS, PEEK,
REXOLITE and PEEK ELS spectra. For the remaining materials, FTIR analysis
demonstrated that radiation-induced oxidative degradation, particularly the for-
mation of carbonyl groups around 1720 cm™, was a common mechanism across
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all polymers [34]. Specific spectral changes, varied depending on the material
and dose level, with some evidence of partial recovery over time in certain cases.
Specifically, C-552 showed a gradual, slight increase in absorbance around 1720
cm™ and 2930 cm™ with increasing dose levels, attributed to the formation of
carbonyl groups and oxidation processes.

For PC electron irradiated samples, no changes were observed in the initial FTIR
analysis (Y0). However, after two years (Y2), subtle modifications were detected,
as shown in Figure 4.7, with slight peak shifts and changes in peak intensity with
dose levels starting at 10° Gy. In the region 1330-1380 cm™, a gradual increase in
absorbance was observed. The carbonyl group region (1700-1720 cm™) exhibited
similar behavior, further confirming radiation-induced oxidative degradation [70].

25 100
20 80 1

15 60

10 40 A
5 20
0

0

15001550 1600 1650 1700 1750 1800 ¥850 28 2850 2900 29‘50} 3050
/
/ P

100

— 0 Gy

5 80 1 MGy - YO
= —— 1MGy-Y2
g 60 y
[ =4
3
5 40
v
e
o AMN/\,,,,&L

0 - - - - - - -

1000 1500 2000 2500 3000 3500 4000

Wavenumbers (cm™1)

Figure 4.8: FTIR spectra of TOPAS irradiated with electrons. Comparison be-
tween non-irradiated sample (Blue line, 0 Gy); irradiated sample with 1 MGy
performed shortly after the experiment SSD50 (Orange line, 1 MGy—YO0); and
the same 1 MGy irradiated sample analyzed again two years later (Green line,
1 MGy—Y2). Partial recovery of the sample absorbance is observed, as the Y2
spectrum tends to revert towards the shape of the non-irradiated spectrum.

TOPAS also showed dose-dependent changes, particularly an increase in ab-
sorbance around 1700 cm™, again associated with carbonyl group formation. In
addition, a decrease in absorbance in the 2800-3000 cm™? region was observed, re-
flecting possible C-H group modifications such as chain scission and cross-linking
[168]). Analysis performed two years later revealed partial recovery, with a re-
duction in oxidation products in the carbonyl region (1500-1850 cm™) and an
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increase in absorbance in the C-H stretching region (28003050 cm™), indicating
polymer chain reorganization and stabilization. Overall, while radiation damage

was evident, some structural changes appeared to recover over time (see Figure
4.8).
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Figure 4.9: FTIR spectra of POM (a) and POM ELS (b) irradiated with protons
(different line colors). Zoom-in of the relevant parts of the spectra that displayed
changes are presented.

POM exhibited a decrease in absorbance around 900 cm™, where characteristic
C-0 and C-H bonds appear. This decrease is attributed to oxidation and cross-
linking, which disrupt these bonds. Additionally, an increase in absorbance in the
1700-1780 cm™ region confirmed the presence of carbonyl groups from oxidative
degradation [184]. Among the experiments, the most significant differences were
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observed in P2, with progressively fewer changes in P3 and P4, and the smallest
differences in P1, consistent with the lower radiation dose (see Figure 4.9 (a)).
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Figure 4.10: FTIR spectra of PMMA. (a) Comparison of absorbance spectra of
electron irradiated samples between non-irradiated sample (Blue line, 0 Gy) first
FTIR (Orange line, 1 MGy—Y0) and secondary analysis performed two years later
(Green line, 1 MGy—Y2). (b) Comparison of absorbance spectra between non-
irradiated type-E sample (Blue line, 0 Gy—E), 1 MGy electron irradiated sample
in SSD50 experiment (Orange line, 1 MGy—E), pristine type-P sample (Green
line, 0 Gy—P) and 1 MGy proton irradiated sample in P2 experiment (Red line,
1 MGy—P).
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Similarly, POM ELS showed a decrease in absorbance and peak broadening
around 900 cm™, linked to oxidation and chain scission affecting C—O vibrational
modes [109]. The carbonyl region (1550-1750 cm™) exhibited an increase in
absorbance, further confirming oxidative degradation. The progression of changes
across different dose levels mirrored that observed in POM (Figure 4.9 (b)).

PMMA showed some differences between the initial analysis (Y0) and the follow-
up conducted two years later (Y2) as shown in Figure 4.10 (a), where the spectra
highlight changes in both carbonyl (1720 cm™) and C-H regions (28003100 cm™)
linked to oxidative degradation. A slight recovery of the material was observed.
A comparison between electron and proton irradiation (Figure 4.10 (b)) revealed
similar impact on the material, which was expected given the comparable LET of
both particles under the investigated conditions [46].

Representative Raman spectra of graphite samples irradiated with protons are
presented on Figure 4.11 (a) for the different conditions. The characteristic D
band of graphite, observed around 1309 cml, is associated with structural defects
and disorder, while the G band around 1578 cm™ corresponds to the stretching
vibrations of sp? carbon-carbon bonds in the graphite lattice. Additionally, the D'
band near 1605 cm™ is related to further disorder in the graphitic structure. While
the spectra are consistent with the expected vibrational modes of graphite [36],
the irregular surface morphology of the samples introduced significant statistical
noise in the measurements. Despite this noise, no significant differences in the
Raman spectra were identified across the experimental conditions.
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Figure 4.11: (a) Representative Raman spectra of graphite for the different exper-
iments with protons presented in different line colors). (b) Intensity ratio between
D and G bands for different experiments (presented in different scattered point
colors).

Figure 4.11 (b) shows the intensity ratio between D and G bands, which offers
information about possible structural disorder or defects. The Raman spectrum
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and ratio remained almost constant across all experimental conditions, with vari-
ations falling within the uncertainty range.

4.3.3 Mechanical properties

Type ‘'E’ samples exhibited large manufacturing tolerances, and no measurable
changes in dimensions were observed after irradiation. In contrast, Type ‘P’ sam-
ples were fabricated with standard tolerances typically used for ICs construction
(around 0.5%). Figure 4.12 shows the relative changes in thickness and diame-
ter averaged for the different materials and experimental conditions for type ‘P’
samples. It can be clearly seen that POM and its conductive version, POM ELS
exhibited significant dimensional reductions in both thickness and diameter.
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Figure 4.12: (a) Change in thickness for type ‘P’, proton irradiated samples in
different experiments (PO, P1, P2, P3 and P4) of different materials (presented
in different scattered point colors). Values were averaged for all thicknesses and
normalized at the nominal value of the pristine samples. To enhance clarity no
error bars were displayed. Typical type-A error was found around 0.5%. (b) Same
graph but representing the relative change in diameter.

Figure 4.13 (a) presents the results of micro-indentation tests performed on
Type ‘P’ samples. POM irradiated samples fractured during testing, indicating
significant material embrittlement. POM ELS showed a significant reduction in
hardness, with similar results observed across experiments P2, P3, and P4, corre-
sponding to approximate dose levels of 1 MGy. For Type ‘E’ samples, the results
are shown in Figure 4.13 (b). PMMA demonstrated a significant decrease in hard-
ness with increasing dose levels. The hardness of TOPAS exhibited only a slight
reduction with dose, while other materials showed no significant changes. Figure
4.13 (c) compares the hardness of PMMA Type ‘E’' samples across different ex-
periments and dose rates. The results indicate no measurable differences between
the different dose rates. Furthermore, no change in hardness was observed when
tests were repeated two years after irradiation (Y2) compared to the initial post-
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irradiation tests (Y0), suggesting that the reduction in hardness is permanent, with
no recovery over time. Figure 4.13 (d) provides a comparative analysis of PMMA
Type ‘E’ and Type ‘P’ samples across different dose levels. Type ‘P’ samples did
not exhibit a decrease in hardness with dose levels, unlike Type ‘E' samples. This
discrepancy may be attributed to substrate effects masking potential changes in
the material.
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Figure 4.13: (a) Hardness tests results for the type ‘P’ proton irradiated samples
in different experiments (PO, P1, P2, P3 and P4) for different materials (presented
in different scattered point colors). (b) Hardness values for type ‘E’ electron irradi-
ated samples of different materials (presented in different line colors) for different
dose levels in experiment SSD50. (c) Hardness for type 'E' PMMA samples for the
three different experiments (SSD50, SSD70 and SSD50-C) performed at different
dose rates. Results for SSD50 experiment are displayed for the analysis performed
shortly after irradiation (Blue line with scattered points, Y0) and two years later
(Orange line with scattered points, Y2). Result for SSD70 experiment is displayed
in the green scattered point. Result for SSD50-C experiment is displayed in the
red scattered point. (d) Comparison of type ‘E’ and ‘P’ PMMA samples hardness.
The orange line with scattered points represents the results for SSD50 experiment
with electrons. The blue line with scattered points represents the esults for the

experiments with protons. Each point is labeled with the corresponding experi-
ment (PO, P1, P2, P3).



100 CHAPTER 4. STUDY OF MATERIALS FOR UHDR

During micro-indentation, formation of rifts around the indent were observed
for some irradiated materials exposed to a dose of 1 MGy. Non-irradiated samples
did not exhibit this rift formation, indicating an increase in sample fragility as a
result of irradiation. This phenomenon was observed for PMMA (see Figure 4.14),
independently of the particle type, and in other materials such as PC, TOPAS,
POM and POM ELS.

Figure 4.14: (a) 1 mm PMMA indentation marks of non-irradiated type ‘P’ sam-
ples. (b) Irradiated type ‘P’, proton irradiated samples from experiment P4. (c) 3
mm type ‘E’ non-irradiated samples. (d) Electron irradiated type ‘E’ samples with
1 MGy from experiment SSD50. It can be seen how the pressure from the indenter
caused stress fractures around the diagonals, indicating a significant increase in
fragility.

4.3.4 Electrical properties

Figure 4.15 (a) presents the dielectric constant (¢) of type ‘E' PMMA sam-
ples irradiated at various dose levels as a function of frequency. Figure 4.15 (b)
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illustrates the relative change in dielectric constant for various materials in type
‘E’ samples. For samples of varying thickness, results were averaged across all
thicknesses. No significant differences were observed across different dose levels,
except in the case of PMMA, which exhibited a gradual increase in the dielectric
constant of up to 7% starting at dose levels of 10° Gy. This increase was found
to be independent of sample thickness.

(a) 8 (b)
8{ & CPS
6 i PC
w —_
. S ] & ToPas
241 < #— PMMA /.
s 0 Gy 2, & e /
§2{— 10%Gy g /{
o | — 10%ay v /
504 " 5 2 /
S 10* Gy ® /
b ° 1
2 10° Gy 5o | : A i i;
W —====c=r-— 1 == BN
5.10% Gy | — \‘1 = gi
—— 10° Gy Y I {

100 102 10® 10* 10° 105 107 10°  10* 102 10° 10° 10°  10°
Dose (Gy)
(c) - (@) 6.5 -
10 4 ¢ PMMA ! %
I REXOLITE 6.0
< 8 i POM : i
S z e %
‘ﬂ'; 6 ¢ PEEK JE‘ 5.5
g g f
2 4 § 5.0
g 2 ; L
= 3] 4.5 4
£ ot 1 AL
W 5] T 0 4.0 A ’Ei ¢ protons, P2
f i; I protons, P4
-4 I 35713 & electrons, SSD50
PO P1 P2 P3 P4 0 2 4 6 8 10 12 14 16 18 20
Experiment Thickness (mm)

Figure 4.15: (a) Dielectric constant of PMMA for 3 mm type ‘E’, electron irra-
diated samples from experiment SSD50 as a function of frequency of the applied
AC voltage signal for different dose levels (presented in different shades of yellow
line colors). (b) Dielectric constant for type ‘E’ samples of different materials
(presented in different colors of lines with scattered points) at different dose levels
from experiment SSD50. (c) Dielectric constant for type ‘P’, proton irradiated
samples of different materials (presented in different colors of scattered points) for
different experiments (PO, P1, P2, P3 and P4). (d) Comparison dielectric constant
of PMMA for different thickness of samples irradiated with protons (presented in
red and orange points, which correspond to experiment P2 and P4, respectively)
and electrons (presented in green points, corresponding to experiment SSD50).

Similarly, Figure 4.15 (c) displays the relative change in dielectric constant for
type ‘P’ samples. Among these, only the dielectric constant of POM exhibited a
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notable change. Results for experiments P3 and P4 are not included due to the
complete fragilization of samples during handling. Figure 4.15 (d) highlights the
dependence of the PMMA dielectric constant on sample thickness under different
irradiation conditions. This observed variation in dielectric constant with thickness
aligns with prior findings reported by [69].

As discussed in section 4.3.1, a fair comparison between particle types cannot be
made due to the intrinsic dependence of the dielectric constant on sample thick-
ness. Nevertheless, a continuous trend is evident across both sets of samples.
Furthermore, no change in the dielectric constant was observed in samples ana-
lyzed shortly after irradiation (YO0) or two years post-irradiation (Y2), indicating
that the changes in this property did not vary over time.

Figure 4.16 (a) presents graphite conductivity as a function of frequency. For
relative comparison, conductivity values were taken at 1 MHz. Figure 4.16 (b)
shows conductivity for various materials across different experiments with protons.
It can be seen a significant change in conductivity for POM ELS samples. The
largest relative change, compared to the non-irradiated condition (P0), was ob-
served in experiment P2. Subsequent experiments, P3, P4, and P1, demonstrated
progressively smaller relative changes. In contrast, the rest of materials did not
exhibit any significant changes in conductivity.
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Figure 4.16: (a) Conductivity of graphite as a function of frequency of the ap-
plied AC voltage signal for different proton experiments (PO, P1, P2, P3 and P4,
represented in different shades of grey). (b) Relative change of conductivity for
the different experiments with protons (PO, P1, P2, P3 and P4) with different
conductive materials (represented in scattered points of different colors).
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4.4 Discussion

Table 4.4 provides an overview of the outcomes of the various tests conducted on
different materials and sample types. The results indicate that radiation damage
effects vary greatly depending on the material. In the following paragraphs, an
overview of the most concerning changes in each of the materials is provided,
clarifying what determines their suitability or not for UHDR applications.

Properties
Optical Chemical Mechanical Electrical
Material Si;;f:e UV-VIS | SEM | FTIR | Raman | Dimensions | Hardness | Fragility | € | Conductivity
E X - X - - X X X -
PMMA P X - X - ok ok X ok -
E - - ok - - ok ok ok -
PEEK P ok - ok - ok ok ok ok -
PC E X - X - - ok X ok -
TOPAS E X - - X ok -
CPS E ok - - ok ok ok -
REXOLITE P ok - ok ok ok ok -
POM P X - X - X X X X -
C-552 P - ok - ok ok - ok
GRAPHITE P - - ok ok - ok - ok
POM ELS P - X X - X X X - X
PEEK ELS P ok ok ok - ok ok ok - ok

Table 4.4: Resume of the results of the different tests performed. ‘x’ indicates
crucial or very significant characteristics were altered in the sample. ‘ok’ indicates
no observable differences were found. ‘~' indicates small differences were found.
“-"indicates test was not performed in that sample. Please note that Fragility was
not measured directly, observed phenomena of cracks during Vickers indentation
test provided information about material's brittleness.

PMMA, POM, and its conductive variant (POM ELS) are strongly discouraged
for use in UHDR conditions due to significant degradation found in most proper-
ties, specially brittleness that compromised its structural integrity. This issue is
evident in the ICs and the top-right water phantom images from Figure 4.1, all
made of PMMA (note that the bottom-left IC is covered by a thin layer of black
lacquer). PC is also not recommended; multiple properties varied and the loss of
transparency makes it impractical for see-through applications. Evidence of this
issue can be seen in the water phantom in the bottom-right image of Figure 4.1.
TOPAS demonstrated only a slight increase in fragility, but substantial changes in
its chemical properties raise concerns about its long-term performance, especially
under higher doses that exceed the range of this study. Materials such as Rexolite
and C-552 proved to be completely functional even though subtle changes in some
properties were observed.
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The following materials showed the most resistance to radiation and are there-
fore recommended to use for UHDR applications: CPS, PEEK, Graphite and PEEK
ELS. CPS is highly recommended for see through applications, as its properties
remained unchanged except for slight coloration around dose levels of 1 MGy. It
represents a more durable alternative to PMMA, which is currently widely used for
such purposes. For non-conductive, non-transparent applications, PEEK proved
to be the most durable option, with only minor discoloration observed. For further
evidence, the electron experiment holder was made entirely of PEEK, withstand-
ing cumulative doses exceeding 25 MGy without visible damage, as supported by
[178]. For conductive applications, graphite remained a durable choice, as no sig-
nificant changes in chemical, mechanical or conductive properties were observed.
While minor surface changes were observed in SEM analysis, these could not be
correlated with dose levels or dose rates. Though less conductive, PEEK ELS is
also a viable alternative to graphite for conductive applications as all properties
remained completely unaffected.

Several additional observations regarding material behavior under UHDR con-
ditions were made in this study due to the variety of conditions tested. Test
repeated two years after irradiation revealed recovery effects [41] in the optical
and chemical properties of some materials, suggesting that for less exhaustive use,
materials irradiated at similar doses as in this study may have extended lifespans
in real applications. Chemical analysis of PMMA samples indicated that the type
of particle used during irradiation did not influence material degradation; simi-
lar dose levels resulted in comparable radiation damage, which is consistent with
findings reported in the literature [60].

Regarding dose rate effects, type ‘E' samples irradiated with electrons showed
no significant difference in damage when comparing the different dose rates ex-
plored, suggesting that UHDR does not inherently produce more damage. Instead,
UHDR enables higher total doses to be achieved more efficiently. However, under
conventional use, healing effects may contribute to enhanced material durability
over time.

Experiments with protons consistently showed that the highest damage in the
materials occurred in experiment P2, followed by P3, P4, and P1. This order
did not correlate with either instantaneous or average dose rates but rather with
longer irradiation times. These findings suggest that heat damage contributed to
the material degradation, which may explain the observed results. Supporting this
explanation, type ‘P’ samples were irradiated in air, while type ‘E' samples were
irradiated in water, which dissipated heat more effectively and protected them
from heat damage. We want to highlight that even subtle differences can be
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observed due to the thermal effects in type ‘P’ samples, the dominant degrada-
tion mechanism observed in this study was dose-dependent rather than dose rate
dependent.

Notably, the temperature increase due to radiation varies depending on the
heat capacity of different materials, with graphite experiencing approximately
1.4 mK Gy [167]. While specific experimental values for the temperature rise
due to radiation in PMMA and PEEK are not available, calculations based on their
heat capacity suggest similar values: approximately 0.893 mK Gy for PMMA (de-
rived from the reported heat capacities of NIST [133, 146]) and 0.917 mK Gy for
PEEK (derived from [38, 156]). This suggests that the temperature increase due
to radiation is comparable for both materials. The difference in damage observed
between PMMA and PEEK, despite their similar heat capacities, highlights that
the resistance of polymers depends mainly on their chemical structure. The most
resistant materials in this study (CPS, PEEK, Graphite and PEEK ELS) have in
common aromatic rings in their composition, that enhances their resistance to
radiation [59].

In this study, the total dose significantly surpasses the integrated doses that
different dosimetry devices typically receive over their lifetime. However, due
to the challenges in UHDR dosimetry, extensive studies are required to properly
characterize UHDR beams. Furthermore, for clinical translation, certain measure-
ments would possibly require prolonged irradiation times, for instance: relative
dosimetry, where PDD curves or field size measurements with |Cs are necessary
for commissioning, making the accumulation of high doses in QA devices at UHDR
unavoidable in practice. Currently, in UHDR beams, such prolonged irradiation
times with ionization chambers are not feasible due to detector stress and radia-
tion protection constraints. Consequently, relative dosimetry at UHDR is primarily
performed with radiochromic films. However, relying on passive detectors is cum-
bersome for clinical routine, and radiochromic films themselves exhibit limitations,
such as quenching effects in particle beams, that can complicate accurate PDD
determination.

4.5 Conclusions

The findings of this study emphasize the complexity of radiation damage mech-
anisms and the importance of selecting adequate materials for UHDR applica-
tions. Evaluating multiple material properties and irradiation conditions is vital as
irradiation-induced alterations, often not visible through simple observation, can
significantly impact dosimetry accuracy, device calibration, and overall functional-
ity. The still-developing state of UHDR dosimetry and the need of exhaustive beam
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characterization for clinical translation of FLASH therapy make UHDR inherently
associated with high radiation doses to QA devices in practice.

It has been observed that materials with aromatic rings in their chemical struc-
ture exhibit the highest stability under radiation, as demonstrated by the most
resistant materials in this study. Depending on the application, different materials
are recommended: CPS for transparent applications, PEEK for non-transparent
and non-conductive applications, graphite for conductive applications, and PEEK
ELS for lower-conductivity applications. As previously noted in Ref. [86], a poly-
mer’s resistance under ionizing radiation can be predicted if its macromolecular
structure is well understood.



Chapter 5

Developing a dual gap ionization
chamber

This chapter details the design, development, and experimental evaluation of the
proposed dual-gap ionization chamber (DGIC) prototype. It covers the operating
principle, optimization process, and performance testing across different beam
types and delivery modes. The content presented in this chapter corresponds
to the article: The Dual Gap lonization Chamber: A novel lonization Chamber
design for reference dosimetry to automatically correct for recombination losses in
emerging radiotherapy modalities. Submitted for publication.
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Summary

Objective: Current dosimetry protocols typically recommend multiple measure-
ments to determine recombination correction factors (ks), increasing the time
required for dose measurements in the quality assurance workflow. We propose a
novel dual-gap ionization chamber (DGIC) design for reference dosimetry featuring
two air gaps of different thicknesses within a single device. This design enables the
determination of ks directly from the same measurements required to determine
absorbed dose-to-water. Thus, eliminating the need for separate measurements
to correct for recombination losses. The approach relies on analyzing the charge
ratio between the two gaps, which can also be correlated with the average dose
rate under Ultra High Dose Rates (UHDR) and dose per pulse (DPP) under Ultra
High Dose per Pulse (UHDP) conditions.

Approach: A DGIC prototype with electrode distances of 1 and 0.6 mm was
developed and tested using different beam qualities: (1) a 240 MeV/u clinical
carbon ion beam at conventional dose rates, (2) a 226 MeV continuous proton
beam with a current between 5 and 800 nA at the cyclotron exit, where the
maximum approximately corresponds to an average dose rate of 200 Gy/s in the
treatment room and (3) a 9 MeV electron beam with a DPP from 0.03 to 4.2 Gy,
a frequency of 60 Hz and a pulse duration between 0.7 — 3.9 ps. k,-factors were
derived for the top cavity of 1 mm gap using the DGIC method and compared
against the following: For proton and carbon ions, comparisons were made with
the Jaffé plot method. For the electron beam, it was compared with a dose
rate independent device, a flashDiamond detector, and the integrated current
transformer of the LINAC.

Main Results: A DGIC prototype was able to successfully correct for recombina-
tion losses under different beam modalities: for initial recombination in a clinical
carbon ion beam, volume recombination in UHDR proton beam with average dose
rates of 200 Gy/s and in UHDP electron beams up to a DPP of 4.2 Gy.

Significance: A DGIC design and its inherent method provides a practical and ac-
curate way of determining dose and dose rate in emerging radiotherapy treatment
modalities.
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5.1 Introduction

Air-filled lonization Chambers (IC) are the gold standard for reference dosimetry
in radiotherapy (RT) and are widely endorsed by international dosimetry protocols
such as IAEA TRS-398 [78] and AAPM TG-51 [10]. Their operation is based on
measuring the charge generated by ionizing radiation within the air cavity, which
is then corrected by various influencing factors and converted to absorbed dose to
water using a calibration coefficient. One of these corrections is the ion recom-
bination factor (ks), which accounts for charge losses due to ion recombination
prior to collection.

lon recombination is typically categorized into initial recombination, occurring
between charge carriers from a single ionizing particle track, and volume recom-
bination, occurring between carriers from different tracks. Initial recombination
depends on the Linear Energy Transfer (LET) of the incident radiation particle
and is described by Jaffé's theory [88, 89], while volume recombination is dose
rate dependent and modeled by Boag's theories for both pulsed [19, 22, 21] and
continuous beams [23].

Due to chamber to chamber variability and the sensitivity of theoretical models
to physical parameters, generic or simulated k; values cannot be confidently used.
Instead, experimental determination for each specific IC under use is prescribed
[78]. Among the different experimental methods to determine it, the two-voltage
method (2VM), traditionally endorsed in TRS-398 for photon and electron beams,
is the most widely used. However, its applicability becomes limited in emerging
(high LET beams and UHDR/UHDP) beam modalities.

In high-LET particle beams, typically used for their higher radiobiological effect,
initial recombination may be significant. Under these conditions, the 2VM is
limited, as it should be used only if the inverse of the charge collected (1/M)
is linear with the inverse of the applied voltage (1/V), a condition often unmet
[78]. Alternatives such as the three-voltage linear method (3VM) [161] or the
Jaffé plot method (now included in the revised version of the TRS-398), provide
better accuracy but demand multiple measurements and corrections for charge
multiplication for ICs with smaller air gaps [164].

Ultra High Dose Rates (UHDR) or Ultra High Dose Per Pulse (UHDP) are
beam delivery regimes required for FLASH radiotherapy. Due to the FLASH ef-
fect, consisting in the observation of a sparing effect on healthy tissue coupled to
efficacious antitumor effect [30, 188, 187], FLASH-RT is of increasing interest in
the radiotherapy field. In FLASH-RT, dose rates exceed conventional levels by sev-
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eral orders of magnitude (=40 Gy/s) [194]. Under such conditions, recombination
losses are substantial and compromise the validity of the 2VM.

For UHDR proton beams, isochronous cyclotrons delivering quasi-continuous
radiation have been more extensively investigated. In this case, volume recom-
bination dominates and can be corrected if a linear behavior between 1/M and
the inverse squared of the voltage (1/V?) is observed [177]. However, in the
extreme case of UHDP electron beams, recombination losses become even more
pronounced, and all previous endorsed methods fail to determine k.

Given these challenges, there has been significant interest in exploring other de-
tector types. Despite advances, many alternatives such as alanine [28], gafchromic
films [113, 186], optically stimulated luminescence films [127, 181], and inorganic
or organic plastic films [183, 182] face limitations in real time readout and some of
them show limited dose rate dependency [96]. More promising developments in-
clude silicon carbide detectors [61, 134, 114], calorimeters [26, 115] and diamond-
based detectors [104].

Nevertheless, a lot of investigations are done to try to use ICs in UHDR and
UHDP conditions. Recent research efforts on this class of detectors entail sim-
ulation based studies [39, 103, 147], semi-analytical approaches [14], extensions
of theoretical models [58], and experimental investigations of multiple ICs under
UHDP conditions [29]. Additional approaches focus on IC design improvements,
such as using gases with low recombination rates [51], extremely reducing the
air gap thickness [66, 112], or developing semi-empirical methods for correcting
recombination in standard 1Cs [150]. Overall, the main limitations of using con-
ventional ICs under emerging modalities, particularly in UHDR conditions, are the
complexity and labor intensive nature of experimentally determining ks for each
specific chamber, as well as unresolved issues that persist in the highest dose per
pulse (DPP) regions of the UHDP regime.

In this work, we propose a novel IC design for reference dosimetry, the Dual
Gap lonization Chamber (DGIC), along with its inherent method [153], already
implemented in [169] with the dose monitoring ICs in the nozzle of a proton
therapy system. This design integrates two ionization chambers within a single
device, allowing for simultaneous reading of collected charges. By analyzing the
variation in the charge ratio between the two gaps, the recombination correction
factor ks can be derived directly from the same measurements used to determine
absorbed dose to water, thereby eliminating the need for separate measurements
to account for recombination losses.
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Since the method does not require any specific linear relationship between the
inverse of the collected charge and inverse of the applied voltage, it is particularly
suited for non-conventional conditions, including high-LET beams, UHDR and
specific UHDP domains. Furthermore, because the DGIC uses the response from
both cavities, it can potentially provide additional information, such as real time
dose rate estimation through charge ratio variation, thus functioning as both for
dose and dose rate determination.

5.2 Materials and methods

5.2.1 Prototype design

The Dual Gap lonization Chamber (DGIC) consists of two |Cs with a different air
gap size in face-to-face position separated by a thin layer of material within a single
device. The DGIC prototype was designed according to the recommendations
provided by TRS-398, which include: the use of near water equivalent materials,
a vented chamber design, a collecting electrode diameter not exceeding 20 mm,
a cavity height not greater than 2 mm, and a guard ring width not smaller than
1.5 times the cavity height. Following those guidelines, a DGIC prototype was
constructed (see Figure 5.1). To avoid damage and considering its potential use
in UHDR conditions, the prototype was entirely made of Polyether ether ketone
(PEEK) and graphite [136]. The air gap thickness was set at 1 mm for the top
cavity and 0.6 mm for the bottom cavity; further discussion on the selection of
these air gaps is provided in Section 5.4.1.

—_—

Figure 5.1: External appearance of a DGIC prototype. The dimensions are com-
parable to those of a standard ionization chamber, though the chamber outer
diameter is slightly larger (64 mm) to facilitate prototype assembly.
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To limit potential dose gradients between both gaps, the piece of the ground
electrode in the top chamber also serves as part of the entrance window of the
bottom chamber, as illustrated in Figure 5.2.

PEEK
Air Top air gap
(dr =1 mm)

- Graphite

Bottom air gap
(dg = 0.6 mm)

Figure 5.2: Schematic representation of the DGIC prototype geometry. The top
air cavity has an electrode spacing of 1 mm (dr), while the bottom cavity has a
spacing of 0.6 mm (dp). The two cavities are positioned face-to-face.

5.2.2 Principle of use

The method used to determine the ion recombination correction factor is based
on the semiempirical relation [153]:

- (1)
]. MB N

T % (5.1)

In this formulation, k:ST is the ion recombination correction factor for the top gap,
My and Mp are the charge reading in the top (T) and bottom (B) cavities,
respectively. The ratio Mp/Mp is normalized by the ratio of their respective
amplification factors, indicated by the subscript IV, to account for differences in the
signal between the two gaps. This normalization, adapted for reference dosimetry,
is related to the ratio of their respective calibration coefficients (Np . q,), which
depends on the active volumes of the chambers and must include beam quality
correction factors (kg q,). The subscripts @) and Qg denote the user beam quality
and the reference beam quality respectively. The normalized ratio is given by:

Mrp Mp
(MT> My Mg (5.2)
- - T T "
Mp)y N N%w,Qo k%Qo
NB w00 0,00

If the active volumes of both gaps have the same radius and no recombination
losses are present, the signal amplification is ideally governed by the gap spacing
ratio between the top (dr) and bottom (dp) cavities (dr/dg), as noted by [169].
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However, due to manufacturing tolerances and assembly variability, the actual
gap ratio may differ from the theoretical value. Although the calibration coeffi-
cients should ideally compensate for these differences, uncertainties in Np ., g,
determination and the presence of charge multiplication in small gaps complicate
this way of calibration. To improve accuracy, it is more reliable to determine the
amplification coefficient N as the charge ratio corrected by charge multiplication,
as described in [164], and subsequently applying a reliable method for correcting
recombination losses in the calibration beam. Following TRS-398 recommenda-
tions, the use of the 2VM or Jaffé plot method in a ®®Co beam provides accurate
results.

The parameter GG in Equation 5.1 is a proportional factor obtained from a first-
order Taylor expansion of the specific recombination theories. It depends on the
type of recombination, the gap spacing and applied voltage (this last quantity is
denoted as V for the top cavity and Vg for the bottom cavity). When only initial
recombination is present, or when the beam is considered pulsed (occurring when
the pulse duration is shorter than the collection time of the IC and this collection
time is shorter than the time between pulses [142]), the expression for G is:

d%/Ve

G uls /initial — 1- (53)
puls/init d3/Vr

If the above conditions are not satisfied, the beam is considered as continuous or
quasi-continuous [142], and the corresponding expression for G is:
4 1772
dg/Vi
4 172
dyp/Vy

Gcont =1- (54)
Further information on the derivation of these expressions is provided in the sup-
plementary materials.

Note that NV is a parameter that modulates the independent term of the calibra-
tion, whereas G modulates the slope. Once N and G are determined, Equation
5.1 allows the determination of k! from a single simultaneous measurement of the
charge collected in both gaps, which can be practically achieved simultaneously
using two electrometers or a dual channel electrometer.

Another application of the DGIC, taking advantage of its ability to simultane-
ously measure the charge collected in both gaps, is its potential use as a dose
rate meter. In pulsed beams, it can be used to determine the instantaneous dose
rate or the dose per pulse, while in continuous beams, it allows the measurement
of the average dose rate. The underlying principle is similar to that used for the
determination of k7: the ratio of charges measured in the two gaps must be first
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normalized, as previously described, and then related to the dose rate using a cal-
ibration derived conversion factor. The dose rate measured by the DGIC is then

given by:
(),
MB norm

CF
Where CF' is a conversion factor that converts the normalized charge ratio to
dose rate (DR) and norm is defined as in Equation 5.2. To determine C'F for
a given beam, the same expression is used but with the dose rate obtained from
an independent method. Once calibrated, the DGIC offers a practical, real time
method to determine the dose rate in UHDP and UHDR conditions.

DRpgic = (5.5)

5.2.3 Modeling of the DGIC

Different calculations were performed to model the behavior of the DGIC under
various conditions. These included understanding the operating principles of the
method, optimizing air gap and voltage configurations, and determining relevant
parameters such as the beam quality correction factors kg -

A Monte Carlo based simulation tool was used to determine ks in scenarios
where analytical solutions to theoretical models are not found, which is the case
for very low or very high ks—values. Further details on the implementation, in-
tercomparison, and validation of this simulation tool can be found in [137] or
Chapter 3.

To calculate the ratio of the beam quality correction factors as required for
Equation 5.2, the beam quality correction factors k:Z 0.Q0 for each of the gaps (T:
Top and B: Bottom) were calculated following the formalism described in [11]:

kl’ _ (Dw/Pair)Q wair,Q
@.Qo (Dw/Dair)Qo Wair,Qo

where D,, denotes the local absorbed dose in water, Dg;, the averaged absorbed
dose in the sensitive air volume of the IC and w;,- the mean energy to create and
ion pair in air. Following Equation 5.6, if the effective depth of measurement is
the same for both cavities, then the ratio of the kg g, factors between the top
and bottom cavities is given by:

(5.6)

T _

o def Fo.go _ (Dw/Dair)g 57

Q,Qo_kB _(D/D) ()
Q.Qo w/ Hair)Qo

The Monte Carlo simulation toolkit Geant4-v11.2 [9] was used to derive Dy, val-
ues within the DGIC which was modeled using the material properties summarized
in Table 5.1.
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Material I (eV) p (g cm™)
Air 85.7 0.0012
Graphite  81.0 0.93
PEEK 74.1 1.31
Water 78.0 0.9982

Table 5.1: Material properties used for the simulation. Each material has its
corresponding ionization potential (I) and density (p).

All the methodology on the Monte Carlo calculation of kg ¢, factors is based on
[77] including the different parameters presented in Table 5.2 as well as the physics
list used for gamma and proton simulations. The physics list for protons was used
for electrons, and also for carbon ions simulations for which the two following
constructors were included: G4RadioactiveDecayPhysics and G4lonElasticPhysics,
following [98]. For electrons, the beam parameters were based on the experimental
conditions described below.

For each air cavity composing the DGIC, the corresponding reference point of
measurement was defined at the inner center of the upper surface of the cavity.
For the different particles, the positioning of the chamber was always accounting
for the Water Equivalent Thickness (WET) of any non-water volume placed be-
tween the source and the cavity considered. Therefore, for top cavity simulations,
the WET of the entrance window was considered, while for the bottom cavity
simulations, the WET of the entrance window and the foil separating the two
cavities were both considered.

Parameter Gamma Electron Proton Carbon
Beam shape Square Circle Square Square
Beam direction Divergent Parallel Parallel Parallel
Beam dimensions 10x10 cm? r=45cm 10x10 cm? 10x10 cm?
Beam energy [126] 6, 9, 10, 12 MeV 226 MeV 240 MeV/u
Phantom size 20x20x20 cm®  20x20x10 cm? 20x20x10 cm®  20x20x10 cm3
Measurement depth 5 cm 1.5 g cm™ 2 gcm? 1gcm?
Cut Phantom 500 pm 500 pm 500 pm 500 pm
Cut Volume 1pm 1pm 1pm 1pm
dR/R - finalRange 0.003-1nm - 0.05 - 100 nm -

Step limit - - 1 mm -

Table 5.2: Summary of the simulation setups used for the Monte Carlo calculation
of the kg factors. The symbol “-* characterizes the use of the default value for
the parameter considered.
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5.3 Experimental conditions

Experimental campaigns were performed at different centers to investigate the be-
havior of the DGIC in multiple conditions and beam qualities: (1) A 9°Co source
at the IBA Dosimetry Secondary Standard Laboratory (SSDL) in Schwarzenbruck,
Germany; (2) a 240 MeV/u clinical carbon ion beam at the MedAustron Parti-
cle Therapy Center in Wiener Neustadt, Austria [175]; (3) a 226 MeV quasi-
continuous UHDR proton beam at the Fred Hutch Cancer Center in Seattle, USA,;
and (4) a 9 MeV UHDP electron beam at the University of Antwerp, Belgium. For
all experiments, both cavities of the DGIC were connected to two different Dosel
electrometers (IBA Dosimetry). Additionally, for the UHDPP experiment, two
different DoseX electrometers (IBA Dosimetry) were used to investigate possible
charge saturation caused by the Dosel electrometers.

Beam Center Modality Energy Field Ref. dosimeter
80Co IBA SSDL 60Co source ~1.25 MeV  10x10 cm? PPC40
Carbon MedAustron  Synchrotron 240 MeV/u  6x6 cm? PTW-34001
UHDR proton  Seattle Isochronous cyclotron 226 MeV 8x8 cm? PPCO05

UHDP electron  Antwerp LINAC 9 MeV Z=10 cm flashDiamond

Table 5.3: Summary of the beams used to investigate the DGIC.

At the IBA Dosimetry SSDL, the DGIC prototype was calibrated with a ®°Co
source following TRS-398 procedures, with calibrations traceable to the Primary
Standards Dosimetry Laboratory (PSDL) of PTB (Germany). The bias voltage
over both gaps was set to -300 V during calibration. The top gap was calibrated
at its reference depth; for the bottom cavity, the reference depth included the
WET of the upper cavity and the thin separation layer between gaps. The %°Co
beam was also used to determine the charge multiplication correction factor (called
kcar) for each gap, since the small air gaps operated at high voltage makes this
correction non-negligible. Following the method described by [164], Jaffé plots
(1/M vs. 1/V) were obtained and fitted with a nonlinear least squares method on
the exponential model:

kskonr = <1 + é[sat> eV (5.8)

where the first term (parameter A) corresponds to the initial recombination con-
tribution (volume recombination was assumed to be negligible). The value of I4;
was estimated using a linear extrapolation of a linear fit from the Jaffé plot with
data from |1/V| = 0.01 - 0.05 V1. The second term, exponential with the voltage
V, corresponds to the contribution of charge multiplication, where the parameter
v is a chamber-specific factor independent of the beam quality [164].
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At MedAustron, the DGIC was tested in a synchrotron-accelerated carbon ion
beam to study initial recombination effects. A non-modulated Pencil Beam Scan-
ning (PBS) field of 240 MeV/u (distal range R80 = 35 cm) was delivered in a
6x6 cm? field with 0.2 cm spot spacing. The DGIC prototype was positioned in
a MP1 Manual MR Water Phantom (PTW-Dosimetry, Freiburg, (Germany)) at
1 cm depth in the plateau region, with a ROOS chamber — PTW 34001 (PTW-
Dosimetry, Freiburg, (Germany)) placed behind the prototype under investigation
to monitor beam fluctuations. To investigate potential contributions from volume
recombination, a dose rate variation was introduced through three delivery set-
tings: a 1 s spill duration, a 10 s spill duration, and a 10 s spill duration with
a beam intensity reduced by 90%. These configurations corresponded to approx-
imate average dose rates over the entire field delivery at the effective point of
measurement of the IC of 25, 2.5 and 0.4 Gy/min, respectively. Jaffé plots were
obtained, corrected for ko previously obtained in 60Co, and fitted to the full
Jaffé theory for initial recombination, following recommendations from [162], as
traditional linear fits can lead to underestimations of experimental ks-values. The
free parameters Ny and b from Jaffé's model (see Equation 2.21) were optimized
and the resulting k!-values were then compared with those obtained using the
DGIC method.

At the Fred Hutch Cancer Center, the DGIC was studied under a quasi-continuous
226 MeV proton beam delivered by a cyclotron using an IBA Proteus Plus system.
The beam was delivered in an 8x8 cm? scanned field composed of 100 spots of
7.5 mm (1o). A wide range of beam currents at the cyclotron exit was used (8,
500 and 800 nA), with the highest setting corresponding to average dose rates at
the measurement depth of approximately 200 Gy/s. Delivery times were extracted
from the system log files, and the total dose was measured independently using
an IBA PPCO05 (IBA Dosimetry, Schwarzenbruck (Germany)) ionization chamber.
Jaffé plots were obtained and corrected for kcys. The resulting kI -values ob-
tained from the DGIC method were compared with those obtained using the Jaffé
plot method.

At the University of Antwerp, the DGIC was tested in an UHDP 9 MeV electron
beam produced by an ElectronFLASH (EF) LINAC developed by SIT-Sordina
(Italy). The beam was collimated with a 10 cm diameter applicator, with effective
pulse durations ranging from 0.7-3.9 ps at a pulse frequency of 60 Hz. The
number of pulses was fixed to 4, and the dose per pulse varied from 0.03 to
4.2 Gy. The source to surface distance (SSD) was set to 106 cm. The DGIC
was positioned at 14 mm depth. A flashDiamond (fD) detector (PTW-Dosimetry,
Freiburg, Germany)) was placed immediately after the DGIC, at 1.9 cm. Dose
was normalized at the lowest DPP. The Integrated Current Transformer (ICT) of
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the EF-LINAC was used to determine the number of pulses delivered. kI was
determined by fitting the experimental curves to Petterson’s [150] modified [29]
semiempirical equation.

5.4 Results

5.4.1 Simulations, calibration and calculations

Figure 5.3 (a) shows the variation of the parameter G from Equation 5.1, for
different recombination regimes (initial, volume pulsed and continuous) as a func-
tion of the air gap ratio dp/dr, for various voltage ratio configurations Vi /Vp
between the top (T) and bottom (B) cavities.

A higher G-factor is preferable, as it enhances the charge difference between the
two ionization chambers, thereby increasing the sensitivity and improving the ac-
curacy of the method. As shown, G increases when the gap ratio dp/dp decreases
or when the voltage ratio V7 /Vp is increased. However, reaching G-factor values
close to 1 can be practically challenging: Small dp/dp ratios require large dis-
parity in the absolute gap sizes, necessitating either very large or very small gaps.
Large gaps are unsuitable for UHDR applications, as they lead to excessive recom-
bination effects, and given that, it would surpass the TRS-398 recommendation of
2 mm. Conversely, very small gaps are challenging to manufacture, can compro-
mise the fabrication reliability and lead to larger multiplication effects. Similarly,
while increasing V/Vp enhances G, similar issues occur: low bias voltages in one
gap can result in significant recombination, while excessive high voltages may in-
duce significant charge multiplication effects, which deviate from ideal ionization
chamber behavior.

A balanced and practical configuration, which does not deviate much from
already existing traditional ICs designs, is achieved by setting the top and bottom
gaps to 1 and 0.6 mm, respectively, with an equal bias voltage of -300 V. This
corresponds to a theoretical gap ratio dg/dr = 0.6 and a voltage ratio Vp/Vp =
1, which results in theoretical gains of Geone = 0.87 and Gy5/ini = 0.64.

Figure 5.3 (b) shows the theoretical variation of the charge collection efficiencies
(f, inverse of k) for a continuous proton beam with the chosen configuration for
the DGIC prototype (dp = 1 mm, dg = 0.6 mm, Vp =-300 V and V = -300 V)
as well as the components of Equation 5.1 versus the dose rate. The G factor
remains constant across a large dose rate range, showing the feasibility of using
this method even at UHDR.
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Figure 5.3: (a) Theoretical dependence of the G-values on the theoretical gap ratio
dp/dp for volume recombination in quasi-continuous beam (continuous lines)
and pulsed beams or initial recombination (dashed lines) for different voltage
ratios between the top and bottom cavities V/Vp. (b) Theoretical variation
of the efficiency in a continuous proton beam of the top gap (orange line), the
efficiency of the bottom gap (blue line), the nominator (purple line) of Equation
5.1, denominator (red line) of Equation 5.1, and Gon: (green line) of Equation 5.1
as a function of the dose rate (DR) for the specifications of the DGIC prototype
developed in the present study.

The DGIC was successfully calibrated in a ©°Co beam. The relative type-A
uncertainty, estimated from the standard deviation of the mean of the measured
current was lower than 0.1%. The gamma parameter of Equation 5.8 (i.e. charge
multiplication effect coefficient) obtained for the top and bottom cavity were yp =
(2.13£0.16)-10° V'L and yp = (3.54 £ 0.21)-10% V-1, respectively. As expected,
the smaller gap, (i.e. bottom cavity) yielded higher charge multiplication, and the
larger gap (i.e. top cavity), smaller. At the calibration voltage of -300 V this
resulted in a charge multiplication correction of about 0.6% for the top cavity and
a 1.1% for the bottom cavity. This ko correction factors are applied throughout
the entire study, assuming beam quality independency, in cases where the DGIC
is used in a different bias voltage as the one it was calibrated.

At the bias voltage of -300 V, the measured charge ratio Mp/Mp = 1.562 was
kg]\/f
kgl\/f
of N = 1.568  dr/dp. Accordingly, the experimentally determined G-factors
were GS'P = 0.835 and G = 0.593.

cont — puls/ini

kT . . . .
corrected by %+ = 1.004 which results in an experimental normalization value
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As the DGIC was tested in different beam qualities: electron, proton and carbon
ion beams, Monte Carlo simulations were carried out to determine the beam
quality correction factor of each of the gaps, to determine the ratio as needed for
Equation 5.2. The values of kS,Qo for the different beam qualities are presented
in Table 5.4. All values, regardless of the particle beam type, agree with each
other and with unity within the 1o level. Consequently, in the following analysis,
k57Q0:1 is adopted as a reasonable assumption.

Particle  Energy (MeV) kg Qo

6 1.000(6)
9 1.002(6)
Electron 10 1.003(6)
12 1.000(6)
Proton 226 1.004(6)
Carbon 240/n 1.001(6)

Table 5.4: Numerical k:g Qo values for electrons, protons and carbon ions in this
study. The values with parenthesis correspond to one standard deviation of the
last digit.

5.4.2 Correction for initial recombination

Figure 5.4 (a) shows the Jaffé plots measured for the top cavity of the DGIC
prototype in a 240 MeV/u carbon ion beam at the three different dose rates in-
vestigated. The relative type-A uncertainty of the measured current was 0.1%
or smaller for the bias voltage of -300 V and increases for lower voltages which
explain the differences observed between the Jaffé plots for different dose rates.
Monte Carlo simulations for kg determination were conducted for the three differ-
ent dose rates. As shown in Table 5.5, there is a minimal contribution of volume
recombination, between 0.4 — 1.8% of the total recombination. This confirms that
the differences observed are due to experimental variability, and that only initial
recombination is present.

Figure 5.4 (b) shows the variation of k" with |1/V| for the different methods:
Jaffé’'s model, Jaffé plot method and DGIC method. Fit to the Jaffé’s theoretical
model parameters, the values found were: Ny= 91899 + 4225 ion pairs/cm and
b = 0.0045 £ 0.0014 cm from Equation 2.21, in line with expected values [162].
To obtain ksT through the DGIC method, N-value and G,;-experimental values
for the initial recombination were applied, obtained from previous calibration in
60Co. No kg,Qo correction was applied as previously explained. There is good
agreement between the different methods, with maximum relative differences of
0.5%.
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0.4 Gy/min 25 Gy/min
Voltage | Total % % Total % %
(V) ks Initial  Volume ks Initial  Volume

300 | 1.006(1) 99.6 0.4 | 1.006(1) 996 0.4
100 | 1.017(2) 995 05 |1.017(2) 995 05
50 | 1.031(3) 995 05 |1.031(3) 995 0.5
20 | 1.068(4) 99.4 0.6 |1.069(3) 982 1.8

Table 5.5: Theoretical calculations with the Monte Carlo simulation for ks deter-
mination of the contribution of initial and general recombination in the top gap
of 1 mm for the smallest and largest dose rates investigated in the 240 MeV/u
carbon ion beam, for different voltages. The calculations show a negligible con-
tribution of the volume recombination.
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Figure 5.4: (a) Jaffé plots from the top cavity for the various dose rates investi-
gated across different experimental campaigns. (b) Variation with |1/V| of Jaffé
plot method (black points), kI-values obtained by fitting to Jaffé theory (red
line) including the 1o confidence band, and k!-values determined with the DGIC
method (blue dots).

5.4.3 Correction for volume recombination

Protons UHDR, continuous beam

To determine kI using the DGIC method in a 226 MeV proton beam, experi-
mental values for the N-value and G-value (specifically Gont, as volume recom-
bination in a quasi-continuous beam is studied) were applied. As in the previous
section, k:g,Qo—vaIue was taken as 1. The relative type-A uncertainty of the mea-
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sured current was around 0.1% for the lower voltage ranges (-500 to -100 V). For
smaller voltage ranges, the standard deviation of the averaged measured current
was between 0.2 and 0.4%.

Figure 5.5 (a) shows the variation of k' with |1/V|, calculated using both the
DGIC method and the Jaffé plot method. As expected in a quasi-continuous
beam where volume recombination dominates, a quadratic trend of ks versus
|1/V| is observed. At the lowest dose rate (i.e. 5 nA), in conventional mode,
small recombination losses (below 1% at the bias voltage of -300 V) are present.
As the dose rate increases, k! also increases up to 1.6% (at the bias voltage of
-300 V), indicating the expected dose rate dependence of k; .

The agreement between the two methods at -300 V (residuals at |1/V| = 0.0033
V1 in Figure 5.5 (a)) is within 0.5% across all three dose rates. For smaller bias
voltages (larger 1/V values in Figure 5.5 (a)), the agreement between the methods
differs, which may be attributed to the larger uncertainties associated at lower
voltages as discussed in Appendix 5.A.3.
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Figure 5.5: (a) Variation of k" with |1/V| for the three currents investigated: 800
nA (corresponding to about 200 Gy/s, shown in red), 500 nA (corresponding to an
average dose rate of about 130 Gy/s, (shown in blue) and 5 nA (corresponding to
an average dose rate of about 15 Gy/min, shown in green). Values were obtained
using the Jaffé plot method (solid lines) and the DGIC method (scattered points).
(b) Dose rate determined using the DGIC method (blue points) compared to the
reference method based on PPC05 measurements and log files analysis (solid line).
The lower part of both figures represents the relative differences between the DGIC
method and the reference.
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Figure 5.5 (b) presents the average dose rate obtained via the DGIC method,
according to Equation 5.5. The overall agreement with the reference is around
5%. The reference dose rate was determined by measuring the integrated dose
at the lowest dose rate with a PPCO05 and the delivery time of each spot through
log-file analysis. The main sources of uncertainty arise from the type-A propaga-
tion of error the type-A uncertainty in dose determination with the PPC05, the
determination of the delivery time, and differences in IC placement, contributing
to an estimated combined uncertainty of approximately 10%.

The conversion factor for the DGIC method in Equation 5.5 was obtained at a
beam current of 5 nA. As shown in Figure 5.5 (b), the comparison between both
methods, which agree within 5%, fall within the estimated uncertainty range,
particularly given the large uncertainty in the method used for dose rate determi-
nation.

Electrons UHDP, pulsed beam

kI was determined with the DGIC method following the procedure in previous
experimental results sections, but using G,uls as this part addresses the case of
volume recombination in a pulsed beam. The fD DPP values are shifted to lower
values relative to those obtained with the DGIC, since the fD was positioned after
the DGIC prototype, in the region of the PDD curve where the dose decreases
with depth. To enable comparison of DPP values beyond the range measured
with the fD, its response curve was extrapolated, given that its response is linear
with dose. The relative type-A uncertainty in the measured current was around
1% for the fD and approximately 0.6% for the DGIC prototype.

Figure 5.6 (a) shows the dose determined in the 9 MeV UHDPP electron beam
with the DGIC as a function of the DPP obtained with two DoseX electrometers,
comparing results obtained without correction for recombination losses, with those
corrected using k', and with the dose measured with the flashDiamond (fD). Not
correcting for recombination can lead to a significant underestimation of dose (up
to 90% at DPP values around 4.2 Gy). Applying the DGIC method to correct
for recombination enables improved dose determination. Figure 5.6 (b) shows the
same plot if two Dosel electrometers are used, where the response of the DGIC
saturates around 1.2 Gy as the instantaneous current produced by the radiation
pulse exceeds the maximum current supported by the electrometer [66].

Figure 5.7 shows kI obtained with the DGIC method and compared with the
Petersson semiempirical model, with fitting parameters found to be «=0.83 and
$=0.35, consistent with values reported in the literature [29, 150].
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Figure 5.6: (a) Dose versus DPP obtained experimentally with the flashDiamond
(fD, solid blue line), extrapolated values (fD, dashed blue line), DGIC corrected
for recombination losses (green diamonds) with the DGIC method, and DGIC
not corrected for ks (red squares) obtained with two DoseX electrometers. (b)
Similar graph but obtained with two Dosel electrometers where in this case the
green crosses represent the DGIC corrected for recombination losses with the DGIC
method and the red plus symbol represent the uncorrected values.
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Figure 5.7: kI-values determined with the Petersson semiempirical model (blue
triangles) compared with the DGIC method (orange squares) and its corresponding
uncertainties in ks determination.
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5.5 Discussion

The DGIC method presents a novel and practical approach to correct for ion re-
combination in ionization chamber thanks to its unique double air gap design
within the same device. By measuring the ratio of collected charges in each
gap at their respective bias voltage, the method enables the determination of
the recombination correction factor ks for one of the gaps in a single measure-
ment, in contrast with other commonly used methods. While the 2VM remains
the standard recommended in TRS-398, the updated guidelines acknowledge the
need for more accurate alternatives in particle beams. Methods such as the Jaffé
plot method, while more accurate, require multiple measurements with varying
voltages, associated with longer stabilization times of the IC, making them less
practical for routine clinical use.

The DGIC can be easily calibrated in a %9Co beam. However, improved ac-
curacy can be achieved by directly evaluating the charge ratio, ideally without
recombination losses, while accounting for charge multiplication and any minimal
recombination present. This approach makes the DGIC method adaptable to a
wide range of conditions, capable of correcting both initial and volume recombi-
nation, covering UHDR conditions and, to a limited extent, UHDP.

In continuous UHDR proton beams, with average dose rates up to 200 Gy/s, the
DGIC method demonstrated accurate recombination correction and enabled dose
rate estimation, if prior calibration is performed. While these dose rate estimates
are valuable, the uncertainties observed in this study indicate that more precise
methods would be needed for applications requiring high accuracy in dose rate
determination. Addressing this uncertainty is beyond the scope of this study but
remains an area for future improvement.

For UHDPP electron beams the DGIC method has shown to work for the full
range of DPP covered in this study. Initially, measurements beyond 1.2 Gy per
pulse with Dosel electrometers appeared unreliable, suggesting a possible break-
down due to either saturation of the electrometers or space-charge screening ef-
fects that distort the effective electric field and violate the assumption of a con-
stant G-value. The latter explanation, however, would be expected to produce
a more gradual failure of the method. Repeating the experiment with DoseX
electrometers confirmed that the method itself remains valid, and that the ap-
parent deviation was caused by limitations of the electrometer. This highlights
the critical importance of using equipment compatible with UHDPP conditions,
as inadequate instrumentation can lead to erroneous characterization of detector
response and misleading conclusions about the underlying physical behavior.
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In the case that the method could break down due to space charge screening
effects, which distort the effective electric field and violate the requirement of a
constant G-value, it would be possible to model G as a function of dose rate and
establish a calibration curve. This approach would require DPP external informa-
tion, allowing to determine k! -values beyond this range, however the magnitude
of the correction and associated uncertainty becomes unreasonably large, limiting
practical application. However, this approach raises broader questions regarding
the reliability and acceptable thresholds for ks under extreme dose rate scenarios.

Reducing the air gap could extend the operational range by minimizing space
charge effects, as explored in other studies [66, 112]. However, such extreme
designs would likely increase charge multiplication [164] and present challenges in
manufacturing a DGIC with high precision.

The theoretical basis of the DGIC method also suggests potential for estimating
LET, in a manner analogous to the dose rate estimation. This has been explored in
liquid ionization chambers [71, 179], but could not be achieved with the present
geometrical configuration due to the small air gaps used in the current design,
optimized to minimize recombination in UHDR conditions. Previous work by
[162] demonstrated that LET effects on ks become detectable with larger air
gaps (e.g., 2 mm air gap operated at low voltages), though such configurations
introduce significant recombination, and render the system incompatible for use
at UHDR.

While the current design lacks sufficient sensitivity to kg variations due to LET
with depth, the underlying concept could be adapted to other contexts, such
as large-area ionization chambers used in hadron therapy [105, 138]. In such
applications, the same dual-gap principle could be used to simultaneously assess
dose and LET through depth dose curve measurements. This possibility, though
not addressed experimentally in this study, offers an interesting direction for future
work.

Appendix 5.A.3 details the main sources of uncertainty considered in this work.
For the conditions studied here, the total uncertainty in ks with the DGIC method
is estimated to be 0.62% for carbon ions, 0.85% for the UHDR proton beam, and
2.36% for the UHDP electron beam. When compared with other methods, [162]
reported a combined relative standard uncertainty for ks on carbon ion beams of
0.36% using the Jaffé plot method. For UHDR proton beams, [177] estimated the
uncertainty of the Jaffé plot method to be 0.2%; however, this estimate was ad-
dressed only under conventional dose rates and is therefore likely underestimated
in the UHDR regime [177]. For UHDP electron beams, the reported uncertainties
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vary depending on the method: dose comparison with water calorimetry yields
an uncertainty of about 1.3% [26], while the Petersson semi-empirical model (for
a specific chamber) indicates an uncertainty of 2.2% [150]. From this compari-
son, the DGIC method results in larger uncertainties in some cases. However, an
important advantage is that it does not require additional measurements to deter-
mine ks. As described in Appendix 5.A.3, the total uncertainty of the method is
mainly influenced by the uncertainty in the measured current and the calibration
of the detector. A promising way to significantly reduce this uncertainty would be
to calibrate the device against a primary standard, such as a calorimeter, at the
beam quality of interest. This approach may offer a practical compromise between
time in clinical workflow efficiency and accuracy.

5.6 Conclusion

This work presents and validates a new method for correcting ion recombination
based on a dual-gap ionization chamber design tailored for reference dosimetry.
The method enables accurate determination of & in the top cavity from a single
measurement, by exploiting the relationship between the collected charge between
the two gaps. It has been demonstrated to be effective to correct for initial
recombination in a carbon ion beam, a continuous UHDR proton beam, and,
within a limited range, under a UHDP electron beam, offering a practical solution
where conventional methods are less feasible to use due to the requirement of
performing multiple measurements to assess k;.

The DGIC method has been tested and remains valid to use up to 4.2 Gy per
pulse, the limit of this study. Furthermore, while not yet explored in this study,
the DGIC may be particularly well suited to UHDPP proton beams, where DPP
values are generally lower than in electron beams. This represents a promising
direction for future research.

Beyond recombination correction, the DGIC also provides dose rate estimates
from a single acquisition, offering added value for quality assurance in UHDR and
UHDP, where independent dose rate verification would be required.

Despite the limitations in extreme UHDP regimes, the DGIC method provides
a practical alternative to conventional recombination correction techniques with
ionization chambers. By enabling the determination of &, from a single measure-
ment, it reduces the complexity of deriving recombination losses and eliminates
the need for multiple voltage acquisitions. The method’s feasibility, along with its
conceptual and experimental validation under the different conditions explored in
this study, provides a solid basis for continued development and refinement.
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5.A Supplementary derivations for the DGIC Method

5.A.1 Derivation of G-factor for initial recombination

Given Equation 2.21 for Jaffé theory for initial recombination for a specific pane
parallel IC-7, with d; distance between plates and V; applied voltage:

. e_l/g
fini — [M(el/g+ln(1+qi)) _ li(el/g)] (5.9)
99
with: 22
aNo 2 ‘Di
= = — 5.10
9= 8D T e, (510

where the different constants have been defined in section 2.7.1, If a first order
Taylor series expansion is performed around ¢;=0, i.e., considering near saturation
condition, the previous equation becomes:

1 D
N, where: Cini = 9 biQ

NG
7

(5.11)

if f =1/ks, substituting Mr and Mp using the TRS-398 equation for reference
dosimetry:
Du.q = (M@kr pkskpot) ND,w,qokQ.Qo (512)

and assuming no dose gradients are present and the dose measured in both gaps
is the same, if k:%P = kgp, ko =1, Equation 5.1 becomes:

1- (Iz
G=_ 2/ (5.13)
1—fr '
Substituting Equation 5.11 into 5.13, simplifies all dependencies on different pa-
rameters included in C,;, allowing us to obtain G for initial recombination:
d%/Vs
3 /Vr

Ginitial = 1 — (5.14)
5.A.2 Derivation of G-factor for volume recombination

Pulsed beams

According to Boag's theory, the collection efficiency when volume recombination
of a plane parallel IC-i is present in a pulsed beam is:

1 20d%a
ffmls = —In(1+w;) with u; = cadiq

5.15
U; ep+V; (5.15)
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where the different constants have been defined in section 2.7.2. If a Taylor series
expansion is performed around u;=0, the previous equation becomes:

. i
= wherer  Chuys = —L (5.16)

1 2

1+ Cpuis 7; ef+

Similarly as in previous case, substituting 5.16 into 5.13 allows us to determine GG

for pulsed beams, which is the same expression as obtained for initial recombina-

tion: )

B dy/Vs
d?p/VT

Gpuls = (517)

Continuous beams

According to Boag's theory, the collection efficiency when volume recombination
of a plane parallel 1C-i is present in a continuous beam is:

2 d'q
fert = — = with &=L (5.18)

9 Loeul V2
L4 /1+ 3¢ HEh

in which the different parameters have been defined previously in section 2.7.3. If a
Taylor series expansion is performed around &;=0, the previous equation becomes:

1 =
, where: Ceont = 29 5.19
d4

1+ Ccontvfzé CH+

cont ~_
7

substituting 5.19 into 5.13 allows us to determine G for continuous beams:

_dp/Vi
dy/ V¢

Groont = 1 (5.20)

5.A.3 Uncertainty on the DGIC method

All quoted uncertainties in this work are expressed as a standard uncertainty
(k=1). The uncertainty associated with the DGIC inherent method was evaluated
from the contributions from different parameters to the overall uncertainty on kg,
which arise from the following sources:

e Bias voltage: The electrometers used in this work provided highly stable bias
voltage for each of the gaps (V;, with i=T,B). With an estimated uncertainty
in each voltage (uy;) of 1 V (type-B) and a nominal bias of 300 V for
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both gaps, the relative uncertainty in the bias voltage ratio (uy, ), obtained

2 2
H H H . 2 _ OVR 2 OVRr 2 H
using Gaussian error propagatlon. UVR = (TVT) uVT + (87‘/3 UVB, IS

approximately 0.001%. At lower voltages the relative contribution is larger
(e.g., 0.16% at 30 V).

Air gap thickness: According to the methodology presented in earlier sec-

tions, the air-gap ratio can be obtained from the Nj, , o ratio of each
NT/ T

of the gaps (i=T,B): fz% = B0 290, However, because the uncer-

tainty in each N}lijO is typically 1%, the propagated uncertainty in the

gap size ratio becomes unreasonably large. The alternative method de-

scribed is therefore used, where the air gap size ratio can be obtained

from'd—T _ My kT -k
dp Mp kB -EE,,

ki-k&,, for each gap was taken as 0.3% (type-B). The type-A uncertainty in
M;, given by the standard deviation of the mean under %°Co calibration, was
0.05%. The combined uncertainty in the air gap ratio (u4,,) is obtained using

2
; : ; ; .2 _ (9dr 2
gaussian error propagation of the previous variables: Uy, = <8MT) (G

2 2 2
6dR 2 8dR 2 OdR 2 . .
<8MB> s, + (r?k@M) uk;‘p.kgM + <78k§‘kgM “kBkEM' With this

approach, ugq,, is 0.4%.

Based on [164], the uncertainty in the product

Beam quality correction factors: The uncertainties in kaO for each gap
were estimated as 0.4%, 0.7%, and 1.6% for electrons, protons, and car-
bon ions, respectively. These mainly stem from the uncertainty in wg;.
However, when taking the ratio kSQO, the Wy, terms cancel, reducing the
relative uncertainty on the ratio of beam quality correction factors (“kg,%)

to 0.6% for all particles. This value originates from a combination of type-A
uncertainties over the dose values. Type-B uncertainties are also associated
with MC calculations, primarily related to stopping power data, scattering
data, and nuclear interaction data; however, since a ratio is calculated, these
can be considered highly, if not fully, correlated.

Collected charge: The uncertainty in the collected charge M; arises from
type-A uncertainty (standard deviation of the mean) under the experimen-
tal conditions being studied. In this work, the propagated uncertainty in

the charge ratio (obtained from Gaussian error propagation as: u?\/[R =

oMa)? 2 oMp)? 2 0.07% f bon, 0.7% for UHDR
<8MT) uMT—i-(m) uMB)Was . o for carbon, 0.7% for pro-

tons, and 1.5% for UHDP electrons, reflecting the higher output instabilities
of some beams, especially in UHDR and UHDP conditions.
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The total combined uncertainty in ks is obtained by Gaussian propagation of
the uncertainties from all sources, assumed to be independent from each other:

2
up = Ok 2 ud + % 2 ui + % u? + Ok 2 ul
B \ove) VT \adr) T \OkE,, ) Mae T \OMp) Me

The largest contribution in the combined uncertainty arises from the ratio of
the beam quality correction factors. As shown in Equation 5.7, kS,Qo effectively
reduces to the ratio of absorbed doses, which, for the very thin layer of material,
is effectively the same. One way to reduce the associated uncertainty is to directly
determine the air-gap size with the method described in the beam of interest (in
which kS’QO is no longer needed). Considering the thin material layer between
both air cavities and the use of the detector in conditions without significant
dose gradients, a reasonable assumption is that the DGIC method is beam quality
independent.

With this assumption, the overall uncertainty in ks estimated with the DGIC
method is approximately 0.62% for carbon ions, 0.85% for the UHDR proton beam,
and 2.26% for the UHDP electron beam. The main contributions on uncertainty
come from the standard deviation of the ratio of collected charges, which depends
on detector design and on beam output stability.
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Chapter 6

Discussion, conclusion and outlook

The past three chapters have described the core work of this thesis, namely the
development of a simulation tool to model ion recombination efficiencies beyond
the limits of existing theoretical models, a systematic study of the radiation tol-
erance of materials typically used for the construction of dosimetry devices under
prolonged UHDR operation and a detailed investigation of a novel dual gap ion-
ization chamber (DGIC) concept for reference dosimetry including its inherent
method to correct for recombination losses. In the present chapter, we aim to re-
contextualize these developments, discussing their potential practical implications
as well as the associated challenges that may motivate further studies.

133
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Advanced radiotherapy modalities, such as particle therapy and FLASH radio-
therapy, require the development of new technologies to ensure that their highly
complex delivery systems operate with the required accuracy and reliability.

For UHDR conditions, promising detector technologies such as silicon carbide
diodes, diamond detectors or miniature calorimeters have emerged. While offering
a reduced or, in some cases, no dependence on dose rate, they currently lack
standardized calibration protocols, some of them unknown LET dependence in
particle beams, long term stability data, and clinical familiarity. Introducing a
new detector type implies new calibration protocols, QA procedures, regulatory
validation, etc., which take years to standardize.

Despite the severe charge recombination effects that arise at UHDR and re-
duce charge collection efficiency, ionization chambers remain used for dosimetry
research and development. This continued interest is primarily due to their estab-
lished role as the reference instrument within the international dosimetry chain,
providing robust traceability to primary standards. The physical behavior of ion-
ization chambers is exceptionally well characterized, supported by decades of the-
oretical modeling, experimental data, and established correction methodologies.

Traditionally, to correct for ion recombination losses, correction methods rely
on the assumed linear relationship between the inverse of collected charge and
the inverse of applied voltage (or inverse square of the applied voltage for quasi-
continuous beams). However, in advanced beam modalities, these methods be-
come limited or impractical, as they often require complex procedures involving
multiple measurements. To overcome these limitations, this thesis introduces a
novel ionization chamber design for reference dosimetry. Its inherent operating
principle overcomes the dependence on the conventional linearity requirement and
eliminates the need for separate measurements to determine the ion recombination
correction factor.

This thesis advances the understanding of ion recombination in ionization cham-
bers by combining theoretical, computational, and experimental approaches. The
dedicated Monte Carlo simulation developed in this work includes the interplay of
multiple physical effects beyond conventional theoretical frameworks, providing a
more comprehensive description of charge transport dynamics and recombination
processes. The material study provides direct insight into the effects of the large
cumulative doses delivered to dosimetric devices under prolonged UHDR expo-
sure. It investigates the resulting changes in material properties and assesses their
suitability for use in UHDR dosimetric applications. Finally, the design and devel-
opment of the double gap ionization chamber (DGIC) demonstrate a pragmatic
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approach to correct for recombination effects, a relevant effect in the context of
advanced beam modalities.

The feasibility of the DGIC concept has been demonstrated through three prin-
cipal contributions:

e As of September 2021, only a limited number of simulation tools existed to
investigate recombination losses in ionization chambers, most of which relied
on solving partial differential equations (PDE) that describe the evolution
of charge carrier densities withing the active volume of ionization chambers.
Due to the potential limitations inherent to this approach, such as conver-
gence issues in three dimensions, which are required to model recombination
in particle beams, an alternative simulation framework was developed based
on the Monte Carlo algorithm proposed in [63]. However, this approach
was originally restricted to one dimension for plane-parallel geometry, and
accounted only for drift and ion recombination as transport effects. To ad-
dress these limitations, we developed a similar open source simulation tool,
implemented in Python, that extends the approach to three dimensions for
the plane-parallel geometry. In addition to drift and recombination, further
transport mechanisms such as diffusion, free electron fraction and space
charge screening were incorporated. The code was validated against ex-
perimental data across different particle beams and beam time structures,
successfully reproducing the ion recombination correction factor for initial
recombination, volume recombination in both continuous and pulsed beams
at conventional dose rates, as well as their combined contributions.

e Radiation damage to dosimetric devices has been increasingly reported in
recent years during experiments under UHDR conditions, raising concerns
about the long term reliability of ionization chambers and quality assurance
devices used for reference dosimetry. This motivated the second major con-
tribution of this thesis: identifying and characterizing materials suitable for
IC construction that can withstand prolonged UHDR exposure. This study
was conducted in collaboration with Germany’s national metrology institute,
Physikalisch Technische Bundesanstalt (PTB), which had previously initi-
ated similar investigations with electron beams. Since the objective of our
work was to study the use of materials of ICs in particle beams, it was es-
sential to extend the evaluation to protons. Candidate materials commonly
used in ICs were selected, with PTB providing the corresponding samples for
phantoms and preliminary testing under electron UHDP irradiation. These
initial experiments, performed across a wide range of cumulative doses and
dose rate conditions, established a reference framework for subsequent ex-
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periments with proton beams, where beam time availability was much more
limited. In the proton studies, UHDR irradiations were delivered to differ-
ent samples to assess the effects of high cumulative doses, variable average
dose rates, and different dose per pulse conditions. A broad set of material
properties was systematically evaluated. Experimental results showed that
irradiation induced visible and structural degradation in several materials,
with damage primarily caused by total dose. No clear dependence on dose
rate was observed, although extended high dose rate sometimes led to local-
ized thermal effects. PEEK and graphite remained stable, confirming their
suitability for UHDR applications. Interestingly, “healing effects” were ob-
served in some materials, indicating partial recovery from radiation-induced
damage. This investigation led to the identification of promising candi-
date materials for different dosimetric applications under UHDR irradiation.
These findings directly influenced the material selection for the development
of the DGIC prototype presented in this thesis.

e The third major contribution of this thesis was the development of a proto-
type DGIC, designed on the basis of the insights gained from the previous
studies and carried out in close collaboration with IBA Dosimetry. The de-
sign aimed to achieve an optimal balance between charge multiplication and
recombination losses, which was achieved with air gap sizes of 1.0 mm and
0.6 mm. Additionally, an adaptation of the original method described in
[153] for reference dosimetry was derived. For the construction materials,
PEEK was selected for insulating components and graphite for conductive
elements. Through successive design iterations, a functional prototype was
built and subsequently tested across a broad range of irradiation conditions.
The chamber was calibrated with a %°Co source, initial recombination was
studied using a carbon ion beam, and volume recombination was character-
ized under a continuous UHDR proton beam. Although primarly intended for
heavy-particle beams, the DGIC was also evaluated under an UHDP electron
beam. In all experiments, the detector operated successfully, demonstrat-
ing the feasibility of the DGIC concept for reference dosimetry in advanced
radiotherapy modalities.

The following subsections discuss the limitations of this work, outline future
prospects for further development, and situate these findings within the broader
context of advanced radiotherapy modalities and their associated challenges.
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Simulation tools modeling ion recombination: limitations and perspectives

After demonstrating consistency with established theoretical models and experi-
mental data at conventional dose rates, efforts were made to extend the validation
of the Monte Carlo simulation tool to UHDR modalities. At this time, however, the
availability of experimental datasets is limited, particularly for proton beams which
are of main interest to this thesis. A preliminary study exploring the sensitivity of
the simulation tool to a broad range of parameterizations for the constants govern-
ing ion transport revealed substantial variability, resulting in large uncertainties in
the simulated ion recombination correction factor ks under UHDR conditions (e.g.,
a combined uncertainty of ~10% was found for a 1 mm gap operated at 500 V,
compared to ~1% at conventional dose rates). These considerations, together
with the findings of Bourgouin et al. [29], which reported during experiments a
dependence of ks on air density, temperature and pressure, highlighted the diffi-
culty of validating simulation tools without systematically controlled experimental
datasets that monitor relevant ambient conditions.

Further progress in simulating ks requires deeper knowledge and more compre-
hensive modeling of ion transport processes. Key challenges include:

e Limited availability of ion transport parameters data with explicit dependen-
cies on ambient conditions.

e The influence of space charge screening and its interplay with other effects.
Space charge screening effects perturbate the effective electric field expe-
rienced by ions, which in turn may affect other processes such as the free
electron fraction and even affect transport parameters. For example, the ion
recombination coefficient «, often treated as a constant, depends on both
the ion—ion interaction cross section and the relative ion velocities, the latter
being electric field dependent. Furthermore, space charge effects alter not
only the electric field along the collection direction but also the radial com-
ponent, potentially disrupting equilibrium near chamber edges and creating
lateral imbalances.

e Charge multiplication effects, which become significant in small gap cham-
bers yet remain poorly modeled, as further discussed in Appendix A. This
effect depends strongly on both the air gap size and the applied voltage. For
example, in an ionization chamber with a 0.6 mm gap operated at 500 V,
charge multiplication can amount to approximately 1.5%. Such contribu-
tions are already relevant at conventional dose rates, and their interplay with
other effects under UHDR conditions remains unknown.
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In the dosimetry field, to simulate ion collection efficiencies, partial differential
equation (PDE) based approaches are widely explored in the literature. These
simulations evolve charge carrier densities undergoing different transport effects.
They are deterministic, computationally efficient, and are particularly well suited
for one-dimensional problems, such as parallel plate geometries. They reproduce
average recombination losses accurately, but they may show some limitations:
transport coefficients can only be treated as average values and their extension to
higher dimensions or more complex geometries is restricted by meshing complexity.

In contrast, the Monte Carlo simulation developed in this work operates at the
level of individual charge carriers. This provides maximum flexibility: stochastic
fluctuations are naturally reproduced and complex geometries can be represented,
allowing non-homogeneous distributions of ions (particularly relevant for high-LET
beams). However, all this comes at a high computational cost, and the method
still depends on general parametrizations since there is limited availability of data
on interaction cross sections at low energies, which constrains the potential of this
simulation approach.

Despite these limitations, simulation tools are essential for advancing the un-
derstanding of recombination processes beyond what is possible with theoretical
models. Simulations enable investigation of the relative contributions of initial and
volume recombination, exploration of intermediate regimes between continuous
and pulsed irradiation, and to address a major research interest in the dosimetry
field: predicting the charge collection efficiency of ionization chambers under ex-
treme dose rates. Theories such as Jaffé's and Boag's involve assumptions that
break down under UHDR conditions.

Nevertheless, it must be emphasized that simulation tools cannot replace mea-
surements. Experimental conditions have a strong impact on the parameters re-
quired as model inputs, and these dependencies are particularly critical in UHDR,
as discussed earlier. For this reason, simulations should be regarded as a comple-
ment to measurements: they are highly useful for predicting chamber behavior,
supporting research, and guiding chamber design, but experimental methods re-
main indispensable for clinical reference dosimetry.

Long term reliability of QA devices under prolonged UHDR irradiation

Not only ionization chambers, but also several alternative active dosimeter con-
cepts are currently being explored for FLASH applications, including silicon carbide
detectors, graphite calorimeters, and miniaturized calorimeter probes. While these
efforts are promising, a critical issue remains largely unaddressed in the literature:
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radiation resistance and detector longevity under prolonged UHDR irradiation.
For clinical transfer, dosimeters must not only provide accurate and reproducible
responses at UHDR but also remain stable over extended periods of use.

lonization chambers exemplify this challenge. They are indispensable as ref-
erence instruments in dosimetry protocols, where their reliability is essential for
commissioning, beam characterization, and quality assurance. Yet, cases of ion-
ization chambers breaking down after prolonged UHDR irradiation have been re-
ported. Under such conditions, detectors can accumulate very high doses in short
operational times, raising concerns about material degradation, calibration drift,
and long-term response stability. This issue becomes particularly critical when
considering the very high cumulative doses easily achievable when the detector
may be exposed to prolonged UHDR. An example of this potential issue can be
found in some quality assurance procedures, such as repeated PDD or beam pro-
file measurements, where detectors may receive substantially higher cumulative
doses within the same acquisition period than in conventional dose rates. In our
experiments, for instance, doses exceeding 1 MGy were reached after only about
40 minutes of continuous irradiation, illustrating that such dose levels are not
unrealistic in practical UHDR settings. While routine clinical workflows would be
subject to radiation protection constraints that limit irradiation times, situations
requiring prolonged acquisitions may still arise during commissioning or research,
making the potential for high cumulative doses an important consideration.

To ensure clinical applicability, future developments in FLASH dosimetry must
explicitly evaluate detector radiation resistance under conditions that closely repli-
cate practical use. Our study focused on materials in isolation, providing valuable
insights, but internal stresses in assembled detectors could still introduce unex-
pected failures. Moreover, the doses delivered in our experiments were very high
and concentrated over short timescales, which may not fully capture real world
use. Recovery effects occurring between irradiations, for example, could extend
operational lifetimes beyond what our data suggest.

In summary, while considerable progress has been made in demonstrating the
feasibility of detectors at UHDR for investigating the FLASH effect, their long-term
durability remains an open issue. Addressing this challenge is essential for moving
beyond proof of concept demonstrations toward clinically reliable reference tools,
comparable in robustness to ionization chambers in conventional radiotherapy.
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The DGIC concept and potential applications

As discussed throughout this thesis, experimental methods to determine ion
recombination correction factors in ionization chambers can become particularly
complex in advanced beam modalities. Recent recommendations, for instance,
discourage the use of the two voltage method and emphasize instead the study
of the full Jaffé plot. Special care is required in certain beams and for ioniza-
tion chambers with small air gaps, where charge multiplication effects become
significant. In carbon ion beams, for example, extrapolation of the full curve is
not straightforward and the choice of voltages is critical, since the Jaffé plot is
nonlinear. At higher voltages, charge multiplication may overlap with the recom-
bination curve (see Figures 2.17 and 2.18), leading to incorrect determination
of the saturation current and, ultimately, underestimation of the recombination
correction factor. The challenge with experimental methods is even greater in
UHDR/UHDP modalities, where conventional correction methods often fail or re-
quire multiple measurements under varying conditions, an impractical approach
for clinical workflows.

The double gap ionization chamber (DGIC) offers a potential solution to these
issues. Because charge is measured simultaneously in both gaps, no additional
measurement is required to determine recombination, and no voltage variation is
needed. This simplifies operation and removes the complications associated with
studying the linear regions of Jaffé plots. In terms of uncertainty, the DGIC intro-
duces slightly higher values than conventional methods. However, this drawback
is offset by the ease of use. Moreover, if calibrated against a primary standard in
the beam quality under study, the dominant source of uncertainty, arising from
calibration, can be significantly reduced.

The DGIC was primarily conceived for particle beams, where it has shown
promising performance. However, when tested under the more extreme condi-
tions of UHDP electron beams, the response saturated after 1.2 Gy per pulse, a
limitation partly attributable to the electrometers employed. Further evaluation
with more advanced electrometers is needed. Also, its usability might be extended
by operating at higher voltages or using smaller gaps, though such modifications
introduce new challenges in achieving the required tolerances with sufficient pre-
cision. In any case, for the clinical translation of FLASH aimed at treating deep-
seated tumors, proton beams will likely be used. In such cases, instantaneous dose
rates are less extreme, and the DGIC concept remains fully applicable.

In recent years, alternative strategies have been proposed to mitigate recombi-
nation with ionization chambers, such as reducing the gap size or using gases that
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minimize electron attachment. While such approaches can reduce or eliminate
the need for recombination corrections, valuable information can no longer be ex-
tracted from recombination. Since initial and volume recombination are inherently
related to LET and dose rate, respectively, retaining some sensitivity to these ef-
fects is advantageous. With the DGIC, this becomes possible. As described in
Chapter 5, the dual gap concept could even be extended to large area ionization
chambers (LAICs) used for determining integrated depth dose curves in particle
beams. With appropriate tuning, such design could also provide LET informa-
tion. A major challenge for this application, however, lies in the relative large
gap size needed to have sensitivity on recombination with LET and the difficulty
of ensuring full parallelism across both gaps, which is an issue already present in
conventional LAICs. Other uses, such as dose rate beam monitoring at UHDR
with the ICs in the nozzle, are equally promising.

Although the current DGIC remains a prototype, requiring refinements such
as reduced external dimensions, improved insulation, and mitigating occasional
instabilities, it provides a strong foundation for future development. The results
demonstrate that the DGIC and its potential variants and applications represent
a promising approach to reliable dosimetry in advanced radiotherapy modalities.

Final considerations

Novel radiotherapy techniques require equally novel dosimetric tools to accom-
pany their development. As treatment modalities such as FLASH radiotherapy
and high-LET particle therapy advance, it is indispensable that dosimetry evolves
in parallel to ensure accuracy, safety, and reliability.

lon recombination is only one of many processes that affect ionization chamber
performance, yet it plays a critical role in reference dosimetry for advanced beam
modalities. The work presented in this thesis contributes to this field by developing
a new simulation approach, characterizing materials that can withstand prolonged
UHDR irradiations, and introducing the double gap ionization chamber (DGIC)
concept. Together, these efforts demonstrate pathways toward simpler and faster
reference dosimetry compared with conventional chamber designs. They also
highlight the potential of unconventional detector architectures that can extract
additional beam information, such as LET and dose rate, for improved quality
assurance in advanced beam modalities.

While significant progress has been made in recent years, many challenges re-
main. In UHDR applications, systematic studies of detector longevity and radia-
tion resistance are still scarce, though they are crucial for ensuring stable reference
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instruments. Simulations continue to face limitations in parameterization and val-
idation, especially at clinically relevant UHDR beam conditions, highlighting the
need for comprehensive experimental datasets. The DGIC, although still at the
prototype stage, has demonstrated feasibility and versatility, but further refine-
ments in design and manufacturing are required.

The clinical translation of FLASH proton therapy is still at an early stage, with
many aspects requiring clarification before routine use can be considered. A clearer
understanding of the biological mechanisms underlying the FLASH effect, together
with precise characterization of the beam parameters required to trigger it, will
be essential for safe and reproducible implementation. Beyond the FLASH ef-
fect itself, UHDR irradiation may offer several practical clinical advantages. The
extremely short beam-on times achievable at UHDR could reduce the impact of
organ motion and mitigate interplay effects in particle therapy, thereby improving
the accuracy of dose delivery without relying as heavily on motion management
strategies or robust optimization. In addition, the potential to deliver effective
treatments in only a few large fractions (hypofractionation) would shorten treat-
ment schedules and reduce the number of hospital visits, improving both patient
convenience and healthcare efficiency. Another hypothetized consideration is the
reduced irradiation of circulating blood volume with UHDR, which could spare im-
mune cells from radiation damage. Preserving immune competence may enhance
the repair of normal tissues and improve overall treatment outcome.

High-LET particle therapies, such as carbon ions and other heavy-ion treat-
ments, are already clinically available in several centers worldwide. By combining
highly conformal dose distributions with an elevated relative biological effective-
ness, they offer particular promise for the treatment of radioresistant tumors.
Ongoing studies are expanding the clinical evidence base, but broader adoption
will depend on continued technological innovation and rigorous clinical validation.
As the technology matures, high-LET therapy could complement existing photon
and proton modalities, thereby broadening the therapeutic options available to
patients.

The combined challenges of high-LET treatments and UHDR irradiation high-
light the need for further detector innovation and robust, practical dosimetric tools.
The developments presented in this thesis: novel simulation strategies, material
studies, and the DGIC prototype, provide a foundation for addressing these chal-
lenges. Strengthening reference dosimetry in these demanding scenarios will be
essential to enable the safe clinical adoption of emerging radiotherapy modalities.



Appendix A

Experimental study on charge
multiplication

This appendix provides experimental insight into the charge multiplication correc-
tion factor with the main goal of further understanding of how the parameter ~
depends on different parameters, complementing earlier hypotheses proposed in
the literature. The work was carried out in collaboration with IBA, who designed
and manufactured modified PPIC prototypes to enable a systematic study of elec-
trode gap dependence, and was experimentally tested at the Radiation Physics
Laboratory of the University of Santiago de Compostela (USC), Spain. The mea-
surements, performed under controlled variations of gas pressure, composition,
and chamber geometry, provide an exploratory dataset that broadens the charac-
terization of charge multiplication effects. What follows is a brief overview of the
main results underlying this work.
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Summary

Objective: This study aimed to investigate the dependence of the charge multipli-
cation correction factor k¢ and its associated parameter v on chamber geometry,
polarity, atmospheric pressure, and gas composition. Particular focus was placed
on testing the hypothesis that v depends on electrode spacing, as previously sug-
gested in the literature, using modified plane-parallel ionization chambers (PPIC)
prototypes manufactured by IBA.

Approach: Two chamber models, PPC05 and PPC40, were modified to obtain
different electrode gaps while preserving electrode radius. The prototypes were
characterized with X-ray micro-CT imaging and subsequently tested at the Radia-
tion Physics Laboratory of the University of Santiago de Compostela (USC), Spain,
using both an X-ray tube and a %°Co beam. Measurements were performed un-
der controlled atmospheric conditions (air and N2, pressures from 100-1100 hPa)
with both positive and negative polarities, in floated and grounded input config-
urations. Saturation curves and Jaffé plots were obtained and fitted to extract
and kCM-

Main results: Within the recommended operating pressure range (900-1100
hPa), atmospheric pressure and gas composition had negligible influence on charge
multiplication, whereas strong effects were observed at 100 hPa, particularly with
air versus Ny. Polarity effects were generally consistent across prototypes, except
for the PPC0O5 with a 2.6 mm gap, where an insufficient guard ring width led
to elevated k,,. A clear dependence of  on electrode spacing was confirmed,
with approximately linear trends for PPC40-type chambers. Differences between
chamber types for the same electrode spacing could not be attributed to active
volume effects alone.

Significance: The findings support the dependence of 7 on electrode spacing and
highlight limitations of current models based solely on tabulated Townsend coeffi-
cients, which fail to reproduce the experimental data. While the work strengthens
the evidence for geometry-driven charge multiplication effects in PPICs, further
studies with different detectors and theoretical refinements are required to estab-
lish reliable predictive models for dosimetry.
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A.1 Motivation

The dependence of the constant + in Equation 2.68 on various parameters re-
mains insufficiently understood. Rossomme et al., [164] provided first steps by
hypothesizing a dependence of v on the air gap size, opening the way for further
investigation. In particular, the influence of atmospheric pressure, gas composi-
tion, and chamber geometry on v has not yet been systematically explored.

To contribute to this line of research, this appendix presents an experimen-
tal study of the charge multiplication correction factor kcps and its associated
parameter 7y:

ko =e 7V (A1)

where V' denotes the magnitude of the applied voltage (in V) and consequently,
the parameter ~ has units of V1.

The experimental analysis in this study includes Jaffé plots under varying con-
ditions of pressure, gas mixtures, and chamber geometries. IBA designed and
manufactured a set of PPIC prototypes of existing designs with modified air gap
sizes, enabling a controlled investigation of the geometry of their PPICs on charge
multiplication.

A.2 Materials and Methods

Two chamber models from IBA were employed: PPC40 and PPCO05. For the
PPCO05-type chambers, the electrode gap was adjusted to 0.6 (nominal value, SN
1784), 1.2 and 2.6 mm, while preserving the original electrode radius of 4.95 mm.
This resulted in chamber volumes ranging 46 - 220 mm3. For the PPC40-type
chambers, the electrode gap was modified to 1.0, 1.5 and 2.0 mm (nominal value,
SN 1331), with the original electrode radius of 8 mm maintained. The corre-
sponding chamber volumes ranged 201 - 402 mm3. Verification of the modified
electrode gaps was performed using X-ray micro-CT imaging (Bruker Skyscan
1272).

Prototype chambers were subsequently tested at the Radiation Physics Labo-
ratory of the University of Santiago de Compostela (USC), Spain, using both an
X-ray tube and a ®9Co beam. Measurements were conducted within an in-house
developed vacuum system, where pressure was carefully monitored and regulated
with an electrovalve, allowing to keep the desired pressure within variations of 1
hPa. For the nominal PPC40 chamber, tests were performed in both air and ni-
trogen (NN2) at pressures of 1000 (standard), 500 and 100 hPa. N; measurements
were included to assess the potential influence of recombination on the Jaffé plots,
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while pressure variation was used to explore charge multiplication behavior and its
relation to the Townsend coefficient, which is expected to depend on atmospheric
pressure.

For the remaining prototypes, tests with °°Co were conducted in air at standard
pressure (1000 hPa), and added limited values of £10% (900-1100 hPa), corre-
sponding to the recommended operating pressure range for ionization chambers.

Saturation curves (collected charge M versus applied voltage V') and Jaffé plots
(inverse charge 1/M versus inverse voltage 1/V') were obtained for polarizing volt-
ages between 25 V and 500 V, for both negative and positive polarities, and in
floated and grounded input modes. In the floated input mode, the outer cham-
ber wall is held at ground potential while the collecting electrode is biased. In
the grounded input mode, the electrometer amplifier is held at ground potential,
providing the bias to the polarizing electrode. A schematic representation of both
configurations is shown in Figure A.1. In this work, the floated input mode is used
by default unless otherwise specified.

Floated input Grounded input

Electrometer +v

Ground electrode — —F_ Polarizing electrode — 1
Guard ring / /
Collecting electrode

Guard ring / -
Collecting electrode L
A: Amplifier A: Amplifier c
B: Bias voltage generator

B: Bias voltage generator
C: Capacitor C: Capacitor

Electrometer

Figure A.1: Schematics of floated input (left) and grounded input (right) config-
urations. Adapted from [80] for plane-parallel geometry.

For clarity, both saturation curves and Jaffé plots are presented throughout the
results section, as they provide complementary perspectives that may facilitate
interpretation of the results. Data were normalized to the saturation current,
determined from extrapolation at the lowest voltages (25-100 V), following the
recommendations of [68].

A.3 Results

A.3.1 Electrode distance

Table A.1 summarizes the electrode gaps measured for the modified PPIC pro-
totypes using micro-CT imaging. The measured values agree closely with the
intended modifications.
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Electrode distance

PPIC
(mm)

PPCO5 - 0.6 0.59 + 0.03
PPCO5 - 1.2 1.19 + 0.02
PPCO5 - 2.5 2.73 + 0.02
PPC40 - 1.0 1.03 + 0.03
PPC40 - 1.5 1.48 + 0.04
PPC40 - 2.07 1.96 + 0.02

Table A.1: Measured electrode distances of the PPIC prototypes. Superscript *
indicates the nominal air gap size of the original commercial detector by IBA.

A.3.2 Influence of atmospheric pressure and gas composition

Figure A.2 shows the saturation curve and the corresponding Jaffé plot (left and
right, respectively), normalized to the saturation current, for PPC05 chambers
irradiated with a ®©Co beam at atmospheric pressures between 900 and 1100 hPa
in air.
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Figure A.2: Saturation curve (left) and Jaffé plot (right) for a PPC05 with nominal
air gap at maximum and minimum recommended pressures.

Figure A.3 presents the corresponding results for a PPC40 under X-ray tube,
for pressures of 100, 500 and 1000 hPa, in both air and Na. At low pressure (500
hPa), the PPCO5 experienced electrical arc due to its small electrode gap and
could not be measured under these conditions. The PPC40 results show that the
curves at 500 hPa and 1000 hPa are nearly identical, while the response at 100
hPa differed significantly. Furthermore, replacing air with Ny at 100 hPa reduced
the effect of charge multiplication.
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Figure A.3: Saturation curve (left) and Jaffé plot (right) for a PPC40 at pressures
of 100-1000 hPa in air and Ns.

Overall, these results indicate that moderate variations in pressure (within the
500-1000 hPa range) and changes in gas composition have little effect on the sat-
uration curves. Therefore, the following analyses are restricted to measurements
performed in air at standard pressure (1000 hPa).

A.3.3 Influence of positive, negative and inverse polarity

Figure A.4 shows the Jaffé plots for PPCO05-type (left) and PPC40-type (right)
prototypes operated under positive and negative polarities, with both floated and
grounded input configurations measured under a ®°Co beam. When the direction
of the electric field was the same (e.g. positive polarity with gounded input and
negative polarity with floated input), the Jaffé plot curves are identical.

Figure A5 presents the polarity correction factors k,, obtained under floated
input conditions. Similar trends are observed across all prototypes, with the excep-
tion of the PPC05-type chamber with a 2.6 mm gap, which exhibits systematically
higher k. values, particularly at lower voltages. This behavior can likely be at-
tributed to the insufficient guard ring width, which was not adapted when the
electrode gap was enlarged beyond the nominal design. According to IAEA TRS-
398 [78], the guard ring width should be at least 1.5 times the electrode spacing.
With the exception of the PPCO05-type 2.6 mm prototype, all investigated cham-
bers satisfy this condition.
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Figure A.4: Jaffé plots for PPC05 and PPC40-type prototypes with similar elec-
trode gaps (~1 mm), comparing positive and negative polarities under grounded
and floated input modes.
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Figure A.5: Polarity correction factor k,, as a function of the applied voltage
(left) and of the inverse voltage (right) for the different PPIC prototypes.
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A.3.4 Dependences on chamber geometry

Figure A.6 shows the parameter -, obtained by fitting the exponential expression
2.68 to the Jaffé plots of the floated input curves, as a function of the measured
electrode gap groupped by detector type and polarity. For a given chamber geom-
etry and polarity, specifically for PPC40-type, the results exhibit an approximately
linear dependence. For nominal PPC05 and PPC40 extra data points (in to-
tal three and two, respectively) from additional chambers were added, and lied
within expected trend. Figure A.6 (c) shows the charge multiplication correction
factor for the different chambers in this study.
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Figure A.6: Parameter v from Equation 2.68: (a) as a function of electrode spacing
for different polarities and chamber types, (b) averaged over both polarities as a
function of electrode spacing, (c) charge multiplication correction factor averaged
over both polarities for all detectors investigated, and (d) averaged over both
polarities as a function of the active volume.

A.4 Discussion and conclusion

The present study investigated the dependence of the charge multiplication cor-
rection factor kcojps and its associated parameter v on pressure, gas composition,
polarity, and chamber geometry using modified PPIC prototypes.
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First, the influence of atmospheric pressure and gas composition was examined.
Within the extremes of range recommended (900-1100 hPa), no significant effect
was observed on the saturation or Jaffé plots. At very low pressures (100 hPa),
however, charge multiplication increased significantly, consistent with the expected
dependence of the Townsend coefficient on pressure. Substituting air with Ny at
100 hPa further reduced charge multiplication. This experimental observation
can be attributed to the absence of oxygen-driven attachment—detachment pro-
cesses. In air, oxygen contributes to both electron attachment and detachment
pathways, particularly through detachment involving No, which increases the ef-
fective Townsend ionization rate [143]. In Ny, these mechanisms are suppressed,
resulting in reduced charge multiplication.

The polarity correction factor k£, followed similar behaviours for all detectors
investigated with the exception of the PPC05-type prototype with a 2.6 mm gap,
where higher k,,; values were attributed to an insufficient guard ring width. Jaffé
plots were identical when the electric field direction was equivalent, independently
if floated or grounded input was used.

A clear dependence of v on electrode spacing was also identified, supporting the
observation of [164]. For a given chamber type and polarity, -y exhibited an approx-
imately linear decrease with increasing electrode gap. The PPC40 demonstrated
larger v values than the PPCQ5 for the same electrode spacing, a difference that
could not be explained by variations in active volume, which showed a comparable
trend. This suggests that additional geometrical factors, such as the radius of the
collecting electrode (larger in the PPC40 than in the PPC05), may influence the
parameter . Systematic studies with multiple detectors of comparable materi-
als but varying electrode geometries and distances are therefore needed to fully
characterize the geometrical dependence of this parameter.

The charge multiplication behavior observed in PPICs remains under discus-
sion. While the Townsend coefficient is generally assumed to describe the charge
multiplication correction factor, its applicability to air gap sizes operated at con-
ventional voltages in radiotherapy ionization chambers has not been thoroughly
validated. As illustrated in Figure A.7, the charge multiplication correction factors
simulated with [147] from tabulated Townsend coefficients in air using Magboltz,
would need to differ significantly in order to reproduce the experimental observa-
tions reported.
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Figure A.7: ko values simulated (dashed lines) and compared with experimental
data from this work (solid lines) for PPC40 (orange) and PPCO5 (blue).

This discrepancy highlights the need for additional experimental and theoretical
work by the scientific community to clarify the dependence of v and to establish
reliable models for practical dosimetric applications.
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