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Abstract
Cell behaviour in ultra-high dose rate environments, characteristic of laser driven ion
acceleration, is a largely unexplored field of research, the understanding of which is crucial
to the development of an all-optical delivery of ion beams suitable for cancer treatment.
In conducting cell experiments to investigate this behaviour, accurate dosimetry is key to
an in-depth understanding of the cell reaction to dose deposited via various particle types
and energies. A commonly used dosimeter in ionization experiments is radiochromic film
(RCF), as it provides an optical density response proportional to dose. However, it
has been found by numerous research groups that this response to dose is different
for particles of different types and energies, which is thought to be linked to their
linear energy transfer (LET) value. The main aims of the first experimental chapter
in this thesis are to investigate the relationships between particle LET and RCF optical
density response to dose delivered by particles accelerated with traditional low doserate acceleration mechanisms. These experiments using low energy protons (5 and
10 MeV) and carbon ions (3 and 6 MeV/u) confirm that the higher a particle LET
is, the lower the optical density response to the same dose applied compared with a
lower particle LET. It was then confirmed in a separate investigation using high energy
carbon (45 MeV/u) and oxygen ions (75 MeV/u) that a particle’s atomic mass is not
a significant parameter affecting the underresponse, which indicates that LET is indeed
the main parameter determining RCF response to dose. An analytical investigation was
carried out to determine a quantifiable general relationship between RCF optical density
response to dose and a particle’s LET. Equations were successfully developed for this,
which will require experimental verification. The second experimental chapter presents
two radiobiology experiments where cells are exposed to laser-accelerated particles. The
dose delivered was measured using RCF, which was calibrated in previous experimental
campaigns. CR39, a separate dosimeter, was also utilized in these experiments, but
problems with the analysis software did not allow fluence information to be gained.
AGO1522 and HUVEC cell lines were exposed to 9.7 MeV protons accelerated by the
LULI2000 beamline at the L’Ecole Polytechnique, Paris, and gliblastoma (GBM) stem
cells were irradiated by 10 MeV/u Carbon ions accelerated on the Gemini beamline at
the Rutherford Appleton Laboratories, Oxford. Multiple biological assays were carried
out in both investigations to determine the cell reaction to high dose-rate ion pulses in
comparison with previously attained results of low-dose rate ionisations. The Laboratoire
pour l’Utilisation des Lasers Intenses (LULI)-based investigation revealed that human
fibroblast AGO1522 cells do not respond differently to the laser-accelerated protons
compared with x-ray irradiation, but human umbilical endothelial vein (HUVEC) cells
are indeed more dose-rate sensitive. It also revealed that for both cell lines, there
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appears to be a higher degree of early-response damage (up to 1 hour post-irradiation)
for the laser-driven protons than for x-rays, although late-response (from 2 hours postirradiation) appears similar. A stress-induced premature senescence (SIPS) investigation
also revealed that laser-driven protons appear to be more effective in inducing premature
senescence than x-rays in HUVEC cell lines. Although not all biological data is currently
available for the Gemini experiment, the average foci per cell data shows that lasting
damage is caused by the 10 MeV/u Carbon irradiation.
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CHAPTER

1

Introduction

1.1

Motivation for Research

According to Cancer Research UK, one in two people will develop cancer at some
point within their lifetimes. [1] As age is the largest risk of developing cancer, it is rising
due to the steadily increase of the lifespan of humans. This means that there is an
evermore growing interest in developing effective cancer treatments from the medical
science community.
In the medical field, high energy x-rays are utilised to irradiate cancerous tumour cells
in a treatment known as radiation therapy, or ”radiotherapy”. As radiotherapy’s aim is
to deliver a high dose of ionising radiation to cancerous tumours whilst limiting damage
to the surrounding healthy tissue, much research has been carried out to improve the
accuracy, and therefore the effectiveness, of radiotherapy. This includes the development
of techniques such as intensity-modulated radiation therapy (IMRT) [2] or image-guided
radiation therapy (IGRT) [2], which is designed to focus the majority of dose deposition
in the tumour. However, although these techniques greatly reduce healthy tissue damage
in radiotherapy, there still will inevitably be damaged tissue due to the energy distribution
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path of x-ray photons.
Particle therapy is an alternative cancer treatment modality that uses beams of
charged particles rather than photons to irradiate tumour cells. The main benefit of this
method lies in the energy distribution of an ionising particle in comparison to that of
a photon; because of the energy deposition phenomenon of a charged particle’s Bragg
peak. The beam energy can be tuned to target the tumour alone so that the majority of
its dose deposition occurs in the ions’ Bragg peak across the tumour; the shape of this
targeted area can be manipulated using a spread out Bragg peak (SOBP), or multiple
incident energies of particles so that they reach their dose deposition peak at different
depths.

Figure 1.1: The difference of dose distribution between X-rays and heavy ionising particles
(Carbon ions in this case). Image from [3]

As can be seen in Figure 1.1, an ionising particle beam will deposit the majority
of its energy within a localised volume, whereas x-rays will gradually deposit energy
throughout the medium causing unintentional damage past the desired target area. Due
to the localised energy deposition, a large amount of evidence shows that heavy particle
therapy has a higher effectiveness in treatment for certain types of cancers. [4,5] However,
particle therapy centres are significantly more expensive than x-ray facilities and are
5
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therefore less accessible, largely due to their expense from their size and weight. There
are over 7,000 radiotherapy centres worldwide across 151 countries [6], of which just
over 100 are operational worldwide particle therapy centres (as of April 2021) [7].
Achieving a form of particle therapy that is cost-effective and efficient is crucial
in developing accessible particle therapy treatment centres. Therefore, laser-driven ion
beams could solve this issue. Using a laser focused upon a thin-foil target offers the
opportunity to produce high energy ion pulses for treatment, but with a much smaller
facility size than required for cyclotrons or synchrotrons - the facilities currently utilised
in all particle therapy centres.
This thesis focuses on dosimetry of ion-acceleration experiments, particularly using
radiochromic films (RCF). It has been noted that the optical density response of RCF
to dose depends on which ionizing particle it interacts with [8], which is generally accepted as being due to the linear energy transfer (LET) of these particles. Therefore,
investigations have been carried out and presented in this thesis to determine RCF’s
relationship between optical density-dose response and particle LET, and to potentially
develop a model equation that relates RCF optical density to particle LET without requiring experimental calibrations. Additionally, to further develop an understanding of
cell response to ultra-high dose rates characteristic of laser-accelerated ions, various cell
assays for numerous cell lines are carried out in experiments at two separate laser facilities (LULI at the L’Ecole Polytechnique, Paris and Gemini at the Oxfordshire CLF),
which utilises the same dosimetry methods to establish calibrations and to determine
their viability for further cell experiments using laser-driven ion irradiation.

6
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1.2

Advanced Strategies for the Accelerations of Ions
with Lasers (A-SAIL) Acknowledgement

The work carried out in this thesis is part of the A-SAIL project; Advanced Strategies
for Accelerating Ions with Lasers, a £4.5M Engineering and Physical Sciences Research
Council (EPSRC) grant, which began in May 2013. It is a collaborative project between
four UK institutions; Queen’s University Belfast, Imperial College London, Rutherford
Appleton Lab and the University of Strathclyde. The author of this thesis was based at
Queen’s University Belfast. The aim of the A-SAIL project is as follows:
The vision and ambition for the project is to achieve a key milestone in the development
of innovative healthcare technologies: all-optical delivery of dense, high-repetition ion
beams at energies above the threshold for deep-seated tumour treatment and diagnosis.”
[9]
The project is comprised of four work packages (WP), each focusing on a separate aspect
of the vision but often interconnected within experiments taken place as part of A-SAIL.
These WPs are:
1. WP1: Development and control of acceleration mechanisms;
WP1 covers the investigation and optimisation of emerging ion acceleration schemes
focused on producing high quality ion beams at the required energies and with a
narrow energy spread.
2. WP2: Understanding and control of underpinning physical processes;
WP2 investigates the physics within the laser-matter interactions at the ultra-high
intensities relevant to laser-driven ion acceleration (between 1020 − 1023 W/cm2 ).
As the understanding of physics in extreme interaction regimes is of crucial importance to the development of laser systems, the work from WP2 will work in
tandem with WP1 as it will allow for improved control and optimisation of the
acceleration process.
3. WP3: Development of appropriate enabling technologies;
7
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WP3 underpins work carried out through the other work packages, as its focus
is to advance targetry, diagnostics and beam transport within laser-driven environments. This involves dosimetry methods, and therefore is fundamental to the
experimental work within this thesis. Dosimetry methods are covered in Chapter
4, through investigation of the particle linear energy transfer (LET) dependence
on a commonly used dosimetry method radiochromic film (RCF), and Chapter 5,
through the use and optimisation investigation of both RCF and Columbia-Resin
#39 (CR39) in laser-ion environments.
4. WP4: Assessment of biological effects of ions at extreme dose rates;
WP4 explores the biological effects within cell models which occur as a result of
cell interactions with ultra-short ion bursts. This is investigated with the goal of
validating the use of these beams within a future medical environment, and to
identify any deviation of the cells’ known reaction to traditional radiation methods
from that of laser-driven accelerated ions. Conclusions drawn from within this
WP are crucial for driving all other WPs, as further knowledge of the biological
reaction of cells to high dose-rate and ultra short ion pulses will guide the development of acceleration mechanisms and future therapy methodologies. Chapter
5 investigates various cell lines’ responses to laser-accelerated ions via a variety of
assays carried out; AGO1522 and HUVEC cell lines are investigated using laseraccelerated 9.7 MeV protons, and GBM radioresistance cells investigated using
laser-accelerted 10 MeV/u Carbon ions.

8

Chapter 1

1.3

Thesis Aims

A crucial aspect to any experimental investigation involving ionizing radiation is the
availability of dependable dosimetry methods. A commonly used dosimetry method in
experimental investigations involving ionising radiation is radiochromic film, or RCF, due
to their ease of use and their spatially-resolved dose distribution. These films darken in
response to dose delivered. However, this darkening response (or, the ”optical density”,
OD) is different for different particle types and energies. As this is hypothesised to be
caused by the ionizing particles’ linear energy transfer (LET), this is a current obstacle
for any investigation involving a particle LET that has not been previously calibrated.
Therefore, investigations presented in Chapter 4 of this thesis explore both the LET OD response relationship for RCF (specifically for EBT3, although HDV2 is also investigated), to determine whether ion species is a parameter in effecting OD response. The
results from both of these investigations were analysed to develop a set of equations
that link the LET - OD response to dose, therefore potentially negating the need for
RCF calibrations prior to every new particle LET used.
Additionally, a challenge faced in laser-driven ion experiments is what different biological effects are caused by the unique characteristics of laser-driven ion irradiation, in
comparison to the known biological effects caused by more traditional radiation methods currently used in cancer therapies; for example, x-ray radiotherapy, or cyclotronor tandem-accelerated ions. It is predicted that the ultra high dose-rate could cause a
cluster of single- or double-strand breaks (SSB and DSB) within the cell’s DNA, but this
has not yet been fully investigated. Therefore, these cell behaviours need to be investigated using laser-driven ions, across various assays to determine the amount of DNA
damage caused by these laser-accelerated ions, and the amount and effectiveness of cell
repair after set lengths of time post-irradiation. These are explored within Chapter 5,
where 9.7 MeV laser accelerated protons were used to irradiate AGO1522 and HUVEC
cell lines, and 10 MeV/u Carbon ions were used to irradiate GBM cells.
To summarise the above, the main aims of this thesis are:
• To extend RCF calibrations to different medically-relevant particle types with var9
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ious LET values; (Sections 4.2 and 4.3);
• To determine the relationship between RCF’s optical density response to dose and
the ionizing particle’s LET; (Section 4.3);
• To assess whether or not particle species itself has an effect on RCF’s optical
density response to dose, or whether particle LET is the main parameter effecting
this response; (Section 4.3);
• To develop a general calibration equation that relates particle LET to RCF optical
density-dose response, which can be used in future experiments so that, in theory, the need for RCF calibration experiments for each new particle LET used is
negated; (Section 4.4);
• To use EBT3 for laser-driven ion-cell interactions evaluating both AGO1522 and
HUVEC cell lines’ responses to high dose-rates and ultra-short bunch protons that
are characteristic of laser-acceleration. These cell lines were assessed for damage
caused by the interaction over various time periods from irradiation, and for the
effectiveness of repair mechanisms of the cells post-irradiation; (Section 5.3);
• To evaluate the radioresistant cell line GBM in normoxic and hypoxic conditions
(with and without oxygen present, respectively) using laser-accelerated 10 MeV/u
Carbon ions, which had not yet been previously investigated; (Section 5.4).

10

Chapter 1

1.4

Thesis Overview

This thesis explores the relationship between laser-driven ions and conventionally accelerated ions in relation to the response of dosimeters to these particles, and investigates
how cells react to high dose-rate laser-accelerated particle irradiation, and compares cell
reaction to ions accelerated with traditional methods. Four main experimental campaigns were carried out - Chapter 4 presents investigation of low energy ions accelerated
using a Tandem accelerator and high energy ions accelerated by a cyclotron, Chapter 5
presents two separate investigations into cells’ reaction to laser-driven ions produced at
two laser facilities.
The structure of the thesis is as follows:
Chapter 2 provides the physical background to each of the areas discussed. This
includes the differences in radiotherapy treatments, physical processes behind ion acceleration and details of the beam parameters that may effect the responses of various
dosimeters and a description of dosimetry.
Chapter 3 delves into methodologies and dosimetry techniques utilised within this
thesis. It describes the various dosimeters used and details of the experimental particle
acceleration systems used in studies presented in Chapter 4 and Chapter 5.
Chapter 4 presents two experimental campaigns that took place in LNS-INFN, Catania. The first utilised low energy proton and carbon ions (under 10 MeV/n) accelerated
by a tandem accelerator, and the second utilised high energy carbon and oxygen ions
accelerated by a cyclotron (45 and 75 MeV/n, respectively). The purpose of this chapter
is to develop a calibration of EBT3 response to the doses delivered at these ion energies, and to determine if LET was a key parameter in affecting results. Additionally, an
analytical investigation was carried out to develop a general set of equations to predict
optical density response to dose, based on a particle’s LET. This investigation opens the
possibility of no longer requiring EBT3 calibration for each new particle LET used in
experimental campaigns, although this will require experimental verification.
Chapter 5 describes two separate experimental campaigns utilising cells in a laserdriven ion environment. The first section of this chapter relates to work carried out
11
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employing the LULI-2000 beamline at the L’Ecole Polytechnique, Paris, where the response of cells were investigated in various tests involving high dose-rates from laseraccelerated ion pulses. The second section of this chapter contains work carried out at
the ASTRA-Gemini laser in Rutherford Appleton Laboratories, to assess the biological
effect of carbon ions at ultrahigh dose-rates. In both experimental campaigns, the focus
was on investigating the doses delivered to cells supported by a concrete understanding
of the dosimetry systems at hand to investigate the effect of extreme dose-rates on the
cells.
Chapter 6 presents the conclusions that can be taken from the experimental work
of Chapters 4 and 5, and the applications that this work can be utilised in future experimental missions, and in the context of potential medical applications.

1.5

Role of Author

The experiments described in Chapter 4 and Chapter 5 were carried out in collaboration with research groups at their corresponding experimental facilities; INFN-LNS,
Catania for Chapter 4 and both L’Ecole Polytechnique, Paris and the Central Laser Facility, Oxford for Chapter 5. The experiments carried out at INFN-LNS utilising the
tandem and cyclotron accelerators required essential guidance and planning from the
staff at INFN-LNS; in particular, thanks are given to the beam operations team, to the
research group headed by Prof. Pablo Cirrone, and to Dr. Domenico Doria (then based
in QUB). The experiments carried out at the L’Ecole Polytechnique and the ASTRAGemini facility were conducted in collaboration with Dr. Lorenzo Romagnani and the
LNS-INFN research group (special thanks to Dr. Giada Petringa and to Dr. Giuliana
Milluzzo). The laser experiments also benefited from the wealth of experience from
members of QUB’s Centre for Cancer Research and Cell Biology (CCRCB), in particular
from Dr. Pankaj Chaudhary and from Dr. Carla Maiorino, and from my colleagues in
QUB’s Centre of Plasma Physics (CPP).
The author actively participated in all three experimental campaigns described in
Chapter 4 and 5. The author carried out the RCF analysis for all three experimental
12
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campaigns, and carried out the CR39 etching and analysis for the laser experiments
presented in Chapter 5. For the laser-driven proton experiment at LULI (covered in
Chapter 5), the author assisted in the preparation of the cell dishes prior to irradiation.
The author assisted in the setup of these experimental campaigns and then had ownership
of the dosimeter analysis.
The RCF calibration work carried out by the author in Chapter 4 provided an EBT3
calibration for low energy carbon ions, which was then utilised in the analysis of the
ASTRA-Gemini experiment, both post-experiment and during the experiment itself. In
both laser-driven experiments, the author’s analysis of the RCF provided values of doses
delivered to the cells. This was crucial as it ensured that similar doses were delivered
to the cells so that the response of the cells to this high dose-rate radiation could be
compared to already-investigated doses delivered from other ionizing energy sources on
previous experiments. The author was also responsible for the RCF preparation and the
building of the RCF and CR39 stacks in both laser experiments described within Chapter
5.
For the silicon detector analysis taken place within Chapter 4 under the tandemaccelerated protons and carbon ions, the author modified a Matlab code originally written
by Dr. Valentina Scuderi (then based in LNS-INFN) to analyse the counts detected by
each detector across the whole experiment. This was a key task in determining the
dose calibration with EBT3, and therefore necessary in building the RCF dose-optical
response calibration that was later utilised in the Astra-Gemini experiment presented in
Chapter 5. This is described in Section 4.2.1.
The author carried out the RCF analysis using ImageJ, building on previously written
macros by Dr. Doria to convert the raw scans of EBT3 from pixel value to optical density,
so that the dose calibrations could be created. The author carried out CR39 etching,
under the guidance of Dan Marlow at QUB and helpful advice from Dr. Giada Petringa,
and analysed the etched CR39 using an optical microscope at QUB. The author carried
out analysis of the CR39 pits in Matlab, modifying a code initially written by Dr. Aaron
Alejo in 2015.
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2

Physical Processes

2.1

Project Background

Described within this chapter are the topics of background information on various
external radiation therapy methods for cancer treatment, the physical concepts of particle
acceleration and the radiobiology relevant to cancer treatment and the experiments
discussed in later chapters. Within these sections, the importance of accurate dosimetry
in experiments related to these topics is also described.

2.2

Variations of Radiation Therapy for Cancer Treatment

Radiotherapy is defined as the medical use of ionising radiation treatments to treat
cancer. [10] In this thesis, “conventional” radiotherapy is a term generally used for radiotherapy utilising photons, and hadrontherapy is the term used for radiotherapy utilising
ionising particles. As the main goal of radiotherapy in general is to damage cancerous
cells whilst minimising damage, as much as possible, to the surrounding healthy tissues,
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the different methodologies of radiotherapy treatments can have various positive and
negative effects depending on both the properties of the tumour and the energy deposition properties of the beams themselves. Therefore, these different methodologies will
be discussed below.

2.2.1

Photon Beam Radiotherapy

Since the discovery of X-Rays by Wilhelm Conrad Röntgen in 1895, their many uses
within the medical field have been widely explored; this includes cancer treatment.
In conventional radiotherapy, high energy x-rays are directed to the tumour of a patient with the use of a gantry supporting the x-ray source, that can circle the patient.
The tumour is targeted specifically through the use of multiple beams intercepting at
various angles at the tumour; this selectively targets the tumour with the maximum possible dose (cumulative at the crossing-point of the beams), whilst minimising damage to
surrounding healthy tissue. Although this is the most commonly used form of radiotherapy, the drawbacks of this method are in the fundamental concept of a photon’s energy
deposition; although the tumour is targeted using multiple beams, an inevitable and
significant portion of healthy tissue will be damaged by the x-rays as they pass through
the tumour. Figure 2.1 shows the dose distribution of both x-rays and protons as they
penetrate into tissue - note that unwanted energy is deposited beyond the tumour for
both types of treatment. However, for proton therapy this is significantly reduced. This
is discussed in further depth below.

2.2.2

Hadron Particle Therapy

Hadron particle therapy is a form of radiotherapy that uses irradiating beams of
charged particles, such as protons or carbon ions, rather than traditionally used X-rays.
Proton therapy as a concept was first hypothesised by Robert Wilson in 1946 [11],
and the first treatment of a patient occured eight years later in 1954. [12] Since then,
there have been many advances in the effectiveness of particle therapy delivery, and
much further interest in the use of various different ion species, with examples including
16
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carbon, helium, neon or silicon ions.
In hadron therapy, charged particles are accelerated to appropriate treatment energies
of 100 - 300 MeV/n and directed toward the tumour. Similar to photon radiotherapy,
these ions initially pass through healthy tissue to reach their intended target.
Where the key advantage of particle therapy lies, compared with photon radiotherapy,
is in its energy deposition pattern of penetration into the tissue. Photons will deposit a
continuous amount of energy into their surrounding matter as they pass. The photons
continue to deposit energy beyond the point of the tumour. An ion deposits the majority
of its energy in the Bragg peak, discussed below. This energy deposition comparison
is shown in Figure 2.1 (labelled as protons, but the Bragg peak occurs for all charged
heavy particles).

Figure 2.1: Graph compares energy deposition of conventional x-rays (”conventional” in
respect to radiotherapy treatments) and protons. Image from [13].

A Bragg peak for monoenergetic charged particle beams is the region where the
majority of the energy is deposited, which is restricted to a narrow depth range of
only a few millimetres of tissue. [15] The peak occurs due to the increase of the charged
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Figure 2.2: Imaging showing the difference between X-ray dose depostion and the more
localised proton therapy dose deposition in the spinal area. Image from [14].

particle’s cross section as its kinetic energy decreases, causing a peak of energy deposition
dE
within a localised area. This energy loss ( ) is described in the Bethe-Bloch formula:
dx

dE
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−
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(2.1)

where:
• z, Z and A is the charge of the ion, atomic mass number and atomic number,
respectively;
• ρ is the density of the stopping material;
• NA is Avogadro’s number (≈ 6.022 · e23 );
• v is the relativistic ion velocity, equal to v = βc;
• me is the mass of an electron;
(e)

• hEB i is an averaged ionisation energy for the material.
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The range of where the energy deposition occurs within the tissue can be controlled
by varying the energy of the initial ion beam; the higher the initial energy, the deeper
into the tissue the ions travel. Therefore, the healthy tissue on either side of the Bragg
peak (in particularly after the Bragg peak) will experience considerably less ionisation
damage than when using x-rays. For a further understanding of the process of energy
distribution, see Section 2.4.3 for a description of linear energy transfer, or LET.
Where conventional radiotherapy uses multiple beams to cover the shape of a tumour
with a cumulative dose effect at the crossing point of the beams, hadrontherapy can
extend the width of the Bragg Peak by using multi-energy beams to spread out the area
where dose is deposited; [16] this technique is called a spread-out bragg peak (SOBP).
In cyclotrons, the beam energy cannot be easily varied so this energy manipulation is
generally carried out using filters and magnetic selection systems before the beam reaches
the tissue, whereas in synchrotons the energy can be varied as required. [17] A SOBP
ensures a targeted dose distribution to the tumour alone and a conformity to the often
inhomogeneous shape of a tumour, with little healthy tissue at the far side of the tumour
being effected.
Whilst there is still some debate in the scientific community for a definitive answer as
to whether particle therapy is, in general, a superior method of treating tumours in comparison to traditional radiotherapy, [18] the current advantages over traditional photon
radiotherapy lie in the breadth of extensive research and development over time of delivery
systems with increasing accuracy (eg. image-guided radiotherapy, intensity-modulated
radiotherapy etc.). The advantages of hadrontherapy however lie in the intrinsic physics
of the energy distribution as explained above, which has already been proven to be a
superior treatment choice for particular cancers (eg. cancers in children, tumours in close
proximity to vulnerable organs, particularly radioresistant tumours etc). [19, 20] Therefore, with further scientific investigation and experimentation into hadrontherapy delivery
systems, more accessible particle therapy facilities could prove to be revolutionary in the
successful treatment of cancerous tumours.
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2.2.3

Laser-Driven Ion Acceleration

As the development of further hadrontherapy facilities is hindered by their costs,
there is interest in developing different ion acceleration systems to both allow for further
investigation into hadrontherapy effects, and to generate more accessible access to this
treatment. Due to the size of the facilities required in comparison to that of a traditional
particle accelerator, a tabletop laser-driven ion accelerator is a potential and promising
delivery method of ions for hadrontherapy. Acceleration methods are described in further
depth in Section 2.3; this section will discuss the interest in developing laser-driven ion
acceleration for the medical field.
A major difference between laser-accelerated and conventionally-accelerated ion beams
lie in the comparison of their dose rates and energy spectrum. Conventionally-accelerated
particle beams (ie. produced from a cyclotron or synchrotron) will produce a continuous
beam whilst a laser-accelerated beam will produce a pulsed beam. The length of the
laser-pulses necessary to accelerate the particles to a high enough energy is approximately
50 fs; however the particle beam can be temporally manipulated through the beamline,
allowing for the particle pulse to reach the target with a duration of approximately 1
ns. These pulses will deliver doses at a drastically increased dose rate in comparison to
conventional ion accelerators, with dose rates of up to 109 Gy/s for laser-acceleration
systems and only approximately 1 Gy/min for conventional systems.
It has been recognized that there is a significant expense in the building and development of current hospital-based proton-therapy systems, which increases significantly for
carbon ions. As an example, the gantry developed for the Heidelberg carbon ion facility,
Germany, weighs approximately 600 tons, is 25 meters in length and has a diameter of
approximately 15 meters. [17] There is a great cost differential between a traditional
particle accelerator and an all-optical particle accelerator. A typical traditional particle accelerator requires a main central accelerator, beam transportation channels, a full
magnetic gantry system to project the beam in the correct angle, a treatment room
and a treatment control room. IBA (Ion Beam Applications) [21], a world leader in
proton therapy technology, sells proton therapy centres for between $25 million to $125

20

Chapter 2

million. [20] A tabletop laser ion-accelerator does not require a beam transport system
and gantry, which is the major cost of a particle therapy centre. An additional cost
in a traditional accelerator facility is the radiation shielding required. A large amount
of shielding is necessary for a conventional accelerator due to the length of their beam
transportation channels. This can be largely reduced for a laser accelerator as the particle generation occurs at a close proximity to the patient, thus decreasing the length
that charged particles have to travel and therefore the distance across which they will
emit radiation. [22]
In addition to the known medical benefits of hadrontherapy and the more financiallyaccessible prospect of a laser-accelerated ion system, there is great scientific interest in
the prospect of exploring this concept.
The ultrahigh dose rate characteristic of laser-acceleration systems is known as the
FLASH regime. FLASH radiotherapy offers great potential to the medical physics field,
as recent studies have shown that the ultra-high dose rate has shown unique normal
tissue sparing effects that has the potential to lead to a higher therapeutic index in
cancer radiotherapy. [23, 24] Favaudon et al., 2014 confirmed that FLASH is effective
against tumour cells while causing little damage to normal tissue through an investigation
where mice were exposed to both a FLASH ultrahigh dose-rate (> 40 Gy/s) and a
conventional dose rate (6 0.03 Gy/s). [25] This was also confirmed in a proton therapy
study by Buonanno et al., 2019 using human tissue, where lung fibroblasts (IMR90) were
exposed to 4.5 MeV protons at various dose rates (from 0.05 Gy/s to 1000 Gy/s, relating
to conventional and FLASH dose rates respectively). The conventional dose rate was
found to cause significant long-term biological responses within the cells, whilst FLASH
dose-rates mitigated these effects. [26] Therefore, the development of a stable laserdriven ion acceleration source capable of providing FLASH radiotherapy could drastically
improve cancer treatments due its reduction of healthy tissue damage.
Current limitations of tabletop accelerators lie in the requirements for a beam delivery
system, to ensure reliable beam delivery. Factors that must be considered for its success is
that they must produce highly-reproducible and tightly focused ion beams, with a narrow
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and well-defined energy spread; [27] such a system has not currently been achieved.
Additionally, some other knowledge gaps lie in the consistency of beam stability and the
current lack of understanding of cellular interactions when cells are faced with ions at
high dose rates. Therefore, the intended dose to be delivered and dosimeter response
must be highly controlled and understood. A firm understanding of dosimetry is crucial
to understand the exact doses being delivered, particularly for cell experiments. (Chapter
5 discusses two laser-driven ion experiments where the effects of FLASH regime doserates were investigated, using 9.7 MeV protons and 10 MeV carbon ions to irradiate
various human cell tissues.)
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2.3

Particle Acceleration

There are a variety of methods of particle acceleration. Two avenues utilised within
the experiments covered in this thesis are conventional ion acceleration and laser-driven
ion acceleration. These both generate ion beams with the potential of a multiple of
uses, including medical. However, there are key differences in the properties of the ion
beams they produce. Conventional ion acceleration (described in Chapter 4) generates a
continuous ion beam of a relatively low dose rate, and laser-driven ion acceleration (used
in Chapter 5) will generate a pulse beam of ultra-high dose rate. Although conventional
ion accelerators are currently in use by the cancer-treatment community, as discussed
previously, the effectiveness of pulsed ions and ultra-high dose rates from laser-driven
acceleration has not yet been fully investigated with cells to proceed to their utilisation
in clinical trials.
For a particle accelerator to produce particles viable for cancer treatment, the particles
must [14]:
• Be able to travel deep enough into tissue to reach the tumour;
– A particle beam must be able to travel a range of at least 25-30 cm into a
patient, corresponding to patient-surface energies of 200-225 MeV protons
and 400-430MeV/n of carbon ions for deep-seated tumours. [19,28] This will
cover the majority of tumours for either paediatric patients or tumours near
sensitive regions (eg. ocular melanomas or tumours near the spinal column.)
• Have the ability to reach the tumour from any selected direction;
– With a laser-based acceleration system, the need for a vastly expensive gantry
is removed. This is because the laser can be redirected with mirrors to a
target that can be rotated around a patient. [17] The success of this technique
depends on how much space will be required for dosimetry systems and beam
forming to gain a dependable, accurate and effective ion beam, but regardless
will not require an expense comparable to the size and mass required for a
full gantry.
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• Reach a high enough beam intensity;
– As treatment times must be kept short (maximum of ≈ 3 minutes) due to
potential movement of the patient, it is crucial to ensure that each treatment
delivers a high enough fluence of particles to deliver an effective treatment
dose. Delivering an average volume of ≈ 1 litre with a 2 Gy in 1-3 minutes
requires of the order of 1012 protons, or 1010 protons per second. [27]
• Be able to reach the tumour with accuracy;
– Ensuring a high level of accuracy is particularly crucial in hadrontherapy
due to the steep dose profile of the particle’s Bragg peak, meaning that
a slight variation in intended depth of a particle can result in the Bragg
peak potentially missing its intended target. This could therefore result in
unwanted dose to healthy tissue and under-dosing of the tumour.
• Have the ability to verify and control the dose deposition;
– In current cyclotron facilities, dose monitoring is generally achieved by ionization chambers. These provide a linear and online response to dose, and
with a continuous flux (as is the case with traditional particle accelerators),
any unexpected dose fluctuation can be rapidly amended as it occurs. [27]
However, due to the pulsed nature of a laser-based accelerator, all potential
errors can only be determined after the patient is irradiated. This reason is
why beam reproducibility is such a key concern in the development of a laseraccelerated ion beam system. [29] This thesis focuses on the investigation of
dosimetry methods to be used in a laser-driven ion environment, and their
reliability under certain conditions.

2.3.1

Ionisation Mechanisms in Laser-Matter Interactions

When an intense laser pulse interacts with solid matter, there are numerous ionisation
processes that take place. The main regimes are multiphoton, tunnelling and barrier
24

Chapter 2

suppression ionisation. These ionisation processes take place within one laser pulse
ionization, but which process dominates depends on both pulse intensity and target
species.
Covering initially the key concept of any method of ionisation, the minimum electric
field required to free an electron from its bound state of an atom can be evaluated.
Considering the Bohr model of the hydrogen atom where electrons are considered to
orbit the nucleus in quantized shells around the nucleus, the Bohr radius a0 (the distance
in a hydrogen atom between the electron in its ground state and the nucleus) is given
by:

a0 =

4πε0 ~2
≈ 5.3 × 10−11 m ' 0.5 Å
me e2

(2.2)

where all terms are physical constants:
• ε0 is the permittivity of free space (≈ 8.854 × 10−12 F m−1 );
• ~ is the reduced Planck constant (≈ 6.582 × 10−16 eV · s);
• me is the mass of an electron (≈ 9.109 × 10−31 kg);
• e is the charge of an electron (≈ 1.602 × 10−19 C).
In order for a laser pulse to provide sufficient intensity to free an electron from the nucleus,
it requires an E-field greater than that holding the electron and nucleus together. The
base E-field strength that bonds the electron and nucleus together is given by:

E0 =

e
≈ 5.1 × 109 W/cm2
4πε0 a0 2

and the intensity of a laser can be described by Equation 2.5 [30]:
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I=

cε0 n 2
|E|
2

(2.4)

where c is the speed of light in a vacuum and n is the refractive index, then the intensity
intensity required to ionise an atom is:

I0 >

cε0 n 2 cε0 n
e
E0 =
(
)2 ' 3.5 × 1016 W/cm2
2
2 4πε0 a0 2

(2.5)

Therefore, a laser with intensity I0 greater than 3.5 × 1016 W/cm2 will guarantee that
some form of ionization will occur. Which ionisation regime will dominate, however, is
determined by the Keldysh parameter [31]:

r
γ=ω

2Eion
=
Ilaser

s

Eion
Φpond

(2.6)

Where Φpond is the ponderomotive potential of the laser field and is defined by:

Φpond =

e2 Elaser 2
2mωlaser 2

(2.7)

Where Elaser and ωlaser is the energy and frequency of the laser, respectively.
With this equation, there are two regimes:
• γ > 1 : The ionization processes are dominated by multiphoton ionization (MPI).
This is the case with relatively low laser intensities and high frequencies.
• γ ≤ 1 : At high laser intensity the ionization process will either be tunnelling
ionization or barrier suppression ionisation. In this case, the intense laser pulse will
produce a large electric field that will distort the atom’s potential well.
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These processes are described below in further detail.

Figure 2.3: Schematic showing the three different ionisation processes that can occur
in laser-matter interactions. Mechanisms shown are (a) multiphoton ionisation, (b)
tunnelling ionisation and (c) barrier suppression ionisation. Image from [32].

Multiphoton Ionization of Atoms
Photoionization of an atom can occur when it absorbs a single photon and the
photon energy is equal to or higher than the ionization energy of the atom. Multiphoton
ionization occurs when several low frequency photons are absorbed. These photons
individually have an energy below the ionization threshold, but combined they are able
to ionize the atom so that it is excited from its bound state into the continuum.
Generally, the more photons that are required to ionise the particle, within a timespan
shorter than the lifetime of the electron’s excited state, the lower the probability is of
MPI occuring. However, the high intensity of a laser pulse makes this process much
more probable, because a high volume of photons are present over an extremely short
timespan. [33]

Tunnelling Ionization
In the case of high intensity (Ilaser ≥ 1014 W/cm2 ) and high wavelength lasers, both
the processes of tunnelling and barrier suppression ionisation will dominate. In this case,
the laser field is strong enough to distort the Coulomb field. The Coulomb fields holds
the electrons within their orbit around the nucleus, and therefore a distorted field can
lead to ionisation resulting in the electron escaping this field.
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Quantum mechanics dictates that there is always a finite probability of an electron
tunnelling through its potential well when a barrier is present. However, in the case of
a distorted Coulomb barrier, as a result of the high intensity of the laser, the probability
is significantly increased. Therefore, in applying a high intensity laser pulse, tunnelling
becomes the dominant ionisation mechanism.
Tunnelling ionization is the case where the Coulomb barrier is suppressed, but is still
higher than the ionisation potential of the electron. In the case where the Coulomb barrier
decreases beyond the ionisation potential, this is called barrier suppression ionisation
(BSI).

Barrier Suppression
Barrier suppression ionisation occurs in the case where γ  1. The intensity of
the laser is higher than that for tunnelling ionization. In this case, the Coulomb barrier
is distorted to the extent of decreasing it below the ionization potential, causing the
immediate ionisation of the electron. These intensities are reached at the peak of the
laser pulse, and therefore BSI is the dominant ionisation mechanism at this point.
By using chirped pulse amplification (CPA) (See Section 3.1.2 for a full description)
to generate an intense laser pulse, the main pulse is generally preceeded by a pre-pulse
(a pedestal). This pre-pulse has a lower intensity than the main pulse, but still is able
to ionise the surface of the target before the main pulse arrives. In this case, the main
pulse interacts predominantly with plasma formed by the prepulse, rather than the target
surface itself.
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2.3.2

TNSA (Target Normal Sheath Acceleration)

Target normal sheath acceleration (TNSA) produces an ion beam as a result of the
laser-target interaction. The process will be described first, followed by the finer details.
Using a high intensity laser ( 1018 W/cm2 ) with a short pulse duration (30 fs - 10 ps)
to irradiate a target (at the effective critical density of approximately 1021 cm−3 , where
upon the laser pulse cannot penetrate the plasma), a population of hot, fast (ie. high
energy) electrons will be produced. [34] At the peak of the laser-pulse, the electrons will
gain kinetic energy and be accelerated forward through the target, normal to the target’s
surface. The electron kinetic energy allows them to escape the boundary of the target
to form a hot electron cloud around the target, which in turn leads to plasma expansion
on both the target’s front and rear surface. [35] This electron excitement will cause
the development of a Debye sheath at the rear of the target. The large electrostatic
field caused by space-charge separation in the electron sheath will accelerate positively
charged ions as they are attracted to the electrons’ negative charge.
The transverse size and magnitude of the electron sheath field depends on the lasertarget parameters. They were first experimentally measured in 2005 by Romagnani et
al. [36]. In this paper, laser pulses of ≈1.5 ps length and intensity 3.5 × 1018 W/cm2
focused onto metal foils were able to produce a peak longitudinal E-field of 4.5 × 1011
V/m. Since this first measurement, more work has been carried out in this area, and
now it is common to encounter Debye sheaths with E-fields of between 1012 -1013 V/m
depending on the total charge and distance over which it acts. [37, 38]
Accelerated ions will be formed from the rear surface’s hydrocarbon contaminant
layer, with protons undergoing the strongest acceleration out of all heavy particle types;
this is due to two main factors. Protons have both a high charge-to-mass ratio and a
low ionisation potential [40]. Therefore, they will generally ionise quicker than other ion
species. The high charge-to-mass ratio also means that they will encounter a greater
attractive charge effect from the Debye sheath, therefore causing a greater acceleration
for protons than that for larger ion species. It has been shown that the removal of the
hydrocarbon contaminants (of which is the largest source of the energetic protons) will
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Figure 2.4: Illustration of the TNSA mechanism at play leading to high energy ion
acceleration by a short high-power laser interacting with a metal foil target. Recreated
from information from [39] and [34]

suppress the proton generation but enhance the acceleration of ions originating from
within the target itself. [41, 42] Within this TNSA mechanism, ions will be produced on
both the front and rear surfaces of the foil. However, the sharp density interface at the
rear surface of the foil generates a considerably larger acceleration than for ions at the
front surface. [43]
The reach of the electrostatic Debye sheath length is determined by the Debye length
λD . The space-charge E-field produced by the sheath is given by:

E≈(

kB Te
)
eλD

(2.8)

where λD is described by:

r
λD =

ε0 kB Te
e 2 ne
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and ne and Te relate to the density and temperature, respectively, of relativistic electrons.
[44]
After this initial period of rapid ion acceleration, electrons will steadily transfer their
kinetic energy to the ions. This causes a gradual decrease in the charge separation field
until there is an equilibrium between the velocity of electrons and ions. This will halt
acceleration. Therefore, there is an inevitable “cutoff” energy, which is the maximum
energy of the ion beam. [43] The maximum proton energy (Eprot ) achievable for a peak
laser intensity (I0 ) is given by the following relationship:

Eprot ∝
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2.4

Radiobiology Background

As the overall objective of the work carried out for this thesis contributes to the ASAIL Project’s goal of developing a laser-accelerated ion beam system capable of treating
cancer cells, it is important to carry out experimental work to understand cell behaviour
at FLASH dose rates characteristic of laser-ion beams, which has not yet been widely
investigated. This section describes the death mechanism of cells, the fundamental
processes of dosimetry and the description of relevant terms within dosimetry.

2.4.1

Cell Death under Radiation

When targeting cancerous cells, the goal is to kill the cells whilst minimising risk
of causing further viable cell death. There are two distinct mechanisms of cell death
caused by radiation: apoptosis, or “programmed cell death”, and radiation-induced reproductive failure. [45] The two classes of damage of a cell’s DNA are single-strand
breaks (SSBs) and double-strand breaks (DSBs), the “strands” referring to the sugar
phosphate backbones that make up the helix of DNA. SSBs often do not necessarily
lead to the death of a cell, as the cell can usually self-repair using the opposite strand’s
protein as a template upon which to mend the damage. However, for a DSB, a section
of the cell’s DNA coding is lost. Therefore, DSBs create significant damage that leads
to cell death, because the cell is unable to repair itself. It either results in cell death or
a cell mutation. Therefore, DSBs are the ideal radiation damage type for killing cells in
radiotherapy. A diagram of these breaks is shown in Figure 2.5.
Direct and Indirect Action
If any form of ionizing radiation is absorbed in biological material, there are two main
interaction mechanisms that can take place to cause cellular damage: direct and indirect
action.
With direct action, the radiation interacts directly with the atoms within a DNA
molecule. This disrupts their molecular structure, through either directly ionizing the
atoms or exciting them, initiating a chain of events that lead to a biological change. [47]
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Figure 2.5: Visualisation of a single-strand break and a double-strand break of a section
of DNA. Image from [46].

This results in cell damage, cell mutation or potentially cell death. Direct action is more
prominent in high-LET radiation, as discussed below in Section 2.4.3, due to the higher
amount of ionizations within a localized area than low-LET radiation.
Indirect action occurs when radiation strikes water molecules within a cell, generating
free radicals such as hydroxyl (HO•) and alkoxy (RO2•). [48] Free radicals are extremely
reactive as they contain an unpaired orbital electron in their outer shell, and thus they
will react with DNA molecules. This reaction causes molecular structural damage, which
will impair the function of the cell or lead to cell death. Investigations have shown that
the majority of radiation-induced cellular damage is caused through indirect action due
to the high water content of cells (approximately 70%); however, it is direct action which
leads to a higher degree of cell death. [49] Two separate laser-driven ion experiments
were carried out as part of this thesis and are discussed within Chapter 5, where the
biological effects of high-LET radiation upon cells was investigated.

Fractionation
A challenge in causing targeted cell death of cancer cells is the radioresistance of
particular cancer cells. The variability of a cell’s radioresistance may be due to the cell’s
cycle phase and/or the positioning of the cell within the tumour.
• A cell’s radioresistance depends on its cycle phases. A cell is most radiosensitive in
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the G(2)-M phase (mitosis stage), less sensitive in the G(1) phase (Growth phase 1)
and least sensitive during the latter part of the S Phase (sythesis phase). [46] [50]
• Cells in a hypoxic environment are more radioresistant by about as 2-3 times of
that in a well oxygenated environment. The centre of a tumour is more hypoxic
than the edges of the tumour because of the reduced number of blood vessels
supplying the centre with oxygen. These conditions have been replicated in the
ASTRA-GEMINI experiment (see Chapter 5) using cells in hypoxia chamber.
Therefore, the optimal clinical treatment over a full course of radiotherapy or hadrontherapy treatment of a tumour requires a fractionated approach: - multiple treatments
across different sessions accounting for different cells’ differing levels of radiosensitivity. An experimental approach to investigating radiosensitivity is discussed in Chapter 5,
where the radiosensitive cell line GBM is exposed to a dose from 10 MeV/u carbon ions
for multiple biological assays.

2.4.2

Fundamentals of Dosimetry

Dosimetry is the method of measuring dose absorbed by a material from ionising
radiation. Generally this material is tissue, or a tissue-equivalent material. Dose can be
measured both in-vitro and externally. The dosimeters utilised in this thesis are external
dosimeters, and are used to determine the dose deposition of the ion beams utilised in
the experiments discussed in Chapters 4 and 5. The full description and mechanisms of
these dosimeters is given in Section 3.4.
A key additional tool in planning experimental campaigns and in assessing dose
distributions is dosimetric modelling. Simulations are carried out for different particle
types and matter through which the particles traverse. The GEANT4 toolkit [51] is
one such Monte Carlo modelling method that is widely used by the medical physics
community. Simulations allow for adaptations of different setups and geometries of
laser-driven ion acceleration experiments, and can provide the user with details of the
pulse, such as dose delivery predictions, pulse duration and pulse energy spectrum at
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different points of the setup. GEANT4 simulations were used for planning experiments
described in more detail in Chapter 5.

2.4.3

Linear-Energy Transfer (LET)

The linear-energy transfer (LET) of a particle is a measure of the energy that an
energetic particle deposits into its surrounding area of volume per unit distance. Different
forms of radiation will release their energy at different rates, as each charged particle’s
LET value will depend on its mass, kinetic energy and the density of the material through
which the particle traverses. The higher a particle’s LET, the more energy it will transfer
to its surrounding volume, and therefore, a more massive and slower ion has a higher
LET than a lighter, faster ion. The energy loss is described through the Bethe-Bloch
formula (Equation 2.1) discussed in Section 2.2.2. Therefore, the LET (L∆ ) can be
considered as the energy differential (E∆ ) per unit path length (dx):

L∆ =

E∆
dx

(2.11)

Due to the higher energy deposited in a shorter distance travelled within a medium
of a high LET particle than a low LET particle, high LET particles will cause a higher
degree of localised damage than a low LET. This is because of the higher probability
for higher LET particles to cause DSBs in the cells due to the increase of ionisation
occurring in a smaller volume. This can be visualised through the schematic of Figure
2.6, which visually demonstrates the greater degree of localised ionisations, and therefore
damage, for high LET radiation in comparison to low LET radiation.
There are two forms of LET: restricted and unrestricted. Equation 2.11 shows the
relationship of Restricted LET, where dE∆ is the energy loss of the charged particle due
to electronic collisions whilst travelling through a distance dx. Restricted LET relates to
the emission of secondary electrons with sufficient energy to travel far from the primary
particle track. Unrestricted LET occurs when the ∆ tends towards infinity. In this
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Figure 2.6: Visualisation of the ionizing effect of low-LET and high-LET radiation upon
cells. Each of the asterisks symbolise an ionization event; it is clear that the ionizations
are more frequent and more localised for the high-LET radiation. Image from [52].

case, all energy transfers are considered and included in the calculations. Therefore,
for Unrestricted LET, the particles’ LET is equal to the value of the linear electronic
stopping power.

L∆ = S(E) = −

dE
dx

(2.12)

Equation 2.12 is used for heavy ions, as the energy dissipation of secondary electrons is
negligible compared with the magnitude of the primary particle track.
The stopping power of a particle is the impeding force acting upon it due to interactions within the matter it traverses, resulting in the particle’s energy loss. This
relationship between a particle’s energy can be seen in Figure 2.7 from M.Krim et al.
(2009) [53]. The graph shows two aspects of a charged particle’s energy distribution:
the decrease in kinetic energy of a proton as it traverses through matter, transferring
E(X)
its energy to its surroundings as it travels (E(X)), and the stopping power (
)
dx
showing the pattern of the particle’s energy deposition in relation to its cross-sectional
area as it passes deeper into the tissue.
Another key parameter of a beam that can be measured in conjunction with the
particle’s LET to further characterise the beam is a beam’s particle fluence. The fluence
(Φ , J/m2 ) is defined by the International Commission on Radiation Units and Measure36
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Figure 2.7: Stopping power SP (MeV/cm) and Energy E (eV) against depth in matter
X (cm), of a proton with incident energy of 5 MeV. Data from [53].

ments (ICRU) [54] as the quotient of dN by dA, where dN is the number of particles
incident on a sphere of cross-sectional area dA:

Φ=

dN
dA

(2.13)

Knowing the fluence of a particle beam and its incident energy, assuming a monoenergetic
beam, the energy at the initial contact with the medium can be evaluated, and therefore
the dose.

2.4.4

RBE (Relative Biological Effectiveness)

Within radiobiology, the relative biological effectiveness (RBE) is the ratio of biological effectiveness of one type of ionizing radiation relative to another while causing the
same effect. LET is a major factor in influencing the RBE of a material, whereas other
factors include dose and tissue type. [55] It is a useful measure to consider rather than
simply using dose as a measure of the biological effect of radiation on a cell. In theory
both high LET and low LET sources of radiation can cause the same level of biological
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effect if the dose is suitably reduced or increased, respectively, in accordance with the
particle’s RBE:

RBE =

Dx
DR

(2.14)

Where DX is a reference absorbed dose of radiation and DR is the absorbed dose of
a separate radiation that causes the same degree of biological damage. In the case of
radiotherapy treatment, the DX reference dose is that of 250 keV X-rays, and DR is the
dose of the treatment beam.
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3

Experimental Tools and Techniques

This chapter describes the dosimetry methods used, the techniques for their analysis,
and the acceleration systems used for experiments presented in this thesis. The dosimetry techniques discussed are radiochromic films (RCF) (particularly EBT3 and HD-V2)
and Columbia Resin #39 (CR39), and their analysis techniques. Two conventional accelerator methods are covered: the LNS Cyclotron and LNS tandem accelerators (both
utilised for the experiments described in Chapter 4), and two laser systems are described:
LULI2000 and Astra-Gemini (used in two separate experimental campaigns described in
Chapter 5.)

3.1

Introduction to Laser Systems

The first laser was developed by Maiman in 1960 [56] using a pulsed light source
to excite a 2 cm length x 1 cm diameter cylinder of synthetic ruby as a gain medium
to produce a short flash of light; this short flash was described as an intense, very
narrow beam of light of a single wavelength. [57] These characteristics (i.e. a coherent
monochromatic intense beam of light) are what define a laser’s output. Since then, the
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laser technology development and therefore the laser intensities achievable have increased
dramatically. For example, the laser output energy of Maiman’s laser was 50 mJ - 0.5
J per shot with average powers during the pulse of 2.5 - 25 kW [58], whereas lasers
now are capable of reaching petawatt powers. Techniques developed to increase the
available power of a laser system include Q-switching, mode-locking and chirped pulse
amplification (CPA).

Q-Switching
Q-switching is the technique used to produce a pulsed laser beam rather than continuous. First developed in 1961-62 [59], the condensed pulsed beam (typically of the
order of nanosecond duration) that q-switching provides allows for the production of
extremely high peak power. It is carried out through the use of a variable attenuator
within the laser’s optical resonator. When this attenuator is active, it corresponds to a
decrease in the Quality factor (or “Q-factor”) of the resonator, and therefore lasing does
not occur. When it is not active, the gain from low to high Q-factor results in lasing,
and therefore pulse durations can be controlled with the operation of this attenuator.

Mode Locking
The process of mode locking enables a broad bandwidth laser to generate femtosecond pulses. With this technique, the phases of the longitudinal modes are locked so
that constructive interference occurs periodically, resulting in intense periodic ultrashort
pulses with a repetition rate corresponding to the cavity round-trip time. This process
can be seen in Figure 3.1.
The limitations in achieving ultra-high intensities using only mode-locking lies in the
associated high fluence; at such high fluences, the beam can damage the optics within the
system through the high E-field it will generate and can surpass the damage threshold of
the gain medium. For this reason, the maximum intensity that a mode-locked laser can
achieve is 1016 W/cm2 , and thus chirped pulse amplification was developed to amplify
the laser to ultra-high intensities without damaging the system. These limitations are
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discussed in further detail below.

Figure 3.1: Mode locking schematic showing the principle behind utilising constructive
interference to generate intense repetitive pulses. [60]

3.1.1

Non-linear Damage caused by High Pulse Intensities

High intensity laser pulses are prone to produce non-linear effects and beam distortions which can lead to damage to optical components in the laser system. This
damage is due to the high fluence and peak powers associated with short duration laser
pulses. Effects include self-focusing and self phase modulation, which limits the maximum intensity that a laser can reach without modification. Therefore, corrective laser
technologies to overcome these non-linear effects whilst attaining ultra-high intensities
have been developed, including the method of chirped pulse amplification (see Section
3.1.2 below).
To discuss the damage mitigation in further depth, the cause of the damage first
needs to be clearly defined. Damage arises because the input fluence necessary to extract
the stored energy efficiently from laser amplifier has to be on the order of the saturation
fluence (Fsat ):

Fsat =
41

hν
σ

(3.1)
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Where h is Plack’s constant, ν is the laser frequency and σ is the emission cross section.
For reference, the saturation fluence (saturation energy per unit area) for most solid
laser materials is between 1 J/cm2 and 6 J/cm2 (for Ti:sapphire and Nd:glass lasers,
respectively). [61]
It is not possible to amplify picosecond pulses to this level because their high intensities can induce a change in the refractive index of the lasing medium, that is proportional
to the beam intensity. This is a nonlinear effect, called the Kerr effect, and is shown by
the following:

n = n0 + n2 I

(3.2)

Where n is the total refractive index, n0 is the refractive index with no laser beam present
and the intensity-dependent refraction index term n2 I is the second-order nonlinear
refractive index n2 multiplied by the beam intensity I. [62] The central high intensity
region of the beam will experience a higher refractive index than the outer edges, causing
a self-focusing of the beam, which in turn can damage the optic. The effect is measured
by a parameter known as the B integral:

2π
B=
λ

Z

l

n2 I(z) dz

(3.3)

0

where λ is the wavelength of the light, l is the propagation length, and n2 I(z) is the
nonlinear change in refractive index along the laser axis z. The B integral describes
the nonlinear phase shift, and therefore the resulting wavefront distortion induced in the
beam, which causes eventual damage to the amplifer. [61]
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3.1.2

Chirped Pulse Amplification

Chirped Pulse Amplification (CPA), first introduced into the laser research community in 1985 [63], is the technique for amplifying a short pulse to an extremely high
peak power level, enabling the peak power to reach the petawatt regime. The aims of
ultrashort pulse amplification are to reach an ultrahigh intensity at the target (Ipeak ) by
increasing the pulse energy (E ) whilst decreasing the beam area (A) and pulse length
(δt) [64]:

Ipeak =

E
Aδt

(3.4)

CPA does this via a three-stage process: stretching the pulse, amplification and
compression, as illustrated in Figure 3.2 and discussed below.

Figure 3.2: Schematic of chirped pulse amplification showing each of the three stages.
Image from [65]
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Step One: Stretching the Pulse
Dispersive stretching optics (such as diffraction gratings) produces a frequencydependent phase function β(ω) to temporally disperse the pulse by a factor of 1,000
to 100,000, producing a chirped and stretched pulse. The stretching of the pulse allows
more energy to be extracted from the amplifer system than would be possible for a short
pulse. The stretchers introduce a group velocity dispersion (GVD) to the pulse where:

GV D =

∂ 2k
∂ 2k
,
where
6= 0
∂ω 2
∂ω 2

(3.5)

The non-zero GVD is what provides the chirped pulse. It results in a longer duration
of either increased or decreased frequency with time (relating to a positive or negative
GVD) as it propagates through an arbitrary point in space. This temporal stretch reduces
the peak intensity to below the level that would cause nonlinear damage. [65]

Step Two: Amplification and Gain Narrowing
The second step is for the temporally dispersed beam to undergo amplification
through an energized solid-state gain medium, such as Ti:sapphire or Nd:glass. [66]
The pulse is amplified by 6 to 12 orders of magnitude from the nJ to the mJ-kJ level.
Due to the previous stretching of the pulse, the pulse now has a low enough power to
be amplified without exceeding the damage threshold of the optics or gain medium.

Step Three: Compression
The final stage is to re-compress the now-amplified pulse by using the same stretching
ratio as close to its initial value as possible. [67] This is shown by the following phase
equations, where in theory the ideal stretcher-compression system would have conjugate
phase functions:
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βstr (ω) = − βcom (ω)

(3.6)

where βstr (ω) and βcom (ω) are the phase functions induced by the stretchers and compressors, respectively. However, in particular for very large stretching and amplification
necessary for the production of TW pulses, the compressor’s phase function has to
account for phase differentials across the system (including amplifiers, mirrors and waveplates.) Therefore the phase functions in reality are shown by the following:

βstr (ω) = − [βcom (ω) + βsys (ω)]

(3.7)

Where the previously induced chirp ∂ = βstr (ω) + βcom (ω) + βsys (ω) should equal 0.
[61] In realistic experimental settings however, this is minimized as much as possible using
the compressor, but there will always be a small unintentional phase difference between
the newly-generated laser pulse and the post-compressor pulse due to the complexity of
each system.
Therefore following the CPA technique, the pulse is returned to its original ultra-short
duration, but now will have an extremely high peak intensity.
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3.2

High Power CPA Laser Systems

The experiments discussed in Chapter 5 were carried out employing the following
femtosecond high power laser systems: LULI2000 and Astra-Gemini. These systems are
described below, while the specific parameters used in their corresponding experiments
are covered in Chapter 5.

3.2.1

LULI2000

LULI (Laboratoire d’Utilisation des Lasers Intenses) is a large scale research facility
located on the campus of the École Polytechnique, Paliseau. The LULI2000 system
differentiates itself in the high-energy density physics field due to both the coupling of
short (ps) and long (ns) high energy laser beams, and the availability of auxilary beams
for pump-probe experiments. [68]
The LULI2000 laser hall contains two high-power single pulse Nd:glass laser chains;
simply named ”NORTH” and ”SOUTH”. Both of these beams are capable of delivering up to 1 kJ at a wavelength of 1.053 µm for ns pulses, when implemented in the
”nano2000” configuration. A 10 Hz laser allows for the fast diagnostics alignment, but
the repetition rate of the configuration itself allows for only 1 shot per 90 minutes. [69]
The laser’s SOUTH chain, when implemented in the ”pico2000” configuration, uses
CPA and compression of the beam by a factor of 1000, allowing the laser to operate in
the ps regime. In this case however, the energy delivered is limited to ≈ 100 J in 1 ps
(1 TW) to avoid damage to the gratings. [69]
Two additional moderately energetic beams are available mainly to increase laserbased diagnostic capabilities (such as Thomson scattering) of the facility, and also to
allow for pump-probe experiments. These two beams are known as the ”blue” chain,
capable of delivering ≈ 50 J in ns pulses, and the ”black” chain, capable of delivering ≈
10 J in 1 ps. The NORTH, SOUTH and blue chains are able to deliver frequency-doubled
pulses ( 2ω), and all chains are equipped with adaptive optics.
There are four independent laser oscillators available in operation, which allow users
to manipulate the pulses’ temporal shape. When utilised in the nanosecond regime,
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these pulses can be shaped over a duration of ≈ 1-15 ns.
Within the LULI2000 facility there are two target areas: Experimental Area 1 dedicated to the pico2000 configuration, and Experimental Area 2 dedicated to the nano2000
configuration. The experimental work in Chapter 5 took place in Experimental Area 1
(seen in Figures 3.3 and 3.4).
The three beamlines available at the pico2000 configuration in Experimental Area 1
are the NORTH beam (offering 800 J in 1.5 ns at ω), the SOUTH beam (offering 100
J in 1 ps at ω) and the blue beamline (offering 50 J in 1.5 ns at ω). The target vacuum
chamber (named ”MILKA”) within Experimental Area 1 is a 7.5 tonne steel exterior
with a diameter of 2 metres. It has an internal vacuum of 10−2 mbar (10−4 Pa) which
can be reached after 30 minutes of pumping. [69] The exact experimental conditions
used in Chapter 5 are discussed within Section 5.3.1.
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Figure 3.3: Image of Experimental Area #1 in the LULI2000 facility. Photo from [70].

Figure 3.4: Image of the target chamber, ”MILKA” within Experimental Area #1 in the
LULI2000 facility. Photo from [70].
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3.2.2

Astra-Gemini

The Astra-Gemini (often simply Gemini) laser system is a petawatt class laser system
located at the Central Laser Facility (CLF) at the Rutherford Appleton Labratory (RAL),
UK. Gemini’s first experiments were able to be carried out in 2008. It is an extension of
the Astra laser, where the beam is split into a two-beam petawatt class laser after further
amplification and compression from the initial single beam 10 TW system. This split
into two is where Gemini derives its name, as ”Gemini” originates from Latin, meaning
twins. Both beams can each enter the target chamber simultaneously. The two-beam
approach for Gemini enables the possibility for a combination of long and short pulses,
different focal lengths, variations in relative timing and mixed polarisations due to both
beams being independently configurable, thus allowing for a wide range of experimental
setups. [71]
Through temporal compression, each of Gemini’s beams can deliver 15 J to target in
a pulse of 30 fs (ie. a peak power of 0.5 PW), and the maximum focused intensity from
one beam is of the order of 2 x 1021 Wcm−2 Gemini also has an extremely high shot
rate for such a high-powered laser at one shot every 20 seconds. This, coupled with the
ultrahigh intensity this laser is capable of reaching, means that Gemini is a unique laser
system and one of the most intense in the world (with a joint energy of 30 J on target
when using both beams together.)
Once the amplified beam from Astra is directed to the Gemini laser area, where its
stretched to 50 mm and split into the the two separate beams, the two are directed to
each amplifier table. The Gemini amplifiers each have a Ti:sapphire crystal 90 mm in
diameter and 25 mm thick, which makes it possible to achieve an output energy of 25 J
when the amplifiers are pumped with 60 J of light at 527 nm. To protect the amplifiers
from energy losses caused from light emitting spontaneously in the crystal, the crystals
absorb only 90% of the pump energy as it passes through. This therefore leads to a
relatively homogenous distribution of energy within the crystal, meaning that regions
forming with very high gain at the crystal faces are avoided. This additional 10% of the
pump energy is returned to the crystal using mirrors, where upon 90% of the light is
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then absorbed. Therefore, a total of 99% of the pump energy can be absorbed by the
crystal, yet deposited as uniformly as possible within the gain region. [72] After the final
pass, the pulse can reach an energy of up to 25 J. The 50 mm beam is expanded to 150
mm diameter, and then sent to the pulse compressor.

Figure 3.5: Photos taken from the inside of the Gemini Experimental area, with the
left showing the experimental room and the right showing the Gemini amplifiers. Both
images from [71].

The Gemini pulse compressors comprise of three main optics; two gratings and a plane
mirror. The larger grating is 265 x 420 mm, whilst the smaller grating is 320 x 205 mm.
Both are generated holographically with 1480 grooves/mm and are coated with gold.
The plane mirror is coated with a protective silver layer for both increased reflectivity
and damage resistance. The beam is then compressed and sent to the experimental area
using three steering mirrors, and the pulsed beam is ready to use.
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3.3

Particle Acceleration Methods

To increase the energy of ions to a desired energy range and control their trajectories, a particle accelerator can be used alongside focusing tools to create an environment
where highly energised ions are focused on to a target. Two separate types of particle acceleration are discussed: two types of ”conventional” particle accelerators used
in numerous medical and research applications across the world (currently over 30,000
traditional accelerators worldwide [5]), and ion acceleration based on laser-target interaction.

3.3.1

Tandem Accelerator

In general, a tandem accelerator is a linear accelerator that operates by using negative
ions to utilise a same-terminal potential difference twice (hence the term ”tandem”).
From the sputtering negative ion source, negative ions with a charge -e are initially
accelerated through a pressure tank by a positive terminal voltage V, to an energy eV.
The ions then travel through an electron stripper, generally a thin foil (eg. Carbon
or Aluminium) or a gas jet, which strips n+1 electrons from them, which results in a
positively charged ion. This ion is then accelerated through a negative terminal voltage
to ground potential, leaving the ion with an energy n+1 eV. Using this mechanism, a
positively charged, high energy ion beam is generated. This is visualised in Figure 3.6.

Figure 3.6: Simplified schematic of the design of a tandem accelerator. Diagram recreated from [73].
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In the case of the INFN-LNS tandem accelerator utilised in the low-energy ion experiment described in Chapter 4, built in 1983, this is carried out by the use of a Pelletron
system. [74] A Pelletron system comprises of a chain made from metallic conductive
cylinders (or, ”pellets”), connected via nylon structures, which are used to transfer the
ions to the terminal with high efficiency and reliability. This Pelletron system, as opposed
to the previously used charged belt system prior to this upgrade in 2016, offers a much
greater stability in terms of charge carrying reliability and efficiency, and also can operate
at a much higher velocity than that of the charged belt system. With this system, the
LNS-INFN Tandem can produce heavy ions with energies reaching 200 MeV. [74]

Figure 3.7: The external of the
INFN-LNS Tandem. Photo sourced
from [74].

3.3.2

Figure 3.8: The internal of the LNS-INFN
Pelletron system showing the chain of pellets
that transport the ions from source to ionisation chamber. Photo sourced from [74]

Cyclotron Accelerator

A cyclotron is a particle accelerator that accelerates charged particles on a circular
spiral trajectory. The particles are kept stable in this trajectory using a static magnetic
field and are accelerated through a rapidly varying electric field. The positive ions are
injected from their source into an acceleration chamber, where the ions will accelerate
radially due to the presence high-frequency electrical field. When the ion beam energy
peaks (and therefore the orbit of the ions are at a maximum), they are magnetically
extracted from the chamber and sent to an experimental room.
The first cyclotron was designed by E. O. Lawrence from 1929-1932 [75]; the original
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patent diagram can be seen in Figure 3.9. This original cyclotron was capable of producing protons of 1.25 MeV, and only a few years later, another cyclotron (the ”Crocker”
cyclotron, University of California) was built in 1939 with the capability of delivering 20
MeV protons. [73] It can therefore be seen that as scientific interest in using cyclotrons
to generate high energy particle beams developed, so too did the capabilities of reaching
higher energies of charged particles.

Figure 3.9: Draft of the cyclotron in the original patent from 1932, designed by E.O.
Lawrence. [75]

The LNS-INFN Superconducting Cyclotron K800, in LNS Catania (named ”Superconducting” due to the two series of superconductive bobbins held at a temperature of
4.2K which provide the intense magnetic field values necessary to direct the ions), where
upon the high-energy ion portion of the experiment described in Chapter 4 was carried
out, is capable of reaching energies of 80 MeV/u for lighter ions and 20 MeV for much
heavier ions. [76]
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3.3.3

Laser-driven Particle Acceleration

As described in Section 2.3.2, charged particles can be generated when a focused
laser beam strikes a thin foil target through the TNSA mechanism. Through PW laser
pulse interactions, multiple experimental groups have been able to produce high energy
protons with energies of several tens of MeV. [77–79]
Other laser-ion acceleration mechanisms include radiation pressure acceleration (RPA)
which appears in two distinct modes according to the thickness of the irradiated solid
targets; the light-sail regime for ultrathin foils and hole-boring regime for thick targets.
If the target is an ultrathin foil, the ions of the foil can be accelerated continuously
as a sail as they move together with the charge-separation field; this process is known as
the light-sail regime. [80] Theoretically shown through simulations, the light-sale mode
of RPA can result in ions accelerated to the order of GeV. [81–86] With a thick enough
solid target, the hole-boring regime of RPA occurs. Within hole-boring, the ions of
this thick solid target can be accelerated layer by layer to achieve a kind of volume
acceleration. [87]
TNSA, however, dominates for typical interaction conditions, and therefore it is the
acceleration method within the laser-environment experiment carried out in Chapter 5
with the LULI laser facility. However, TNSA generally offers a low particle density, a large
divergence and a large energy spread of the ion beams it produces, posing significant
limitations for many of the potential applications - including hadrontherapy. [88] RPAproduced ion beams however are predicted to be a potentially promising route for accelerating high fluences of ions quasi-monoenergetically to relativistic energies (GeV/nucleon
range) more efficiently compared with TNSA. [84, 89, 90] Therefore, the robust understanding of dosimetry in a high-intensity laser environment must initially be secured so
as to ensure reliable dosimetry methods in circumstances such as laser-ion acceleration
development experiments.
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3.4

Dosimetry Methods and Diagnostics

Understanding the energy distribution of an ionising beam is key to fully understanding the effect that a beam will have on tissue. Several different dosimetric techniques
have been explored within this thesis in terms of their compatibility with particular experiments, and with each other. The use of more than one dosimetric technique within each
experiment is key to gaining a more robust understanding of a beam’s characterisation
and therefore the dosimetry of the beam-media interaction, as different dosimeters will
offer different information. This section describes the dosimeters used for the experimental campaigns described in this thesis.

3.4.1

Gafchromic Radiochromic Films

Gafchromic Radiochromic Films (RCFs) are passive dosimeters that can be placed
directly in the path of the beam to gain information on the dose of an incoming energetic beam’s ionising energy distribution when interacting with the media through which
it traverses. RCFs are self-developing films which darken following the application of
incoming ionising energy due to a chemical polymerisation process within the films’ active layer. The degree of darkening, or ”optical density”, can be correlated with the
amount of ionising energy that has been deposited within the layer. The darker the
colour change, the greater the dose deposited. Information gained from using RCFs
can be used to evaluate the dose distribution, provided the calibration is known for the
optical density corresponding to the dose delivered in that particular medium.

Figure 3.10: RCF Scans from experiment described in Chapter 4; separate EBT3 pieces
irradiated by 75 MEV/n Oxygen ions accelerated by the LNS-INFN Cyclotron, for varying
lengths of time (the longer the time, the greater the dose delivered). Images show the
increasing optical density of the RCF associated with higher doses.
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The polymerisation that occurs in the RCF under application of ionising radiation
due to the crystalline diacetylenes within the active layer. In the case of EBT film
(described below), the diacetylene monomer used is the lithium salt of pentacosa-10, 12diyonic acid (LiPCDA). [91] These crystals become fixed in orientation during the active
layer’s manufacturing process, meaning that it is important to ensure that the RCF are
scanned with the same orientation as when they were irradiated. Under irradiation, the
active layer undergoes polymerization via a free-radical mechanism, where the incident
ionizing particle reacts with the diacetylene LiPCDA layers to form dense cross-linked
polydiacetylene chains, which in turn exhibit the blue colour. [92, 93] Therefore, these
monomers can be considered as ‘sites’ of potential polymer activation, and the optical
density correlates with the dose deposited in the layers.
The RCF is considered to be saturated once the application of dose has reached a
point where further application does not lead to any further change in optical density.
Saturation occurs when no further polymerization can take place within the active layer,
and thus no difference in signal can be read. The saturation point is different for each
RCF type, depending on the sensitivity of the film, which in turn depends on both the
chemistry of the active layer and/or its thickness.
As discussed further in Chapter 4, there is an apparent under-response in RCF optical
density response when undergoing irradiation from heavy charged particles as opposed
to photons. This difference in response is considered to be due to the difference in LET
of these particles, and is investigated within Chapter 4. Due to the high cross-section
of a high LET particle, more interactions occur between the incident ion and the active
layer’s monomers within a localised area than for a low LET particle. It is predicted that
this increase in localised interactions can cause premature polymerization of surrounding
activation sites, and thus create the underresponse in optical density signal. [8]
The two types of RCF used for the studies presented in this thesis are EBT3 and
HDV2, although information on EBT2 (an older generation RCF of EBT3) is also included as it was utilized in previous experimental campaigns that form the basis of experiments in this thesis. The absorption spectrum for EBT3 and HDV2 have typically two
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peaks in the visible region that lie within 583-676 nm [93]. During imaging processing
utilising the red colour channel leads to the highest sensitivity and contrast. [93]

EBT2 and EBT3
Gafchromic EBT2 and EBT3 films are sensitive to 0.1 - 12 Gy doses [94], which is
relevant to radiobiology and radiotherapy. They are traditionally used in x-ray experiments as their darkening responses to photons are well understood. However, their ease
of use and high spatial resolution also makes them ideal for ion experiments, although
their darkening responses to particles rather than photons has not been as thoroughly
investigated. This thesis shows that, with the appropriate calibration dependent on a
particle’s LET, dose can be accurately measured for ion experiments using EBT3.
Both EBT2 and EBT3’s geometry consists of three layers; protective over- and
under-laminate polymer substrates, and an active layer (comprised of two layers of microcrystalline diacetylene suspended in gelatine, as described above) in the centre, where
the polymerisation under irradiation occurs.

Figure 3.11: Schematic of the structural layout of EBT2, EBT3 and EBT3-Customised.
Arrows represent the desired direction of the incoming photon/particle irradiation.

Within the experiments in this thesis, the accelerated particles are often relatively low
energy, and thus have a high LET. This means that there is a risk in using standard EBT3
of a significant fraction, if not the majority, of the particles’ energy to be deposited within
the initial overlaminate area. Therefore, a customised version of EBT3 was also used
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whereby this top layer was removed, ensuring that any energy deposition by the particle
beam in the air-film barrier is accurately recorded. The removal of this layer means that
the active layer is vulnerable to damage and that the EBT3 is no longer waterproof,
therefore care must be taken when handling customised EBT3. The dimensions of the
outer substrates and active layer for EBT2, EBT3 and a customized unlaminated EBT3
can be seen in Figure 3.11.
The response of Gafchromic EBT3 is well known for photon experiments, and therefore EBT films are commonly used in X-ray dosimetry experiments. However, an experimental campaign carried out by Reinhardt et al. in 2015 showed that when using EBT2
films for charged particles rather than photons, there was an under-response in the films’
optical density for the same dose delivered. [8]
This was initially investigated by Reinhardt et al, 2015 in the case of low energy
proton and carbon ion beams. In this case, the dose is underestimated in the region
of the Bragg Peak. As this under-response does not occur for high energy protons (of
> 10 MeV), and the response of the film to both photons and high energy protons are
indistinguishable, it can be hypothesised that this difference is due to the different LET
values of the incoming particles. This hypothesis is the basis of the first experimental
campaign described in Chapter 4.

HD-V2
HD-V2 is another type of RCF, but one which is much less sensitive to dose than
EBT3; it is sensitive between the ranges of 10 - 1000 Gy. It has the same chemical
composition as EBT3 and EBT2, therefore it too will darken with the application of
ionising radiation. Similar in structure to the customised EBT3, it has an asymmetric
composition and the active layer is exposed. Its approximately 12 µm active layer is
coated onto a 100 um protective polyester substrate, with no protective layer. This
thinner active layer in comparison to EBT3’s 30 µm active layer makes it significantly
less sensitive to dose, and therefore useful in cases where a large dose would saturate
EBT3.
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Figure 3.12: Schematic of the structural layout HD-V2. Arrows represent the direction of
the incoming photon/particle irradiation. Thickness dimensions from Gafchromic HD-V2
Specification Manual. [95]

RCF Dose Rate Dependence
The manufacturing specifications for EBT3 state that the films can be considered
dose rate independent, as there is a < 5% difference in signal when exposed to 10 Gy at
dose-rates of between 0.006 - 0.06 Gy/s. [94] However, as the dose rate of laser-driven
ions can exceed 109 Gy/s, it is important to understand if this independent relationship
with dose rate is still valid at such extreme regimes.
This was investigated by Karsch et al, 2012 using EBT3 films to measure doses
delivered from a 20 MeV electron beam at ultra-high dose rates. It was confirmed
through this investigation that no dose rate dependence for the dosimeters was found
for dose-rates up to 4 × 109 Gy/s (uncertainties of < 2%), and for EBT specifically, for
dose-rates up to 15 × 109 Gy/s (uncertainties of only < 5%). This conclusion was also
found by Jaccard et al, 2017 using EBT3 films to measure doses delivered from electron
beam pulses with dose-rates of up to 8 × 106 Gy/s. [96] It was determined that there
was an uncertainty of < 4% between a dose-range of 3 - 17 Gy, and thus EBT3 can be
considered dose-rate independent for pulsed beams with a very high dose rate.

Determining Energy Distribution with RCF Stacks
When used in an environment with monoenergetic particles (eg. when particles have
undergone energy dispersion with the use of a magnet), a single layer of RCF may be
used to determine the dose delivered by that particle. However, when used for beams
with broadband spectra, stacks of RCF may be used to determine the particle energies.

59

Chapter 3

Lower energy particles with a subsequently higher LET will deposit their energy in an
earlier RCF layer than high energy particles, therefore it is possible to visualise the depth
that each particle can travel to by observing the different layers of the stack.
A limitation in solely using RCF is that the energy distribution cannot be attributed
unequivocally to a particular particle species that delivered it; the RCF will darken in
proportion to the dose delivered, so there is no way to tell whether, for example, protons
or carbon ions have caused the signal.
TNSA also generates X-rays, γ rays and high energy electrons, which will cause a
residual low-dose signal that will be detected as darkening of the RCF. In the case of
using an RCF stack, their signal can be easily removed. As these high energy particles
have an extremely low LET and will pass through many layers of an RCF stack, the
signal of a deep layer of the RCF stack with no dose present can be subtracted from
the signals of the earlier stack layers. In the case where only a single piece of RCF is
irradiated rather than a stack, the signal from a non-irradiated piece of RCF from the
same batch can be used as a background value to digitally subtract from any irradiated
piece of RCF. Both of these techniques will isolate purely the signal caused by the ion
beam’s heavy particles.
In the case where it is necessary to separate the signal from different ion species,
another type of dosimeter can be used in experimental settings; CR39.

3.4.2

CR39

CR39 (Columbia Resin #39) is a plastic polymer (of composition C12 H18 O7 and
density 1.3 g/cm3 ), which is used as a solid-state nuclear track detector to measure
particle radiation. It is commonly used in laser-driven ion acceleration experiments as
it provides a clear way of measuring the fluence of the particle beam interacting with
it, as the ’pits’ caused by the particles passing through the surface allow the absolute
counts of ions to be counted. As the particles pass through the detector, they cause
radiation induced damage along their interaction path. The damaged regions are too
small to be visualised through an optical microscope when they have not undergone
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any further treatment to develop these tracks. Therefore, to amplify these tracks, the
CR39 undergoes chemical etching after irradiation. The etching causes the ion tracks
to develop over time into deeper pits, as the irradiated and damaged CR39 plastic will
etch at a faster rate than undamaged CR39.
After a period of etching, the ion tracks are visible through an optical microscope. By
imaging the surface of the CR39, information on the number of tracks, the size of each
track and the spread of their locations can be determined.
A benefit of using CR39 is that the ion tracks can be analysed in contrast to each other
to differentiate the ion species causing individual tracks. This means that the fluence of
each particle species can be evaluated. This is due to the different sizes of tracks that
each particle will create; a carbon ion is a much larger particle than a proton, and as a
result will create a larger pit as it ionises with the surface of the CR39.

Figure 3.13: Graph showing track diameter as a function of chemical etching time for
CR39 exposed to 239 P u and 241 Am alpha particles, from Zaki et al, 2007 [97]. As 241 Am
has the higher atomic mass and therefore is the bigger particle of the two species, it has
the largest track diameter under the same amount of etching.

Under etching, the first pits to become visible will be those caused by the larger ion
species. The numbers of these pits can be counted to get the fluence of this particular ion
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species (eg. carbon ions, upon being etched for approximately 5-10 mins), and then the
CR39 can undergo further etching to increase the sizes of the pits caused by physically
smaller ions (eg. protons, after undergoing etching for approximately an hour). After
this further etching, the proton pits are then large enough to also be counted. However,
care has to be taken at this etching stage as there is a risk that the larger pits will
continue to grow to such a point that it saturates the surface of the CR39.

3.4.3

Previous work in Literature using RCF

Since the late 1990’s, proton dosimetry measurements using GafChromic films have
been well documented (generally using protons at high energies, using MD-55 films with
67.5 - 250 MeV protons [98–100], 21.5 MeV protons with MD-55-2 films [101]) and
more recently using EBT2 for proton beams of 125-150 MeV [102], 65 MeV protons
with doses ranging between 0.25-500 Gy [103] and a 200 MeV proton beam with both
EBT2 and EBT3 [104]. All of these works noted the case of an optical density underresponse of the films when encountering the Bragg Peak region of a proton’s energy
distribution.
Whilst the cause of the under-response of dose in Gafchromic films has not yet
been proven with certainty, there are numerous theories as to what may cause it. One
theory (and generally the most popular one) is that the RCF undergo saturation of the
polymerisation process at the Bragg peak region. This theory was first tested by Jirasek
et al., 2002 [104] who determined that there is a decrease in polymer gel effectiveness
(present in the active layer of RCFs) as the LET of the incident protons increase; at
the mid of the SOBP region used, this corresponds to a 32% difference, whereas at the
end of the SOBP it was 3%. This was hypothesised to occur because the high doses
deposited at radial distances close to the proton track saturate the sensitive elements
of the detector - or as Reinhardt rephrases this in terms of LET [8], the implication
is that the number of radiation-induced activated polymerization sites increases with
LET until there are eventually no more available sites for activation, upon which the
polymerization process stops locally. Therefore, in an experimental setting, corrections
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should be applied for any under-response related to a corresponding LET value.
This optical density under-response was investigated further by Reinhardt et al. more
recently in 2015 [8] with EBT2 and EBT3 Gafchromic films for the energy range of 4
- 20 MeV protons for doses of up to 8 Gy and 2.5 Gy respectively, limiting the 2.5 Gy
dose measurement for the EBT3 to be inkeeping with typical clinical doses per fraction
for patient treatment. It was found that, as predicted, there was an under-response with
the higher LET 4 MeV proton curve that was not present with the lower LET 11 MeV
proton Curve (see Figure 3.14). The results of this paper were used as a basis for the
experiments carried out in Chapter 4 of this thesis. The aim was to add further ion
species and additional proton energies to extend this calibration so as to further develop
the understanding of this optical density-LET dependency and to observe what effect
different ion species would have upon the RCF.

Figure 3.14: A low-energy calibration of EBT2 films used in laser-accelerated proton
cell irradiations, where a significant LET dependency is visible in the higher LET 4 MeV
curve. From [8]

Only in more recent years have RCF been used for the characterisation of proton
beams within a laser-plasma ion acceleration environment. RCF can be used in these
environments when previously calibrated with beams generated by conventional accel63
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erators. [105] Investigations have been carried out to build on the scientific knowledge
of radiobiology at the ultra-high dose rates characteristic of laser-plasma acceleration,
as it has been determined that the radio biological effectiveness is much higher for a
laser-driven proton burst than for a conventionally accelerated proton beam. [106, 107].
A previous QUB-based experimental campaign carried out in 2012 by D. Doria et al,
2012 used customised films of EBT2, with the overlaminate layer removed, for dosimetry measurements of a cell survival study carried out using the TARANIS terawatt laser
in QUB to produce MeV-range protons at a dose rate exceeding 109 Gy/s within a single
exposure. [108] In this case, an RCF stack was placed behind the cell dish, after cell
ionisation, to obtain the spatial proton energy distribution in the cell and the energy deposition characteristics. Using EBT2 as a dosimeter, it was found by that the ultrahigh
dose rate employed seemed to have no significant effect on cell survival; however there
is still further research required to build a more robust confirmation of this. This work
therefore built upon using RCF as dosimeters in laser-experiments in Chapter 5: using
the LULI-2000 laser to produce 9.7 MeV protons and ASTRA-GEMINI to produce 10
MeV\n Carbon ions.
In 2010, the online dose monitoring and absolute dose evaluation of the laseraccelerated proton irradiation of in vitro tumour cells was first investigated by S. D.
Kraft et al, 2010. [109] A module was used in the experimental setup which contained
both an ionisation chamber (to record the online dosimetry) and a cell holder insert which
held a plane of cells immediately in front of either RCF or CR-39. This irradiation, using both single films and a stack of EBT, allowed for both two and three-dimensional
dose depth distribution to be attained, and was used to show the stability of the laser
conditions upon the target. This cell irradiation method of using a cell holder placed
immediately in front of the RCF and CR39 is used in Chapter 5.
As can be determined from above, RCF is used extensively for dosimetry of ionising
radiation in a variety of experiments, but as of yet there has been little work thus far
carried out on calibrations for low energy carbon ions. This has lead to the experiment
described in Chapter 5 using the Astra-GEMINI laser to accelerate 10 MeV carbon ions

64

Chapter 3

onto cells, using EBT3 and CR39 to characterise the beam’s dose deposition.
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3.4.4

Dosimetric Modelling

Due to particle interactions being individually unpredictable in their behaviour, when
modelling their behaviour as a collective group, it is key to use a Monte-Carlo method to
simulate their interactions. This is a technique of iteratively recalculating the same event
(ie. particle-matter interaction) using a varying set of data each time from a random
number generator. [110] Within the experiments in this thesis, two main modelling
methods were used to simulate the doses delivered by each particle beam; Geant4 and
SRIM.
The SRIM application (SRIM meaning ”The Stopping and Range of Ions in Matter”)
is used to calculate the stopping power and the range of ions (10 eV - 2 GeV/u) in matter
using a quantum mechanical treatment of ion-atom collisions. [110, 111] TRIM (”The
Transport of Ions in Matter”) is a programme included within SRIM, which provides a
3D distribution of the ions spread and energy loss as it interacts with matter. SRIM and
TRIM were used within this thesis to estimate the doses in each experiment prior to any
irradiation, key to the planning process. (For an example of this, please see Table 5.1
within Chapter 5, where SRIM was used to calculate the ion energy that the cells will
encounter from a proton with an initial energy of 10.6 MeV, prior to it passing through
the the kapton window and RCF in the setup.)
Geant4 is a toolkit that uses Monte-Carlo methods of simulation to model the passage
of particles through matter. [112] It is an object-oriented simulation that allows for a full
experimental setup to be included and visualised, which is a preferable tool to use when
using complex geometries. Therefore, whilst SRIM is useful for quick energy loss and
stopping power calculations of simple systems (eg. energy loss as an energetic particle
passes through RCF and mylar window to cells such as in Chapter 5), Geant4 is necessary
when considering a larger and more complex system.
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3.4.5

Ionization Chambers

Ionization chambers are gas-filled detectors that measure the charge produced by
direct ionization by a charged beam as it passes through the chamber, which is under
the application of an electric field. [113] Typically, the chamber will have two electrodes
connected to a high voltage supply (typically between 100-1000 V) providing the electric
field, and this field allows for the radiation passing through the chamber to ionise the
gas, creating ion pairs of positive and negative charges. These charges are attracted to
the electrodes and create a current, which is then measured by an electrometer to define
the current (and therefore particle fluence) passing through the chamber.

Figure 3.15: (a) Schematic of the inside of an ionization chamber, (b) Diagram of a
Silicon Diode detector; both taken from [114].

Si Detectors
A silicon diode detector (seen in Figure 3.15.b) consists of two layers of Silicon
substrates, one p-doped (doped with an element 3 atom with one valence bond available
to attract electrons from neighbouring atoms, e.g. B, Al, Ga, In) and one n-doped (doped
with an element 5 atom with weakly bound valence electrons, e.g. P, As, Sb). [115]
These two layers allow electrons to drift from the n to the p region of the detector,
creating an insulating intrinsic zone. The incident radiation frees electrons from within
this intrinsic zone that move to the positively charged p region of the detector, which
in turn creates a current. This current can be measured, and as mentioned above, in
turn be used to determine the particle fluence when the energy of the incident ionising
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radiation is known. Si detectors are used in the experimental setup within Chapter 4,
and the analysis of their measurements is described there in further detail.

Markus Chamber
A Markus plate-parallel chamber is an ionization chamber that can be placed planeparallel to the beam to measure the absorbed dose-to-water as irradiation is ongoing. The
technique for this is based on the Bragg-Gray principle which states that the absorbed
dose Dm in a given material can be deduced from ionization produced in a small gas-filled
cavity within that material as shown by:

Dm = W Sm P

(3.8)

where W is the average energy loss per ion pair formed in the gas, Sm is the relative
mass stopping power of the material to that of the gas, and P is the number of ion
pairs per unit mass formed in the gas. [113] Therefore a Markus chamber can be used in
the beam pathway to give an on-line absorbed dose value. An already-calibrated Markus
chamber was used in the high-energy cyclotron-accelerated portion of the experiment
described in Chapter 4 which is used as a reference to cross-calibrate an in-transmission
monitor ionization chamber placed immediately after the kapton window.
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3.5

Analysis of Dosimetric Tools

To develop an overall knowledge of the fluence, intensity and energy spread of a
particle beam, it is necessary to use multiple methods of dosimetry for an experiment.
Each method listed in Section 3.4 can assist in building a full understanding of an
experiment’s dosimetry through providing separate pieces of information of the overall
picture.

3.5.1

EBT3 Analysis

In order to analyse any RCF, they first need to be scanned in an optical scanner
after irradiation to analyse the signal. For EBT3 analysis within this thesis, an Epson
V750 pro scanner was used, and the RCF were scanned from between 24-48 hours after
irradiation; this is in keeping with the guidelines of usage for EBT3 and HD-V2, as the
darkening effect can take up to 24 hours to fully develop. [94, 95, 116]
The open-source image processing analysis software, ImageJ, was used for this analysis from the scanned images of the RCF. [117] Firstly, the background signal of the
RCF needed to be removed. This was carried out through the use of a macro for each
scan which splits the image into its three colour channels, leaves only the red channel
(as the colour contrast for the red channel is greater for these relatively low doses than
in using the green and blue channels, as described in Section 3.4.1). The image is converted to 32-bit and the average optical density value calculated for a small area of the
image, then subtracted from the overall image. Therefore, when this technique was used
multiple times in various areas of the RCF outside of the irradiated areas, these optical
density values can be averaged. When this averaged value is subtracted from the image
as a whole, the signal is isolated. The background value that subtracted was confirmed
through the use of Gaussian curve fitting.
A Gaussian curve fit is:
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(x − c)2
2d2
y = a + (b − a)e
−

(3.9)

where, in this case:
• a is the baseline, or background signal of the RCF;
• (b − a) is the amplitude of the Gaussian;
• c is the centre of the Gaussian;
• d is the width of the Gaussian.
Once a background value was evaluated, this was tested against taking a horizontal
profile across the RCF surface. If the same background check was carried out again and
the value of a was approximately equal to zero, this background check was accurate.
Using this method, a background value with an accuracy of ± 0.7 % was subtracted
from all RCF scans. By this point, the pixel value on the RCF images has been converted
to optical density (OD); the log of the ratio of the transmitted light intensity (I0 ) to
the intensity of the light passing through the material (I ):

OD = log10 (

I0
)
I

(3.10)

The greater the optical density, the greater the dose delivered to the RCF. Therefore,
using known dose calibrations between optical density reading and dose (Gy), we can
determine the dose delivered to an RCF by measureing the optical density across the
image. This calibration will be different for different ion species and different energies;
as such there are a number of energy dose-optical density calibrations carried out within
this thesis.
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3.5.2

Analysis of CR39; Etching and Microscopy

While CR39 pieces are generally a more physically robust dosimeter than watervulnerable RCF , they require more post-irradiation aftertreatment to gather information
from them. As described in Section 3.4.2, the irradiation of CR39 results in physical pits
created by the particles passing through the surface of the plastic. However, these pits,
being approximately the size of the particles that caused them, are obviously too small
to image in a microscope, so they first need to be etched in an acidic solution. The
CR39 pieces are typically placed in a solution of NaHO (70% NaHO and 30% water) for
a period of time which would allow for the pits to be etched; as the pits have a greater
surface area than the untarnished flat surface, they will erode at a greater speed in the
acidic solution than the surface. This means that these pits, or particle tracks, can then
be visualised using a microscope. Too much etching can lead to ‘bleeding’ of pits into
each other, so that they cannot be discerned from each other. An image of these pits
can be seen in Figure 3.16

Figure 3.16: Images taken from an optical microscope using an example CR-39 piece
from the experiment carried out at LULI within Chapter 5, showing pits caused by 9.7
MeV protons. Note: This is from a similar but not identical area of the same piece of
CR-39; the greater visibility of pits is due to the additional etching.

High energy protons can require approximately an hour of etching to visualise their
pits, whereas carbon ions (being much larger than protons) can cause pits large enough
so that they only require approximately five minutes of etching; it is therefore crucial
to etch in stages so as to minimize the risk of overetching. After a set period of time,
the CR39 is removed from the acid solution and rinsed with water, so as to ensure no
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residual acid is left on the surface. The CR39 can then be viewed using a microscope,
and can be assessed if it needs further etching.
Once the CR39 is appropriately etched, images are saved from the microscope and
analysed using ImageJ. With ImageJ, the number of pits are counted across a given area,
which provides the flux in that area. Paired with optical density information from the
EBT3, this means that the dose of a given irradiation can be determined.
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3.6

Cell Culturing

The first tissue culture was developed in the early 1900s as the initial method of
observing cell behaviour in response to normal and experimental stress, isolated from
the whole organism. [118] However it wasn’t until the late 1940’s-early 1950’s that it
was widely available as a tool for scientists, as antibiotics were being developed which
allowed for the easier investigation of cell culture with less risk of contaminants. [119]
Cell culture is the removal of cells from a host organism and their subsequent placement
into an artificial environment conducive to growth. Generally, this environment consists
of a suitable culture vessel (usually plastic or glass) containing either a liquid or semisolid medium which will supply the cells with nutrients essential for survival and growth.
Cell cultures are the source of cells for experimental cell environments, and thus various
cell cultures were used for the laser-plasma experiments within Chapter 5.
For the cells used within Chapter 5, the cells were cultured inside sterile flasks, and
maintained at an environment of 5% CO2 and 95% humidity, at 370 at atmospheric
pressure inside a sterile incubator. They were cultured with a cell media solution which
was routinely replaced once the cells reach approximately 80-90 % confluence; confluence
is the measure of the culture dish’s surface percentage which cells have adhered to. [120]
Chemical processes within the cell media change-over cause the cells to detach from the
flask surface, and at the stage where the cells are floating, media was replaced into the
flask once again. At this point the contents of the flask can be split amongst multiple
separate flasks alongside more fresh media, which will then allow further culturing to
take place.
The particular cell investigations undertaken within this thesis are described in Chapter 5.

3.6.1

Seeding of cells in Cell Dishes

To seed (or ”plate”) the cells on a cell dish in preparation for irradiation experiments, it must initially be confirmed that there is a stable population of cells with no
contaminants present for the quantity of cell dishes required.
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Figure 3.17: Images taken by Carla Maiorino, QUB. Left shows a steel dish with an
O-seal ring (Bottom), a plastic ring used as a dish holder in the Petri dish (Centre) and
a steel mask (top). Right shows a steel dish mounted with 3 µm Mylar.

The cells will eventually be seeded in cell dishes specifically designed to be used for
experimental campaigns (see Figure 3.17.) The cell dishes comprise of a stainless-steel
dish and mask, both with an internal diameter of 2 cm. A thin 3 µm sheet of Mylar film
is then stretched across the surface to form a taut flat surface upon which the cells can
adhere and grow. As cells are vulnerable to contamination, it is crucial to ensure the
cell dishes are sterile. Therefore before use, the cell dishes were assembled and sterilized
under a laminar hood with 70% Ethanol solution for 10 minutes, then rinsed with a
saline solution, allowed to fully dry and then irradiated with UV light for a minimum of
1 hour. After this process, the sterile dishes are then stored in a laminar hood until they
are to be used.
After cell plating, the dishes (now seeded with cells) were stored in an incubator at
37◦ C inside Petri dishes. Once the cells were irradiated, the Mylar upon which the cells
were seeded was disposed of and all other components of the cell dish were soaked in a
disinfectant solution overnight, then rinsed and allowed to fully dry to be ready for use
again.
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4

Investigating the Response of EBT3 Film to High LET
Radiation; LNS-INFN

4.1

Introduction

Within this chapter, experiments are described in which EBT3 calibrations of low
energy proton and carbon ions were developed with the use of two conventional accelerators (both therefore utilising continuous beams of relatively low dose rate), and various
particles with different LETs. The results therefore allow for comparison between ions
accelerated by conventional and laser-driven methods, the latter of which is explored in
Chapter 5.
As described in Section 3.4.1, the optical density response of EBT3 to photon irradiation is well characterised, and thus can be used to reliably measure dose in photon
experiments. However, for dose measurements in the use of higher LET particles, literature shows that there is an under-response in the EBT3’s expected optical density in
comparison with that of photon experiments. [8] When investigated by Reinhardt et al.,
through the use of a 6 MeV photon beam and two proton beam energies (11 MeV and 4
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MeV; considered high and low energy protons for the purposes of this investigation) and
EBT2, there was found to be an under-response of optical density in relation to dose for
the low energy protons, as seen in Figure 4.1.
This underresponse is proposed by Reinhardt et al to be potentially caused by the
saturation of the LET’s active layer’s polymerisation process - the process that causes the
active layer’s colour change upon application of ionizing energy. [8] There are a limited
number of ’sites’ on the RCF available to undergo this polymerization, and therefore
with a LET above a certain threshold it is possible that these ’sites’ will be activated
prematurely in a localised area, in relation to the standard of using photons (or indeed,
protons above 11 MeV).
From these results it was determined that the optical density response of the film to
both photons and 11 MeV protons are indistinguishable. This means that, usefully, film
calibrations carried out for photons can be used for proton energies of 11 MeV or higher
(or accordingly, particles with an LET of ≈ 5 keV/µm or lower). However, the optical
density under-response in the use of the lower energy 4 MeV protons poses the question
of why this lower energy would have such an effect. As discussed in Section 3.4.3,
it is generally agreed that this difference is due to the different LET of the incoming
particles. This under-response is qualitatively in line with previous measurements from
other authors who also reported a significant under-response in dose with increasing
LET in the vicinity of the Bragg peak (whilst using RCF types HD810, MD55 and
EBT2). [93, 121, 122]
As such, the investigation described by this chapter was carried out to extend the
Gafchromic EBT3 optical density response characterisation to higher LET particles (Section 4.2), and to determine if particle LET was indeed the key parameter causing the
difference in optical density response when using two different ion types, or if there were
other parameters yet to be examined (see Section 4.3.) With the results from these two
experiments, an analytic investigation is presented in Section 4.4 to develop a quantitive
relationship between LET of a particle and an RCF’s optical density response to dose
delivered by that particle.
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Figure 4.1: Calibration of EBT2 Gafchromic films in response to 6 MeV photons and
varying energies of protons. Image from [8].

Experiments were carried out in February 2016 in the LNS-INFN facility in Catania,
using the tandem accelerator for low energy experiments (Section 4.2) and the LNS
Cyclotron accelerator for higher energy experiments (Section 4.3). Both accelerators
are considered ”traditional” in the context of radiobiology, in comparison with the novel
concept of using a laser-accelerated system.
Using the tandem accelerator for the ”low energy” particles, EBT3 was used for 5 and
10 MeV protons, and 3 and 6 MeV/n Carbon ion beams, with doses ranging between
0.25 - 5 Gy for all particles.
Using the cyclotron accelerator for ”high energy” ion beam productions, EBT3 was
measured for 45 MeV/n carbon and 75 MeV/n oxygen ion beams between 0.25 - 12 Gy,
and HD-V2 films were irradiated for doses between 10 - 1000 Gy.
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4.2

LNS Tandem; Low Energy Proton and Carbon
Ion Beams

The primary aim of this section of the experiment was to perform a dose calibration of
the EBT3 Gafchromic film with a 12 Carbon beam at low energies of 3 MeV/nucleon and
6 MeV/nucleon. Alongside this were dose measurements of 5 MeV and 10 MeV proton
beams to compare with data from literature, using these as a reference and observing
the OD sensitivity difference for the different proton energies (and thus different particle
LETs).

4.2.1

Experimental Setup of the Tandem Accelerator and Ionisation Chamber

This section of the experiment took place using the INFN-LNS tandem accelerator
at the Laboratori Nazionali del Sud (LNS), Catania. (The mechanism of a tandem
accelerator is discussed in Section 3.3.1.) The efficiency of the INFN-LNS tandem
allows energies of 200 MeV to be reached for heavy ions with a transmission nearing 80
percent. [74]
The experiment was performed in the LNS ’CT-2000’ circular interaction chamber,
under vacuum, where the proton and carbon ions (hereby onwards collectively termed
as ions) beam enters after being accelerated by the tandem accelerator. The beam
is directed into the chamber and undergoes spatial spreading by a 15 µm tantalum
foil, through Rutherford scattering, before reaching the Si detectors (discussed below)
and RCF, both placed 80 cm from the target. As the FWHM of the transported beam
entering the interaction chamber is of the order of only a few millimetres, it is necessary to
undergo spatial spreading, enlarging the spot to approximately a centimetre in diameter
with a Gaussian profile. This minimizes errors caused by only having a small surface area
of valuable data to work with, in turn providing a larger area on the RCF with a ’flat’
energy distribution to retrieve more reliable optical density readings. Using this method
enabled a homogeneity of over 90 % to be achieved at the point of the Si detectors and
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RCF.

Figure 4.2: Photo of the various targets available to be utilised throughout the experiment.

The variation of targets shown in Figure 4.2 allowed for the beam profile to be
tailored. Using a scintillator for a rapid observation of the ion beam spot size during
the experimental setup, the suitability of various target thicknesses were investigated
with the intention of providing a beam with a FWHM large enough to ensure a high
degree of homogeneity at the point of RCF irradiation. To ensure approximately the
same spot size between different proton energies, the targets needed to be adjusted.
This is because a higher energetic particle beam requires a thicker target than lower
energetic particle beams to undergo the same degree of spatial spreading, due to the
high energetic particle beam losing a smaller proportion of its total energy inside the
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target because of its smaller cross-section.
Using 5 MeV Protons, the following information was determined from the scintillator:
• Au 492 µg/cm2 provided a spot size of ≈ 30 mm with a homogeneity of ≈ 20%,
therefore a FWHM of ≈ 15 mm;
• Au 800 µg/cm2 provided a spot size of ≈ 40 mm with a homogeneity of ≈ 10%
, therefore a FWHM of ≈ 20 mm;
And the same process was repeated for 10 MeV Protons:
• Au 800 µg/cm2 provided a spot size of ≈ 16 mm with a homogeneity of ≈ 20%,
and a FWHM of ≈ 5-6 mm;
• Au 2.5 mg/cm2 provided a spot size of ≈ 20 mm with a homogeneity of ≈ 20%,
and a FWHM of ≈ 10 mm.
As a result of this testing process, the 800 µg/cm2 Au target was used for the 5 MeV
proton beam, and the thicker 2.5 mg/cm2 Au target was used for the 10 MeV proton
beam.
Within the ionisation chamber, after the beam was spread through the target, it
then irradiated the EBT3 films at the end of the chamber. The spreading of the beam
allowed it to cover the areas of the EBT3 film, placed at the 0◦ position in relation
to the chamber entry point of the beam, and also two Silicon detectors, placed at ±
2.1◦ positions in relation to the RCF position. (See Figure 4.3 for a diagram of the
experimental setup.)

The Use of Silicon Detectors
EBT3, whilst being a useful dosimetric tool for determining energy distribution,
cannot accurately provide information of particle fluence or energy values themselves.
These parameters need to be well defined to gather a clear understanding of the dosimetry
of the system. An often used method to measure dose is the utilization of a monitor
ionisation chamber (eg. a Markus plane-parallel ion chamber, like which was used in
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Figure 4.3: Schematic of the setup within the LNS 2000 interaction chamber. Arrows
represent the direction of the incoming particles from a delivery tube from the main
Tandem accelerator; the central arrow past the tantalum foil has the highest opacity to
represent the strongest intensity of proton distribution from their spread.

Figure 4.4: Photo from the inside of the vacuum chamber. The RCF positions and the
Si detectors are labelled. In all cases where RCF were irradiated, they were at 0◦ to the
beam whilst the Si detector was at 2.1◦ .
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Section 4.3); this is a system of ion capture which uses two circular collecting electrodes
to measure the incoming beam’s dose and described in further detail in Section 3.4.5.
However, due to the low energies employed within this experiment, a Markus planeparallel chamber could not be used in this case as a significant portion of the ions
energy are attenuated in the Markus chamber’s entrance window, and thus an alternative
method for determining dose was required.
Si detectors were therefore used in this system, as they will capture the fluence
of the scattered ions and they are not limited by the low energies of this experiment.
Si detectors receive signal through the application of incoming ionising energy; when
electrons in the valence band of the Si get excited into the conduction band, this leaves
holes in the valence band. Both the holes and the free electrons induce a measurable
signal, and this process is then measured across the surface of the Si detector to provide
a reading of the current of the incoming ion beam. [123]
This information is collected at the ± 2.1◦ position to the incident beam where the Si
detectors were situated. The information from these Si detectors can be extrapolated to
evaluate the approximate fluence and particle energy at the RCF itself from the equation
for Rutherford scattering:

Z1 Z2 α(h̄c) 2
dσ
=(
)
dΩ
4EK sin2 Θ2

(4.1)

where:
• Z1 and Z2 are the number of particles in the incident beam and at the scattered
target position, respectively;
• α is the dimensionless fine structure constant where α u

1
;
137

• EK is the non-relativistic kinetic energy of the particles (measured in MeV);
• Θ is the scattering angle between the target and the incident ion beam.
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The films of EBT3 were irradiated with doses ranging from approximately 0.25 - 5
Gy, with a larger dose deposition requiring a longer irradiation time and with the true
dose values being calculated after irradiation from the Si detector readings. The length
of irradiation was based on an estimated dose value from previous calibration work within
INFN-LNS with the tandem.

4.2.2

Analysis

As described previously, due to the low energies used in the experiment, the more
commonly used methods of dose capturing could not be utilised. Therefore, the only way
to accurately determine the dose on the RCF in this case was to utilise Si detectors. The
steps outlining their analysis methods are defined below; the first step was to extrapolate
the particle count at the 0◦ RCF position (in relation to the beam) through the use of
the adjacent Si detectors, and then to use both the known energy of the particles and
these evaluated particle counts to calculate the dose delivered to each RCF.

Determining Particle Counts on the RCF using Si Detectors
The counts detected by the Si detectors were captured in bins across the detectors’
surface, with each of the 5000 equidistanced bins corresponding to a collection area,
in total covering the surface of the detector. These were plotted as histograms using
MATLAB (with each histogram showing the counts across one detector per irradiation),
and the integral of this histogram provided the total counts of each Si detector.
For each data set within this experiment, it was necessary to develop a calibration
with the detectors at 0◦ and 2.1◦ position to one another, so that when irradiating RCF
at the 0◦ position, the counts striking the RCF’s surface could be determined based on
the 2.1◦ Si detector’s counts using the Rutherford method described in Equation 4.1.
Based on this method and the relationship between the detectors at ± 2.1◦ to each
other, Equation 4.2 was developed as a calibration for each of the detectors as the counts
from both detectors were plotted against each other:
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Figure 4.5: Example Si Detector graph using a calibration file within the 5 MeV Proton
section of this experiment. The x-axis has been truncated from 0-5000 bins to 1400-2000
bins in order to see the count distribution more clearly.

N0◦ = a(N2◦ ) + b

(4.2)

where:
• N0◦ and N2◦ are the counts at 0◦ and 2.1◦ , respectively. In the cases where RCF
were irradiated, the RCF is always placed at the 0◦ position.
• a and b are the variables for each of the tested ion species and detector setups
described in Table 4.1.
With the calibrations between 0 - 2.1◦ attained for different detector pairings, the
RCF were placed at the 0◦ position to the beam and the counts evaluated using its
associated 2.1◦ Si detector.

84

Chapter 4
Detectors used
0 Degree Position 2.1 Degree Position

Ion Species

M1

M2

M3

M5

M1

M2

M3

M5

M1

M2

M1

M3

M1

M2

M3

M5

3 MeV/n Carbons

6.17 MeV/n Carbons

5 MeV Protons

10 MeV Protons

Constants Evaluated
a = 62.3
b = - 2900
a = 60.1
b = - 7650
a = 190.0
b = - 4790
a = 141.0
b = - 1630
a = 79.5
b = - 4280
a = 91.1
b = 2300
a = 269.0
b = -14800
a = 151.0
b = - 7630

Table 4.1: Table shows the constants evaluated for each of the Si detector calibrations
within each particle type’s investigation, listed in order of descending LET of the particle.
Determining Dose on RCF
In order to calculate the dose, the following equation connecting the particles’ stopping power and the fluence of particles must be utilised:

cm2
N
Dw [Gy] = Sw [MeV
] ∗ Φ[ 2 ] ∗ 1.6 × 10−10
g
cm

(4.3)

where:
• Dw is the dose, measured in Gray;
• Sw is the stopping power of the particle in water (keV/µm2 ), equal to the particle’s
LET. These are listed in Table 4.3;
• Φ is the Fluence, equal to the number of particles (at this point of measure , i.e.
the 0◦ point to the beam) divided by the beam area.1 ;
1

Collimators of both 6 cm and 8 cm diameters were used in front of the RCFs, so the beam area
calculation uses the radius of the collimator used in that specific irradiation.
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• 1.6 × 10−10 is the conversion factor to return the units to Gray.
With this information, the varying doses corresponding to the varying optical densities
of the irradiated RCF were used to gain a calibration of the RCF to these low energies,
and to determine the effect that LET of the particles had on the RCF’s optical density
reaction to irradiation.

Data Fitting
As described in Section 3.5.1, the net optical density is calculated through netOD =
I0
log
, where the subscript ”exp” relates to ”exposed” and ”0” to unexposed films. As
Iexp
per the netOD-dose data fitting method from Devic et al., 2004 [124] and built upon
by Reinhardt et al., 2015 [8], the calibration curves for plotting dose (D) against netOD
were fitted with the following equation:

D = A ∗ netOD + B ∗ netODC

(4.4)

where A and B were allowed to vary freely, whilst C was fixed at a starting value of 2.0
and subsequently changed in steps of 0.1 to find the optimum value of C. The parameters
for each of these particles are listed below in Table 4.2.2. This fit was quantified with the
(O − E)2
average ratio term, where O is the Observed dose value when using Equation
E
4.4 above with the associated parameters, and E is the Expected dose value (ie. the
measured doses).
Particle
Type
Proton
Proton
Carbon
Carbon

Incident particle
Energy (MeV/n)
5 MeV
10 MeV
3 MeV/u
6.17 MeV/u

A (Gy)
15.0
11.5
70.0
81.0

±
±
±
±

2.0
0.7
9.5
6.5

B (Gy)

C (fixed)

25.0 ± 1.0
14.0 ± 4.0
300 ± 40
85 ± 43

1.7
2.4
1.7
2.2

±
±
±
±

0.1
0.3
0.1
0.5

(O − E)2
E
0.02
0.01
0.02
0.03

Table 4.2: The parameters within this table were determined via a trial-and-error method
to achieve the best possible trendline fit.
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4.2.3

Results

It is known from literature that the 10 MeV proton beam response was to give an
indistinguishable RCF response to that of photon irradiation due to their similar LET
values. [8] Therefore, due to the fact that heavier ions at comparable energies will have
higher LETs due to their increased size and cross-section, a greater under-response in
optical density is expected for both the 3 and 6.17 MeV energies of the carbon ion beam
data in comparison to the 5 and 10 MeV proton measurements taken in this experiment.
Ion Species
3 MeV/n Carbon
6 MeV/n Carbon
5 MeV Proton
10 MeV Proton

Particle LET (keV/µm)
468 ± 13.5
289 ± 5.8
9.25 ± 0.74
5.29 ± 0.22

Table 4.3: Table shows the LET for each particle used within this experiment, listed in
order of descending LET of the particle. LET is equal to the particle’s stopping power
in Tissue Equivalent Plastic A-150. [125]

The data for the Net Optical Density (or netOD) against the Dose [Gy] was
plotted for the results of RCF irradiation under these particle types in order to determine
the relationship between particle LET and the EBT3 optical density response. The data
from this section provides a 3 MeV and 6 MeV carbon ion energy calibration for use with
EBT3 for doses up to 12 Gy, which can be utilised in future work carried out utilizing
these low energies.
The uncertainties in LET (presented in Table 4.3) were calculated by determining the
LET at approximately ± 5% particle energy for each of the ion types used and averaging
the difference between the LETs at these upper and lower 5% particle energies. For the
graphs presented within this section, uncertainties in OD (∆OD) are measured through
the standard deviation across the selected region of interest (ROI) on the RCF. The
uncertainties in dose (∆D) were determined by:

∆D =

∆N0
× Sw × Φ × 1.6 × 10−10
A
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where ∆N0 is the uncertainty in counts measured by the 0◦ Si detector, A is the area
of the beam and Φ is the fluence.
The first investigation carried out was to determine the effect of the irradiation of 5
MeV and 10 MeV Protons on the RCF’s optical density. The results for this can be seen
in Figure 4.6. The predicted outcome for this beam was for the data to approximately
align with the 6 MeV Photon and 11 MeV Proton beam from S. Reinhardt et al, 2015 [8],
and therefore they have been overlaid with the results from this paper in Figure 4.7.

88

Chapter 4

Figure 4.6: Calibration of EBT3’s optical density response for 10 MeV proton and 5
MeV proton response against Dose (Gy).

Figure 4.7: Overlaying the data from Figure 4.6 onto the low energy proton netOD Dose [Gy] calibration graph (Figure 4.1 from Reinhardt et al. (2015). [8].)
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The same experimental setup was then utilised for a Carbon ion calibration at lower
energies; 3 and 6.17 MeV/nucleon. These energies were chosen both for practical reasons
(they were easily achievable using the tandem accelerator), and because the intention
was to explore the RCF’s response to carbon ions over a wide range of LET values
between both this experiment and the following experiment (discussed in Section 3.3.2).
Additionally, these low energies and corresponding high LETs are directly relevant to
undergoing experiments using lasers, such as that investigated in Chapter 5. Carbon ions
are also already currently used for medical treatment, albeit at much higher energies,
therefore they are relevant as part of the overall aim of this research to benefit research
into using carbon ion beams for cancer treatments.
In this carbon ion investigation, it was predicted that the 3 MeV/u carbon will cause
a stronger under-response in optical density than the 6 MeV /u carbon ions. This is due
to the inherently higher LET that a lower energy ion will have over the same ion’s higher
energy counterpart, as described in Section 2.4.3.
Therefore, a calibration was carried out and plotted in Figure 4.8 (with LET values
added to the figure for clearer understanding of the relationship between particle LET
and OD response.) This was then again overlaid with the Reinhardt et al. (2015) in
Figure 4.9 to visualise this effect that the larger LET has on this RCF calibration.
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Figure 4.8: Calibration of EBT3’s optical density response against Dose (Gy) for a 3
MeV/n and 6.17 MeV/n Carbon ion beam.

Figure 4.9: Overlaying the data from Figure 4.6 onto the 3 and 6.17 MeV/n Carbon
calibration graph (Figure 4.1 from [8].)
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4.2.4

Discussion of Results

The results of this Chapter section confirm the hypothesis that the OD-dose response
of RCF will differ when irradiated with particles of differing LET. It has been confirmed
that the higher a particle’s LET, the lower the optical density response of the RCF to
the same doses via a wide range of LETs (from ≈ 5 - 470 keV/µm).
Additionally, further calibrations for EBT’s optical density response to dose have
been developed than were previously available; for 3 MeV/n and 6 MeV/n Carbon ions.
These calibrations can be utilised in further experiments, and are indeed used later within
this thesis when using Carbon ions in a laser-driven ion acceleration environment. (See
Chapter 5.)
Figure 4.10 shows the amalgamation of all data from this experiment on the same
graph from literature as used before. [8]. From this graph it is clear that the highest LET
particles (3 MeV/n Carbon ions) cause a significant under-response in EBT3 response
than that of the low LET 10 MeV protons (or indeed, the photons from the referenced
Reinhardt et al. 2015 data.)
As a result of this LET-dependent response, it is evident that individual RCF ODdose calibrations are required for each particle LET utilised within an experiment. This
is a time consuming, and as such costly, exercise which often requires an experimental
campaign by itself. Therefore, it would be of great scientific interest to the particle
acceleration community to develop a quantifiable relationship between a particle’s LET
and the expected RCF response to dose. This concept is therefore further explored in
Section 4.4.
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Figure 4.10: Calibration of EBT3’s optical density response against Dose (Gy) for all
data sets within this portion of the experiment, overlaid onto the calibration developed
by Reinhardt et al [8].

93

Chapter 4

4.3

LNS Cyclotron; High Energy Oxygen and Carbon
Ion Beams

The primary aim of this section of the experiment was to determine if LET was
indeed the main parameter in quenching the optical density response in EBT3, or if
different atomic masses of the different ion species held a significant role. In this case,
the particle beams used were a

12

Carbon beam and a

16

Oxygen beam at two different

energies (45 MeV/n and 75 MeV/n, respectively). These two ion species of differing
energies correspond to a common LET value of approximately 70 keV/µm (68.9 ± 1.0
keV/µm for

12

Carbon and 70.2 ± 0.5 keV/µm for

16

Oxygen); this removes LET as a

parameter in affecting the optical density response of the RCF, and therefore isolates
the ion species as the key parameter being tested.

4.3.1

Experimental Setup of the Cyclotron Accelerator and Irradiation beamline

This experiment took place using the Superconducting Cyclotron K800 facility in
Laboratori Nazionali del Sud (LNS), Catania. It was performed in the 0◦ experimental
hall in LNS-INFN using

12

Carbon and

16

Oxygen ions accelerated by the LNS Cyclotron.

(The mechanism of a cyclotron is discussed in Section 3.3.2.) Both of these ions were
chosen for multiple reasons: practical reasons (they were readily available to be used with
the LNS Cyclotron), they provided a good contrast in atomic number to one another
and, as they have a significantly different shared LET to particles explored in the lowenergy tandem-accelerated portion of the experiment, they would provide another LET
data set to observe the relationship between LET and RCF optical density response
to dose. Additionally, there is medical interest in the use of carbon and oxygen ions
in cancer treatment. Carbon ions are of particular interest in terms of the scope of
their radiobiological uses, which have currently not been as heavily explored as protons.
However, there are active carbon ion treatment facilities in use for some particularly
sensitive cancer treatments and patients - albeit only in 13 treatment centres worldwide
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as of Feb 2020 due to the vast expense of building a facility for carbon therapy. [126]
Oxygen ion facilities are not currently available, but are under investigation in preclinical
research projects to determine their viability for future cancer therapy treatment. [127,
128]
As part of the aim of this experiment depended on removing LET as a variable
parameter which could affect the optical density response of the RCF, two different
experimental setups were required to ensure that both ion species had approximately the
same LET. As an oxygen ion is considerably heavier than a carbon ion, the energy of
both ions were adjusted to allow both to share an approximate LET value of 70 keV/µm.
The experimental setup was also adjusted for both to allow the ions to travel through
different distances of air between the kapton window of the cyclotron and the RCF.
SRIM was used to calculate the necessary distances for both ion types to reach the RCF
with approximately the same LET, and was determined to be ≈ 1.34m for the 75 MeV/n
16

O ion beam and ≈ 1.18m for the 45 MeV/n

12

C ion beam. Schematics of these two

experimental setups are shown in Figures 4.11 and 4.12.

In both experimental setups, the exposure of RCF occurred in air (in contrast with
the vacuum environment of the tandem-accelerated particles described earlier in this
chapter); the high energies of the ion beam mean that any scattering of the ions with
particles in the air was negligible for the distances traversed by the particles within this
experiment. A 1.55 cm block of PMMA was placed before the RCF in the direction of
the beamline and used as a final collimator. The SRIM input for the Carbon ion beam
setup used is shown in Figure 4.13
The ion beams’ dose calibration was carried out through using reference ionization
chambers; one in-transmission monitor ionization chamber placed closely after the kapton
window (See Figures 4.11 and 4.12 for exact placements), and one reference Markus
chamber immediately behind the RCF. These two ionization chambers would be crosscalibrated with each other in order to have an on-line estimation of the delivered dose at
the point of the RCF. The ionization chamber consists of two 25 µm kapton films with
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Figure 4.11: Schematic of the initial setup of the experiment while using the 75 MeV/n
16
O ion beam.

Figure 4.12: Schematic of the altered setup of the experiment while using the 45 MeV/n
12
C ion beam.
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Figure 4.13: SRIM input to assess the layer that the 45 MeV Carbon ions would reach
and deposit their energy. Note that the final layer, corresponding to the EBT3 active
layer, is put to an arbitrary distance as no layer beyond this point is relevant.

9 mm of air between them, and had to be accounted for within the SRIM calculations.
To ensure beam homogeneity, a collimation system was used in both experimental
setups to truncate the tails of the beam, and therefore select only the central part of
the Gaussian beam spread. This allowed for a beam homogeneity of approximately 97 %
to be achieved. (See Figure 4.14 and 4.15). This homogeneity was evaluated by taking
horizontal and vertical profiles of multiple irradiated RCF pieces and averaging the signal
across these profiles. Then this signal value for all profiles were averaged, providing the
final value for the homogeneity. Additionally, a scintillator coupled to a CCD camera
was used to monitor the stability of the beam as the experiment was ongoing.
After the final collimation of the beamline, the RCF was irradiated. As covered
in Section 3.4.1, the manufacturing limits of EBT3 dose exposure is 0.1 - 12 Gy, and
for the less-sensitive HD-V2 is 10 - 1000 Gy. In this experiment, films of EBT3 were
irradiated between 0.25 - 12 Gy for both 12 Carbon and 16 Oxygen ion beams, and films of
HD-V2 were irradiated with doses between 10 - 1000 Gy for both ion beams to extend
the investigation of the effect of particle species to high doses.
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Figure 4.14: Vertical and horizontal pixel value counts across the surfaces of three
example EBT3 films from the experiment. The upper graphs show the vertical profiles,
whereas the lower graphs show the horizontal profiles. This analysis was carried out
using ImageJ. [117]

Figure 4.15: Evaluation of the homogeneity across the flat peak of the Gaussian for 20
separate irradiated RCFs.
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Data Fitting
To fit the data for both EBT3 and HDV2, the same process was carried out as for the
data in the tandem-accelerated portion of this experiment (the exact process is discussed
in Section 4.2.2). This fitting method allowed for numerical comparison between both
particle species, as in theory, the fits for both these particle species at their approximately
equal LETs should be similar for each RCF type (and the fits can be compared by the
(O − E)2
A, B and C values that fit best in accordance with the
ratio term.)
E
RCF
Type

Particle
Type

EBT3
EBT3
HDV2
HDV2

Oxygen
Carbon
Oxygen
Carbon

Incident
Particle
Energy
75 MeV/n
45 MeV/n
75 MeV/n
45 MeV/n

A (Gy)

B (Gy)

C (Fixed)

(O − E)2
E

30 ± 5
33 ± 8.5
650 ± 125
650 ± 100

105 ± 32.5
115 ± 36.5
1450 ± 150
1700 ± 175

2.2 ± 0.2
2.2 ± 0.2
2.3 ± 0.15
2.2 ± 0.13

0.01
0.01
0.27
1.35

Table 4.4: The same method discussed as for the tandem-accelerated carbon and proton
beams was utilised with these high-energy ions to determine the best fitting trendline
(O − E)2
with the parameters A, B and C, where
term is the average ratio term between
E
Observed dose and Expected dose.
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4.3.2

Results

The aim of this experiment was to compare the EBT3’s optical density response of
two different ion species with the same LET, and in the process of eliminating LET as a
factor, to determine if the differing atomic masses of the two ion species would have an
effect on this response. If it were to be the case that atomic mass had a prevalent impact
on this response, there would be a significant difference in the response despite the two
particle species having approximately equal LET values. However if the two responses
overlap one another, this would clarify that atomic mass itself does not significantly
interfere with the RCF’s polymerisation process. This experiment also enables us to
develop further calibrations of carbon and oxygen ions, with the use of this conventional
ion acceleration method, and with both EBT3 and HD-V2 films.

EBT3 Calibration for 45 MeV/n Carbon Ions and 75 MeV/n Oxygen Ions
RCF were placed in the beamline positioned after the final collimator (seen in Figures 4.11 and 4.12), with the intention of exploring the Dose-OD response relationship
between the two ion species and in turn, developing a calibration for 45 MeV/n Carbon
ions and 75 MeV/n Oxygen ions for both EBT3 and HD-V2.
Initially, the response of EBT3 was examined. After analysis of the EBT3, the
comparison of Net Optical Density against Dose [Gy] was plotted to observe this
relationship, and is shown in Figure 4.16.
The optical density response of the RCF to both ion species of the same LET were
found to be the same, lying within the 4% uncertainties of the experiment. Therefore,
this provides a plausible indication that the EBT3 optical density response difference
is not significantly dependent on the atomic mass of the ion species. Coupled with
the tandem-accelerated portion of the experiment, the deduction is that LET is the
prevalent factor in affecting the optical density response, given that the error bars for
the ion species overlap for the majority of the data set.
An interesting point to note is that as the dose increases, the trends of the carbon
and oxygen ions do appear to deviate from one another, with the carbon ion particles
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Figure 4.16: EBT3 calibration of the Oxygen and Carbon ion beams with the same LET
value for EBT3.

generating a lesser optical density reponse than oxygen ions delivering the same dose.
However, at the point of the 12 Gy maximum dose possible to be examined from EBT3
itself, the data for both ion beams still lie within one anothers’ error bars. Therefore,
the conclusion that EBT3’s optical density reponse is not dependent on ion species is
relevant for all possible EBT3 measurements. This is particularly valuable as EBT3’s
sensitivity is relevant for doses expected to be delivered within one fractionation event to
a patient, and thus this result holds importance within the medical physics community.
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HD-V2 Calibration for 45 MeV/n Carbon Ions and 75 MeV/n Oxygen Ions
To further investigate the hypothesis that LET is the main parameter in affecting an
RCF’s optical density response, the assumption was tested with another commonly used
type of RCF detector; HD-V2. (Full description of HD-V2 can be seen in Section 3.4.1.)
As HD-V2 is much less sensitive to dose than EBT3, the experiment was repeated with
a significantly higher dose range (from 10 - 1,000 Gy).
After analysis of the HD-V2, the comparison of Net Optical Density against Dose
[Gy] was plotted to observe the HD-V2 response, and can be seen in Figure 4.17.

Figure 4.17: HDV2 netOD-Dose calibration of the Oxygen and Carbon ion beams with
the same LET value.

Similar to the conclusions drawn from using the EBT3, the two ion species follow a
similar trend in that the RCF’s optical density response is the same for both particles,
within their uncertainties, up until a point of relatively high dose for the particular RCF
type being used (greater than 500 Gy in the case of HD-V2).
The two species appear to deviate from one another as the dose increases past 500Gy;
this could be due to an increased error at higher doses caused by beam instability.
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4.3.3

Discussion of Results

The overarching aim of both experiments taken place at LNS-INFN, Catania, was
to determine the effect that a particle’s LET has on the optical density response of two
commonly used types of RCF, EBT3 and HD-V2, and also to develop previously unknown
characterisations of low energy Carbon ions to EBT3 to be used in future experiments.
The inspiration of this experiment was from Reinhardt et al. (2012) and (2015)
where the optical density response from 10 MeV and 4 MeV protons were compared to
the response elicited from 6 MeV photons - a response more widely understood and an
irradiation type more commonly used with RCF. As it was found that the 4 MeV proton
response deviated from the 11 MeV proton and 6 MeV photon responses, it was hypothesised that this difference was due to the higher LET of this particle. Therefore, this
chapter investigated an extension of this experiment through using particles of varying
LET, as well as additionally providing valuable net Optical Density - Dose calibrations
of low energy carbon ions to be used within future dosimetry experiments.
All the data from this experiment has been collated onto the Reinhardt et al. (2015)
graph in Figure 4.18, and the particles’ LET described in Table 4.5.
As can be seen in Figure 4.18, the optical density response of the EBT3 is lessened
as the LET of the ionising particle increases. This means that for each particle of a
varying LET from what is more commonly used (photons or high energy protons), a new
calibration is necessary to be developed when using RCF. The calibrations developed
within this experiment can be used in further dosimetry experiments using EBT3 as a
dosimeter, and therefore these results open new opportunities in further radiobiological
experiments (such as in Chapter 5). There is also the opportunity to analytically quantify
a relationship between LET and RCF’s optical density response to dose, meaning that in
theory calibrations would not have to be carried out for each ”new” particle LET (with
”new” referring to as-of-yet uncalibrated with EBT3.) The possibilty for this relationship
is explored in Section 4.4.
Future work in this area could involve extending the characterisation to further ion
species, such as Nitrogen or Helium. These species are relevant to radiotherapy as
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they are also under investigation as to their suitability and potential as effective cancer
treatment. [127, 128] If either of these particles were investigated with an energy and
experimental setup for them to have the same LET as the 75 MeV/n
≈ 1.18m for the 45 MeV/n

12

16

O ion beam and

C ion beam within this investigation, they would be a

useful additional data set to confirm that atomic mass is not a significant parameter in
effecting RCF optical density response to dose.

Figure 4.18: Calibration of the Oxygen and Carbon ion beams with the same LET value
for EBT3. Note the significantly higher doses reached than for that of the previous work
in both this experiment and the low-energy Tandem accelerated ions.
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Experiment of
Ion Source
LNS Tandem
Accelerator
LNS Tandem
Acceletator
LNS Cyclotron
Accelerator
LNS Cyclotron
Accelerator
Reinhardt et al.
(2015)
LNS Tandem
Accelerator
LNS Tandem
Accelerator
Reinhardt et al.
(2015)

Particle LET
(keV/µm)

Ion Species

Ion Energy

Carbon

3 MeV/n

467 ± 13.5

Carbon

6 MeV/n

289 ± 5.6

Oxygen

75 MeV/n

70.2 ± 0.5

Carbon

45 MeV/n

68.9 ± 1.0

Proton

4 MeV

10.2

Proton

5 MeV

9.2 ± 0.7

Proton

10 MeV

5.3 ± 0.2

Proton

11 MeV

4.9

Table 4.5: Table displays all ion species and energies used within this chapter in order
of descending LET, listed to 3 significant figures. The effect of the particles’ LET on
the EBT3’s optical density response is shown in Figure 4.18.
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4.4

Quantifying RCF’s OD Response Relationship with
particle LET

As the work conducted within this chapter have displayed that there is certainly a
difference in RCF’s optical density response to dose when undergoing irradiation from
particles of various LET values, it would be of scientific interest to quantify what this
dependence actually is. As is current procedure, this RCF response has to be calibrated
for each experiment involving particle beams for each varying LET value, provided that a
calibration has not already been carried out. Therefore, it would be extremely useful to
develop equations for quantifying this relationship so that a full experimental calibration
is no longer necessary. As such, an analytical investigation was carried out using the
results from the experiments within this chapter to determine a quantifiable relationship
of this dependence.
Two RCF-response relationships are investigated in the following sections, both to
quantify this relationship when one already has knowledge of certain parameters:
1. NetOD vs. Dose for various LET values (Section 4.4.1);
• To be used when one intends to know the optical density response of a certain
dose when the particles’ LET is known.
2. NetOD vs. Particle LET for fixed doses (Section 4.4.2).
• To be used when one intends to know the LET of a particle which produces
an optical density reponse at a known dose.
All fits within this section were chosen in accordance to the fit which provided the
highest R2 number (≈ 1), and these R2 fit values are included within each graph’s figure.
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4.4.1

NetOD vs. Dose for various particle LET values

The aim of this section of analysis was to determine a relationship between RCF’s
netOD and particle LET for a fixed dose. This means that, in theory, if one knows both
the particle LET (keV/µm) value and the desired Dose (Gy), then the optical density
response of the RCF can be predicted.
Initially, the results gathered through Sections 4.2 - 4.3 were plotted within a bar
chart to gain an overall view of this relationship, seen in Figure 4.19. As can be seen in
the figure, the discrepancy between the RCF response to dose increases more intensely
for higher LET particles at higher doses than lower LET particles, and thus it is clear
that this relationship can be further investigated.
This was then explored by plotting a fit of each LET’s data set of netOD vs Dose.
(Figure 4.20). The data sets were each plotted with a polynomial fit (y = αx2 + βx +
C) with the intention of comparing the quadratic and linear terms. (C is considered
negligible due to the real data passing through the origin, and as such the C terms
are approximately equal to zero.) The αLET and βLET terms are presented in Table
4.6. These α and β terms are differentiated with the superscript

LET

and

Dose

in this

section and in Section 4.4.2, respectively, to indicate the parameter the curve fitting is
aligned to. The next step in this analysis is to determine the αLET and βLET terms of
the polynomial fit of Figure 4.20. These were plotted against LET (keV/µm), shown in
Figures 4.21(a) and 4.21(b)

Particle
Type
6.17 MeV/u Carbon
3 MeV/u Carbon
Average LET of
45 MeV/u O &
75 MeV/u C
5 MeV Proton
10 MeV Proton

LET Dependency Terms
α
β
Quadratic Term Linear Term
-0.0029
0.0114
-0.0016
0.0127

LET
(keV/um)
467
289

Delta LET
(keV/µm)
13.5
5.6

70

0.5

-0.0010

0.0297

9.2
5.3

0.7
0.2

-0.0001
-0.0004

0.0505
0.0830

Table 4.6: The associated LET values for each particle type used within this chapter and
their associated αLET (quadratic) and βLET (linear) terms when fitted with a second
degree polynomial curve
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Figure 4.19: Bar Chart to show the relationship between net-OD and Dose (Gy) for
different set doses from each particle type’s data set from this investigation, in accordance
with their LETs.

Figure 4.20: Quadratic fits of the data to evaluate the relationship between netOD
response to Dose for various LET values.
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(a) α-term fitting against LET

(b) β-term fitting against LET

Figure 4.21: Both graphs show the fitting of the α and β terms of the fits from Figure
4.20.
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• The fitting of αLET in respect to LET
The data in Figure 4.21(a) is fit with a linear fit y = mx + c where the gradient
m and y-intercept c are equal to m = -5E-06 and c = 0.0003
Therefore, the relationship between LET and the αLET term is given by:

αLET = (−5E − 06) × LET + 0.0003

(4.6)

when LET is measured in keV/µm.
• The fitting of βLET in respect to LET

The data in Figure 4.21(b) is fit with a power fit y = AxB where the parameter
A and power B are equal to A =0.15 ± 0.01 and B = -0.43 ± 0.02
Therefore, the relationship between LET and the βLET term is given by:

βLET = 0.15 × LET −0.43

(4.7)

when LET is measured in keV/µm.

Equation linking OD Response to Dose with known LET
From knowing the above evaluations, the relationship between RCF’s OD response
to dose when the particle LET is known can be completed through the following steps.
Once determining αLET from Equation 4.6 and βLET from Equation 4.7, the two
values can be substituted into the general polynomial fit within Figure 4.20 to develop
the following equation:

netOD = (αLET × D2 ) + (βLET × D)
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4.4.2

NetOD vs LET for set Dose values

Similar to the previous section, the aim of this section of analysis was to determine
the relationship between RCF’s optical density response at set doses when encountering
particles of different LETs. Therefore, the end result of this portion of analysis should
allow for one to know what optical density to expect from RCF under the influence of
irradiation when the particle’s LET is known and for a particular intended dose value.
As before, the results gathered through Sections 4.2 - 4.3 were plotted within a bar
chart to gain an overall view of this relationship, seen in Figure 4.22. There is a clear
increase in netOD response to the same dose values when lower LET particles are used,
as would be expected from investigations earlier in the chapter.
Using the same procedure as for the OD-dose relationship with static LET values, the
fit of this graph was evaluated to be best fit with a power curve fit (y = αDose × xβDose
The αDose and βDose terms are presented in Table 4.7.
Dose Dependency Terms
Dose
(Gray)
8
5
2
1.5
0.5

Delta Dose
(Gray)
0.09
0.03
0.02
0.1
0.1

αDose

βDose

0.7595
0.3443
0.0664
0.0416
0.0049

-2.455
-2.40
-2.31
-2.26
-2.21

Table 4.7: The doses (Gy) used within this relationship evaluation and their associated
αDose and βDose terms when fitted with a power fit.
The next step is then to determine the αDose and βDose terms of the power fit of
Figure 4.23. In a similar process as before, these were plotted against Dose (Gy), shown
in Figures 4.24(a) and 4.24(b)

111

Chapter 4

Figure 4.22: Bar Chart to show the relationship between net-OD and LET for different
set doses, with all data taken from data within Sections 4.2 - 4.3.

Figure 4.23: Power fits of the data to evaluate the relationship between netOD response
to set dose values for various particle LETs.
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(a) α-term fitting against Dose

(b) β-term fitting against Dose

Figure 4.24: Both graphs show the fitting of the αDose and βDose terms of the fits from
Figure 4.23.
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• The fitting of αDose in respect to Dose
The data in Figure 4.24(a) is fit with a polynomial fit y = ax2 + bx + c where a,
b and c are equal to: a = 0.0087, b = 0.0272 and c = -0.0163.
Therefore, the relationship between Dose (D, in Gy) and the αDose term is given
by:

αDose = (0.0087 × D2 ) + (0.272 × D) − 0.0163

(4.9)

• The fitting of βDose in respect to Dose
Like for αDose , the data in Figure 4.24(b) is also fit with a polynomial fit y =
ax2 + bx + c where a, b and c are equal to: a = 0.0035, b = 0.0615, and c =
-2.1828.
Therefore, the relationship between Dose (D, Gy) and the βDose term is given by:

βDose = (0.0035 × D2 ) + (0.0615 × D) − 2.1828

(4.10)

Equation linking OD Response to Particle LET with a known Dose
Similar to in Section 4.4.2, when the above evaluations are known, the relationship between RCF’s OD response to a particle’s LET when the dose is known can be
completed through the following steps.
Once determining αDose from Equation 4.9 and βDose from Equation 4.10, the two
values can be substituted into the power fit within Figure 4.23 to develop the following
general equation linking LET and Dose (D, in Gy):

LET = αDose × DβDose
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4.4.3

Discussion of Dose-Optical Density Relationship Analysis

The aim of the analysis in Sections 4.4.1 and 4.4.2 were to develop quantifiable relationships between the RCF optical density response to dose when encountering particles
of different ionising energy, as determined through the experimental Sections 4.2 - 4.3.
As such, Equations 4.8 and 4.11 were developed.
A use for Equation 4.8 is when the LET of a particle is known and the expected
optical density response to an intended dose is desired. In this case, these values can
be input to the α and β equations, and used in Equation 4.8 to gather the expected
optical density response. In theory, and with further testing to ensure the validity of this
fit, this could have the potential to eradicate or greatly diminish experimental time used
solely to calibrate RCF response.
A potential use for Equation 4.11 could be in determining which particle species
caused a particular OD response in RCF, particularly in the case of a multi-species beam
or pulse (ie. a laser pulse without magnetic spatial spreading). In this case, one would
have the RCF’s optical density value. In the experimental case where the dose is also
known (eg. if a Markus chamber is used), then these values can be inputted into the α
and β equations to determine the LET of the particle that caused the OD response.
Further development could be carried out with these equations through the use of
testing them experimentally. In the case of robust testing, numerous pieces of EBT3
could be irradiated with particles with known LET-calibrations (eg. 5 MeV Protons
to match those calibrated within the Tandem-accelerated ions portion of this thesis
chapter) as a control OD-response, and also particles with as-of-yet uncalibrated LET
values. The response of these particles could then be compared with the curve of Figure
4.20 to determine the validity of this curve fit for untested particle LET values.
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5

Proton and Carbon Irradiation of Human Cell Lines at
Ultrahigh Dose Rates

5.1

Introduction

This chapter introduces cell investigation using laser-driven sources in two experimental campaigns: using 9.7 MeV protons accelerated at the LULI2000 laser facility,
Paris (Section 5.3), and using 10 MeV/u carbon ions accelerated at the Astra-Gemini
facility, Oxford (Section 5.4). For both experiments, various cell lines were used to determine the radiobiological effects on cells with laser-driven ions, which have a much higher
dose rate than for standard particle accelerators or, indeed, photon irradiation (where
the clinical dose rate from radiotherapy provides approximately 2 Gy/min in comparison
to the dose rate of up to 1010 Gy/s for laser-driven particles) [109, 129]. The effect of
hypoxia in cells was also investigated within Section 5.4.
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5.2

Experimental Background for Cell response to
Laser-driven Ions

The ultra-high dose rates characteristic of laser-driven ions delivered within ultrashort pulses carry with them unique beam properties, which have been less explored
in the context of cell experiments than in cases involving conventional accelerators.
Through exploiting these beam properties, it is possible to access unexplored regimes
of radiation interaction with living cell systems, and test potential predictions for novel
effects taking place under extreme high-dose-rate conditions:
1. Collective non-linear effects may take place where there is spatio-temporal overlap
of the tracks formed by single particles within the irradiated biological sample [130],
which can increase the LET and biological effectiveness of the ions;
2. Indirect effects (such as DNA damage occurring through the release of free radicals
through the ionization of water) can be drastically modified at extreme dose rates.
This is particularly prevalent under conditions of limited oxygen supply to the cells,
or hypoxia. Hypoxia tends to occur for the central cells within a tumour which
are less vasculized than the outer regions of the tumour, and this lack of oxygen
results in these cells being particularly radioresistent. Cells in hypoxic conditions
can be investigated experimentally through the use of a hypoxia chamber, to allow
for the mimicking of hypoxic cells within the body. [131]
Work so far in this area has generally been with the aim of establishing procedures
for cell handing, irradiation and dosimetry compatible with a laser-plasma environment,
carried out within Germany [109,132,133] and Japan [129]. These experiments have used
Ti:sapphire lasers to investigate the lethal effects on cells through accumulating dose in
cells over several laser shots, with an effective dose rate of Gy/s or Gy/min. However, to
isolate effects associated with short burst deposition, it is more relevant to deposit the
dose within single shot irradiations, where the dose required to induce biological effects
is deposited within a single, ultrashort burst. [107, 134] Therefore, experiments within
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the QUB-based A-SAIL research group have carried out a programme of cell experiments
with laser-accelerated ions, with the experiments in this chapter adding to the expansion
of knowledge of cell behaviour in this environment.
As covered in previous chapters, ions and protons have shown many advantages for
cancer treatment via radiotherapy due to their characteristic inverse dose-depth deposition profile (the Bragg Peak), allowing for a controlled dose deposition within the tumour
region with a higher ballistic precision than for X- and gamma rays , and minimizing
the damage to healthy tissues surrounding the tumour. Accurate dosimetry is a key
diagnostic to ensure full understanding of dose delivered and the effect of this deposited
energy on cellular material. Therefore, inkeeping with the aims of the A-SAIL project,
a thorough assessment of the radiobiological effectiveness of such high-dose rate beams
on cells is crucial in order to predict lethal and sub-lethal effects caused by these pulsed
beams in comparison to their continuous-beam, low-dose rate traditional ion acceleration
counterparts (such as those explored in Chapter 4.) Within this chapter, the behaviour
of cells is observed under the application of radiation from laser-accelerated low energy
protons (Section 5.3) and under the application of laser-accelerated low energy carbon
ions (Section 5.4.)
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5.3

Investigation into Cell Behaviour under Irradiation from Low Energy Laser-Accelerated Protons

The aim of this experiment was to carry out a series of biological assays using
short burst laser pulses to gain a greater understanding of the beam’s radiobiological
effectiveness under extreme dose rates. It has been suggested by several research groups
that the extreme spatio-temporal nature of the laser-accelerated particle beams may
lead to a different biological response to those predicted from conventional lower doserate approaches [130, 131, 135]. As of yet, little has been carried out in this area to
determining how laser pulses ultra-high dose rate and pulsed nature will both influence
cell damage and impact healthy tissue, and as such this experiment brings new valuable
information to the medical physics community.
Further investigation into this area is necessary towards the development of an alloptical particle acceleration method for purposes of cancer treatment, and as such this
experiment adds value to this field. The accurate estimation of the dose delivered
to these cells in such an unconventional environment, by using for instance dose-rate
independent dosimeters sensitive to high flux and dose, is extremely important for an
accurate estimation of the dose effect on DNA damage in such extreme conditions.

5.3.1

Experimental Setup

This campaign was carried out in the LULI2000 laser facility at the L’École Polytechnique, Paris, and used the pico2000 beamline. All full sets of assays were carried out
twice, once using human fibroblasts (AGO1522) and the other using human umbilical
endothelial vein (HUVEC) cells. The dosimeters used within this experiment were EBT3
(customized as before, as described in 3.4.1), and CR-39.

Laser Setup
The experiment was carried out using the pico2000 beamline in the Ti:Sapphire
LULI 2000 laser facility in L’École Polytechnique. The LULI2000 facility includes 2
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experimental areas; the pico2000 beamline’s experimental area was used in this scope
of work (this room can be seen in Figure 3.3 and 3.4.) The full description of this laser
system is covered in Section 3.2.1.
The pico2000 beamline is capable of delivering approximately 100 J in 1 ps, but
within this experiment delivered 80J in ≈ 1 ps pulses at 1 Ω (λ = 1.054 µm) at a
repetition rate of approximately 1 shot every 90 minutes. A f= 800 mm, f/4 off-axis
parabola was used to focus the pulse at an angle of ∼ 22.5◦ upon the gold foil targets
of 25-50 µm thickness from which contaminant protons were accelerated through the
TNSA mechanism. The irradiation set-up was tailored to isolate and utilize protons of ≈
9.7 MeV from the characteristically multienergetic TNSA spectrum, with lower energy
protons being deflected at a larger angle to higher energy protons. (The reasoning for ≈
9.7 MeV energy of the protons is explained later in Section 5.3.2.) This therefore creates
an energetic gradient on the RCF, allowing a particular energy range to be targeted. (See
Figure 5.1.) Schematics of the laser setup are seen in Figure 5.2. The protons were

Figure 5.1: An example RCF which has been irradiated from proton pulse from the LULI
laser system, marked with the general dose/energy deposition relationship. The marked
line shows an example transverse profile upon which dose would be read.
energetically dispersed via a 1 T 10 cm magnetic dipole coupled with an 800 µm pinhole
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before exiting the interaction chamber through a 50 µm Kapton window to be directed
onto the cells, placed within a re-entrance tube.
Any ions heavier than protons were suppressed through the use of a metal filter
placed just before the magnetic dipoles, and parasitic X-ray radiation was suppressed via
lead shielding within the chamber. The magnetic dispersion from the magnetic dipoles
also ensured that any x-rays which may have passed through the collimation slit will also
be isolated from the relevant cell irradiation area.

Figure 5.2: Schematic showing the arrangement of the target chamber. Note that the
RCF position’s active layer was set to face the cells.

The gold foil targets, located at the centre of the ionisation chamber on its motorized
target stage, were changed between 25 µm and 50 µm in thicknesses between different
shots. The variance in the target thickness was used to optimize the irradiation dose
onto the biological samples, exposing the cells only to particles within a selected and
well characterized narrow energy range. Gold was chosen as the target material due to
its stable performance in terms of spatial uniformity of the proton beam.
The dose delivered to the cells was measured using two types of passive dose-rate
independent dosimeters; EBT3 and CR-39.
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Dosimetry Arrangement
Two dosimeters were utilized in this experiment to allow the measurement of the
dose delivered to the cells; Gafchromic EBT3 films (customized as described in Section
3.4.1, with the protective top layer removed) and CR39. Used together, these dosimeters
provide information on the dose spread of the beam and the particle fluence, respectively,
and independent from one another on a shot-by-shot basis. Although both can provide
information of the dose uniformity, EBT3 alone cannot easily be used to determine particle fluence, and CR39 alone cannot be used to determine the dose deposited. Therefore,
the two dosimetry methods can be correlated with one another to gain a full understanding of the dosimetry within the experiment. However, for the case of the proton energies
used within this investigation, a calibration for OD - Dose response for EBT3 had already
been carried out in a previous investigation, and thus for this particular experiment the
CR39 was supplementary.
The calibration of the EBT3 optical density to dose measurements were carried out
on a previous experimental campaign in the LNS-INFN facility in Catania, Italy, using
60 MeV protons accelerated by a tandem accelerator. Although the proton particles
utilised within this investigation were of a much lower energy (≈ 9.7 MeV) and thus
have a higher LET value (≈ 5.53 ± 0.2 keV/µm) than that of the 60 MeV protons
(≈ 1.10 ± 0.1 keV/µm), no significant variation in the film’s response is expected at
this energy [8], and thus the calibration can be applied without the need for correction
factors.
In order to accurately measure the dose deposition of the protons reaching the cells,
the distance between the active layer of the RCF and the cells must be as small as
possible. Therefore, the EBT3 was placed immediately in front of the cell dish, against
the mylar window upon where the cells were seeded. The positioning of this EBT3
(shown in Figure 5.2) was that its exposed active layer faced the cell dishes’ 3 µm
mylar window rather than the beam itself; this ensured that there was a minimal dose
difference between the RCF and the cells. The Monte Carlo simulation code Geant 4 [51]
was utilised to confirm if this difference in dose was significant, and it was determined
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that there was a 0.2 % energy loss between the RCF’s active layer and the seeded cells
for 9.7 MeV protons. Therefore, the corresponding dose difference between the two
surfaces is considered negligible.
A mask was designed and utilised to place the RCF in exactly the same position for
each shot. This ensured that this evaluated 9.7 MeV proton line stayed in exactly the
same position on the RCF for each shot, so that a repeatable ROI tool could be used in
ImageJ to select only that area for each scanned RCF (as each RCF is scanned with the
same orientation by necessity.) It also ensures that there is a fair correlation between
the dose delivered to the RCF and the corresponding DNA cell damage at that same
position. The mask had a mark on its surface which showed the approximate 9.7 MeV
Proton irradiation area, allowing for visual inspections of the RCF once removed from
the vacuum chamber.

Determining the Beam Parameters and Absorbed Dose
The energy spectrum of the proton beam was measured using Radiochromic Film
(RCF) stacks. The stacks comprised of layers of HDV2, which, as described in Section
3.4.1, are much less dose-sensitive than EBT3. The lower sensitivity of HDV2 allows
the stacks to be placed directly in the beamline, before the magnetic dipole, to provide
information of the energies within the beam pulse; higher energy protons will travel
further through the RCF stack than lower energy protons. The stacks showed that within
the pulse, there were proton energies ranging from a few MeV up to approximately 20
MeV.
As explained above, the proton pulses were dispersed in accordance with their energies
due to the pulse passing through a magnetic dipole. In order to predict the energy
deposition on a cell plane, the experimental setup was modelled using Geant4, as shown
in Figure 5.3. This figure shows the energy spread of the dispersed proton beam in the
vertical direction from the base of the RCF. The proton energy of ≈ 9.7 MeV was chosen
to focus the experimental analysis on, as the simulations predict a delivery of ≈ 1 Gy
dose at this point. A 3x4 mm2 cellular spot was centred on the 9.7 MeV proton line
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∆
of about 5%. In this configuration, the proton bunch reached the cells with a
E
time duration of ≈ 400 ps and a dose rate of ≈ 2.5 x 109 Gy/s (assuming 1 Gy delivered
with a

per pulse). Once the vertical position of the cells corresponding to the energy of interest
was determined, the dose profiles over the selected region can be extracted from the
analysis of the 2D dose images obtained within the RCF placed in front of the cell plane.
Figure 5.4 shows the RCF image acquired with a commercial scanner EPSON V750 Pro
scanner, for it then to be processed with ImageJ [117], providing the conversion from
pixel values to optical density for the specific scanner use.
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Figure 5.3: Monte Carlo simulation displaying the proton energy spread at the position of the
cells. The y-axis indicates the distance from the zero point, and the coloured legend denotes
the proton energy in MeV. The box indicates the energetic area of interest; the ≈ 9.7 MeV
energy region.

Figure 5.4: On the left is an example irradiated RCF diagram, and on the right is a schematic
of a cell dish with the RCF placed in front of the mylar window where the cells are grown. The
horizontal line shows the 9.7 MeV Proton position where the dose measurement was taken
from, and the red box indicates the area where the cells were seeded.
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As mentioned in 5.3.1, an optical density-dose calibration of the customized EBT3,
obtained through using tandem-accelerated 60 MeV protons from a previous experimental campaign in LNS-INFN, was then applied to retrieve the 2D dose distribution and
profiles, via macros within ImageJ that convert net optical density to dose using this
calibration. This calibration accounted for the the EBT3 OD-Dose relationship of normal EBT3 (uncustomized, therefore with both protective layers ’sandwiching’ the active
layer), and therefore a further calibration was necessary to extend this to the customized
EBT3 (where the protective top layer has been removed). Therefore, within this previous experimental campaign, a separate calibration was carried out between the OD-dose
response of both standard EBT3 and Customized EBT3 considering the attenuation
coefficient (µ) between them, through Equation 5.1.

DoseEBT 3−Cust. = µ × DoseEBT 3−N orm.

(5.1)

This calibration is shown in Figure 5.5, and through the ratio of these two curve fits,
the attenuation coefficient between the two was evaluated to be 2.6. Therefore, all dose
measurements determined from the ImageJ analysis underwent the transformation from
Equation 5.1 to provide the corrected dose values for customized EBT3.
Due to the single-pulse nature of laser-particle acceleration, stability issues with the
beam often cannot be known until after the shot has been carried out. This was the
case in this experiment, thus the high number of shots taken to compensate for ”failed”
shots. The aim was to irradiate the central cells with 1 Gy ± 20% of dose; the term
”central” is specified as the spot in which the cells were seeded is circular rather than
linear, meaning that the cells at the edge will receive a different dose to those in the
centre, and thus this error is included in dose analysis. The circular spot size means that
this energy can vary by ± 0.3 MeV within the spot size. This error was evaluated to be
± 20 % by Dr. D. Doria, ELI-NP, thus the allowed Gray parameters for cell data to be
recorded was set to 1 ± 20% Gy.
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Figure 5.5: Graphical representation of the relationships between both standard EBT3
and the customized EBT3. The fit equations are included, and using the ratio between
these two fits, the attenuation factor between the two curves is evaluated to be 2.6.
Many of the shots either over- or under-delivered on dose, meaning many shots were
not compatible with the cellular investigations. This corresponded to only 30 out of 74
shots able to considered for 1 ± 0.2 Gy cell irradiation data points, or 41% of shots. For
the shots which were able to be used for the cell investigation, the doses were normalised
to 1 Gy and results adjusted accordingly. This adjustment was possible as the number
of foci within this dose range are directly proportional to the dose applied. [136] This
shot-to-shot dose fluctuation is shown in Figure 5.6.
For doses within this 1 Gy ± 20% limit, Figure 5.7 shows the transverse dose profile
at 9.7 MeV obtained for a representative 1 ± 0.2 Gy shot. The profile in this case shows
that an average dose of 1.01 Gy with a standard deviation of 0.02 Gy (± 1.6%) was
delivered to the cells across the transverse direction for this shot, using a line selection
which covered the area of the cell spot. This process was repeated for all viable cell
shots to determine a total uncertainty on the dose delivered per shot of less than 5 %.
This value includes the error involved within RCF calibration and also the uncertainty in
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the OD measurement, via the standard deviation of each linear profile measured.
Shot instability is a known challenge when utilising laser-accelerated ions as they are
in their current state, and is a clear indication of the importance of ensuring accurate
dosimetric techniques for each shot. Although this level of shot fluctuation is considered
somewhat typical for current laser-accelerated ion-cell interaction experiments, it would
not be reliable for clinical treatment environment and as such this stability must be
further developed, and there also must be full confidence in effective dosimetry methods.
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Figure 5.6: Shot-to-Shot Fluctuation across the experiment. The red line shows the
intended 1 Gy of dose, and the red shadow around this line shows the allowed ± 20%
for which the cell data could be used.

Figure 5.7: An example dose measurement across the 9.7 MeV line on an RCF, showing
an average dose of 1.0 Gy. The ’zoomed in’ segment of the graph shows the homogeneity
of the beam across the area of irradiation; 1.0 ± 0.016 Gy.
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5.3.2

Dosimeter Analysis

The energetic area of interest was the 9.7 MeV proton irradiation area at the point
of the cells. Therefore, the initial proton energy from the point of the kapton window
needed to be evaluated, so as to account for energy dissipation throughout the particle’s
path until it reaches the cells. This was evaluated using SRIM, and an example of this
calculation is shown in Table 5.1. (Note that in these calculations, the mylar window of
the cell dish itself is excluded from the calculation as the protons’ energy loss through
this was negligible.)
Input Proton Energy

Kapton Window
RCF Support Layer
RCF Active Layer
Total Energy Lost
Energy that Cells see

10.6 MeV
Stopping Power
(keV/micron)
5.8
6.2
5.8

Thickness
(micron)
50
125
28

Energy Lost
(keV)
29
77.5
16.2

= 1.23 MeV
= (10.6 - 1.23) MeV
= 9.37 MeV

Table 5.1: Table shows an example calculation carried out using SRIM to show the
proton energy that the cells would encounter at a specific position when varying the
initial energy of the protons. As the RCF’s active layer faces the cells, this is considered
to be equivalent to what energy the cells will see.

The RCF used for each shot were then analysed using ImageJ, focusing only on this
9.7 MeV proton energetic range through the use of a ROI mimicking the mask used to
hold the RCF in place and selecting the same area upon which the cells were seeded.
Therefore the doses analysed were of an average across the cells, and the dose error is
the standard deviation of these results; this takes into consideration the dose variation
seen by individual cells within the circular cell spot.
As well as RCF, CR39 were also used in this experiment to gather a more complete
dosimetric diagnostic of the system at hand. Particular care had to be taken due to the
small size of the CR39 pieces used in this experiment (approximately 1 x 0.5 x 0.2 cm),
130

Chapter 5

and as such they were etched in a centrifugal etching bath in LNS Catania. The CR39
was placed within a test tube of NaOH, and the test tube rotated through a bath of
water held at a consistent temperature of 89 ◦ C. This rotation ensures that the CR39
receives an equal amount of etching across its surface. After approximately 15 minutes
of etching, the CR39 pieces were removed, cleaned with water and the newly etched pits
observed through an optical microscope. This full process is described in Section 3.5.2.
Figure 5.8 shows an example of the etched surface of a piece of CR39. (For this
shot, the cells were irradiated with 1.7 ± 0.2 Gy; however the CR39 was placed at
a higher position on the RCF so the dose delivered to the CR39 is much lower and
the proton energy would be higher.) This CR39 was viewed through a microscope at
20x magnification, and with this the pits can be seen as the highly contrasted ”spots”
against the background. However, the image signal also has a significant amount of
noise through surface debris (seen at the right of the image) or debris on the lens itself
(seen through the darker spots on the image). Therefore, a MATLAB code was utilised
to isolate the pits through filtering these points of interest by eccentricity and size.

Figure 5.8: This is a 20x magnification of a CR39 piece which underwent 20 minutes of
etching.
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5.3.3

Biological Assays

As covered in Section 2.4.1, the outcome of a cell under irradiation depends on
the degree of radiation-induced DNA damage inflicted upon it. Generally, the greater
the dose the greater the probability of cell death (due to the higher probability of DSBs
occuring), but cell death can also be caused by clustering of SSB DNA lesions. Therefore
in this case, it is not a necessity for the doses to be high, particularly for an ultrahigh dose rate. Therefore multiple types of biological assays were carried out for both
HUVEC (human umbilical endothelial vein cells) and AGO1522 (human fibroblast cells)
to investigate the effect that high dose-rate laser-driven proton irradiation will have upon
the cells. These biological assays are clonogenic, immunoflorescence (DNA damage) and
senescence assays, and are described below:
1. Clonogenic Assays; Dose-dependent cell survival studies
Carried out on days 1-5 of the experiment
Clonogenic assays are used to detect all cells that are still able to reliably reproduce
after undergoing treatments which can cause cell reproductive death. As such, it is
considered the standard cell experiment to quantify the radiosensitivity of targeted
cells. [137]
2. FOCI Assays; Characterisation of DNA damage and lesion complexity
Carried out on days 6-8 of the experiment
As cells are irradiated through ionizing radiation, the DNA helix structure can
become damaged through either single strand breaks (SSB) or double strand breaks
(DSB) as covered in Section 2.4.1. SSB are generally much easier for the cell to
repair, provided there are not multiple SSBs in a localised cluster, but DSB are
much harder for the cell to recover from which increases the potential of cell
death. Upon applying a particular protein to the cells, the DSB’s become visible
as discrete spot-shaped foci when investigated via microscope. [138]
Foci investigations were carried out in this experiment to test the reproducibility of
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the cells’ kinetic response and then to calibrate this with data previously obtained
through cell exposure under conventionally accelerated protons. [139]
3. Senescence; Sublethal cytogenetic damage
Carried out on days 9-10 of the experiment
Some types of cells can develop stress-induced premature senescence (SIPS), a
type of sub-lethal cell damage, under irradiation from an ion beam. The process
of SIPS can occur when cells have been exposed to damage of some type (in
this case, through ionizing radiation), and as a result the cell will enter a state of
permanent inactivity; ie. the cell will not divide. Whilst this ensures that the SIPSaffected cells themselves cannot develop into cancerous cells, there is a possibility
for these cells to cause an adverse effect on healthy tissue. Investigations are being
carried out to determine if the accumulation of senescing cells may actually cause
the degradation of healthy tissue integrity, and also if the accumulation causes an
increase in secondary cancers developing. [140–143]
The intention of carrying out this assay in this experiment was to confirm if the
trend of clustering SIPS-affected cells negatively impacting neighbouring cells differs in a laser-driven ion environment than that of conventionally accelerated proton beams, as seen in previous studies. [144]
A full description of the cell plating process and the setup of cell dishes has been
discussed in Section 3.6.
The cell experimentation was carried out as an extension to previous cell work within
our research group, in which the same assays listed above were conducted using 225 kVp
X-rays and 5.5 MeV α-particles. As such, the biological results contain comparisons to
these particles.
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5.3.4

Results

The results of this investigation are split into two sections; the results of the dosimetry
(ie. RCF and CR39 analysis) and the biological results. The dosimetry analysis was
carried out by the thesis author, and the biology results were mainly carried out by Carla
Maiorino, QUB, although the thesis author was heavily involved in the cell setup and
general experimental work of the investigation.

Dosimetry Results
Within this experiment, both EBT3 (customized) and CR39 were utilised; EBT3
within every shot, and CR39 more sporadically across a more limited number of shots.
The EBT3 was placed directly in front of cells, with the active layer facing the mylar
sheet on which the cells were seeded, and the CR39 were placed in the topleft corner of
the RCF to correspond to lower energy protons and therefore higher doses (this position
can be seen as a ’shadow’ in Figure 5.9).

Figure 5.9: An example RCF upon which the cell position read a dose of 0.91 ± 0.10
Gy. The dose bar has been included via Matlab, although all analysis was carried out
in ImageJ. Note the ”shadow” in the top-left corner; this is where a piece of CR39 was
irradiated simultaneously for dose calibration.
As the CR39 pieces were relatively small in comparison to the size of the RCF, the
chosen scanning method was to scan the CR39’s entire surface rather than a section.
This was done with the intention of choosing an area suitable for CR39-EBT3 cross134
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calibration assessment during the computerised analysis of the surface. Unfortunately,
technical issues with the scanning apparatus and analysis software of the CR39 meant
that a full cross calibration of the CR39 and the EBT3 could not be attained, as the pit
count per unit area could not be determined.
Although this could not be evaluated within this experiment, the process would have
been as follows. The pit count per unit area would provide the particle flux, therefore
allowing the flux of the protons to be compared with the optical density response on
the RCF. In this case, with the flux, the particle energy and the stopping power of the
particle in that medium known, it would be possible to calculate the dose delivered and
compare it with the optical density recorded at that position, generating a calibration
between OD and dose. This dose calculation can be evaluated using Equation 4.3 first
discussed in Chapter 4:

Dw = Sw × Φ × 1.6 ∗ 10−10

Where Dw is the absorbed dose in Gray, Φ is particle fluence in

(5.2)

N
cm2

and Sw is the

stopping power of the particle at that specific energy [145] (where all subscripts w relate
to the stopping power being evaluated with water as the medium, as this is the model
used for cell density.) In the case of this experiment where the fluence information was
unable to be attained, the EBT3’s OD - Dose calibration from the 60 MeV protons
accelerated by the LNS cyclotron previously described were used.
However, it was still possible within this experiment to determine the average particle
size and ellipticity of the tracks created by the 10 MeV protons. The CR39 scanner
records any signal above background level via contrast differences and provides a data
file per scan containing numerical information as to a point’s x- and y- position, point
eccentricity and point size. These can then be filtered by narrowing the values of these
to eliminate points of noise, caused by dirt or scratches on the surface. As such, the
CR39 were scanned with the input:
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CR39 Proton Pit Parameters:
• Pit Size: 0.05 -40 um;
• Particle Eccentricity: 0.2 - 0.9 initially (where 1.0 is a perfectly round point), then
narrowed to 0.8 - 0.9 to minimize noise;
• Pixels Per mm: 975 (This is was evaluated through dividing the known length
of the CR39 by the pixel length from the bottom-top. In reality, there is an
uncertainty of approximately 25 px/mm due to measurement error.)
Therefore, analysis was able to be carried out to determine proton pit size, as seen
in Figures 5.10. Figures 5.10(a) and 5.10(c) show histograms of the pit sizes across the
full surface scan using the above parameters, and Figures 5.10(b) and 5.10(d) show the
effect of limiting the eccentricity further, to between 0.8-0.9 and thus eliminating more
anomalous points.
Considering the y-axis log scale, it can be clearly deduced that the vast majority of
proton pit sizes are between 1-5 µm; the variance will be due to the different proton
energies within the scanned area of interest. Any points of data that the MATLAB code
considers to be potential pits between approximately 10 - 30 µm are more likely due to
abberations on the surface of the CR39 that happen to fall within the parameters listed
above, which can be largely reduced by limiting the eccentricity parameter further, as
done for Figures 5.10(b) and 5.10(d).
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Pit Size Investigation using MATLAB

(a) Proton Pit Size in 1.5 ± 0.2 Gy Shot : Eccentricity: 0.2 - 0.9

(b) Proton Pit Size in 1.5 ± 0.2 Gy Shot : Eccentricity: 0.8 - 0.9

(c) Proton Pit Size in 0.7 ± 0.1 Gy Shot : Eccentricity: 0.2 - 0.9

(d) Proton Pit Size in 0.7 ± 0.1 Gy Shot : Eccentricity: 0.8 - 0.9

Figure 5.10: These graphs were evaluated through MATLAB to determine the pit size
across the CR39 scans. Figures 5.10(a) and 5.10(c) covers pit sizes across two different
CR39 pieces, and Figures 5.10(b) and 5.10(d) cover the same CR39 pieces but with a
more restricted Eccentricity parameter to filter noise.
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Biological Results and Discussion
The biological investigation carried out in this laser-experimental environment was
to determine differences in cell behaviour when irradiated by ultra-high dose rate protons
normalised to 1 Gy from this LULI experiment, in comparison with previously attained
results for 225 kVp X-rays and 5.5 MeV 241 Am α-particle irradiations. Within all biological results, the doses have been evaluated by the thesis author via OD readings on the
customized RCF. The initial intention within this investigation was for each biological
assay to be repeated on each cell line a minimum of two times. Unfortunately, there was
contamination of some cell dishes which limited the amount of useable cell data which
could be analysed. As radiobiology publications require a minimum of three repetitions
of each cell study to be carried out, the cell experiments carried out within this chapter
can only be considered a preliminary study, in terms of the biological results. However,
these experiments successfully present the methodology behind delivering doses of a high
dose rate to cells.
Clonogenic Assays - Cell Survival
The cell survival measurements for both cell lines are shown in Figures 5.11(a) and
5.11(b), for AGO1552 and HUVEC cell lines respectively. They are compared with
the previously obtained data of x-ray and α-particle irradiation to determine the effect
that laser-accelerated protons, and thus an ultra-high dose rate, has on the cells. In
this assay, cells were irradiated with doses as close to those used for the x-rays and
α-particle reference ionizations as possible (between 0.5 - 6 Gy). However, due to cell
contamination, it was only possible to use AGO1522 cells of up to 4 Gy, and HUVEC
cells of between 1 - 2.5 Gy within this experiment.
Through Figure 5.11, it can be seen that the laser-driven 9.7 MeV protons cause
a different reaction to each cell line than both the x-rays and α-particles, for which
both of these particle types cause consistent cell behaviour in both cell lines. The larger
dose errors in the laser-driven proton data are due to instability of the beam delivery, as
discussed in Section 5.3.1, and surviving fraction (SF) errors due to dose variation error
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within the cell spot size; however the conclusion that these high-dose-rate protons cause
different biological effects than the x-rays and low-dose rate α-particles is still the case.
In the AGO1522 irradiation experiment (Figure 5.11(a)), protons appear to cause a
similar biological effect to that of x-rays. This may indicate similar RBE value for both
particle types at this dose with the AGO1522 cell line [146], however this should be
confirmed with further investigation to include more cell doses delivered. However the
results differ for HUVEC cells (Figure 5.11(b)). As the percentage of surviving fraction
reaches a lower value at a much earlier dose, this suggests that the HUVEC cell line is
more sensitive to high-dose-rate radiation. Therefore, it can be concluded that laserdriven protons are more effective at killing HUVEC cells than traditional x-ray radiation
for doses, for the low doses relevant to those used in cancer treatments.
Foci Assays - Measurement of DNA Damage
The foci measurements for both cell lines are shown in Figures 5.12 and 5.13, for
AGO1552 and HUVEC cell lines respectively. As per procedure from previous experimental campaigns, the cells were exposed with one laser-driven proton pulse (or rather,
one shot) and then allowed to process for set periods of time (0.5hrs, 1 hr, 2hrs, 6hrs and
24hrs). After these set periods, the cells were ”frozen” (ie. their damage proliferation
was stopped), allowing for the observation of the level of damage caused across time
after undergoing irradiation from one shot each.
The results of this experiment were compared with the previously attained results
of the (low LET) 225kVp x-rays and (high LET) 5.5 MeV

241

Am α-particle irradiation,

seen in Figure 5.14 and 5.15. Through these figures, the cell response to varying LET
radiation can be deduced.
For these biological results shown within Figure 5.12, it is clear that the dose profile
and trend of the number of foci generally overlap. This is a clear demonstration that
the dose delivered is what causes the increase in foci. However, as the error on the
dose per shot can reach up to 20% of the dose value, the average foci counted in the
region of interest could potentially appear higher or lower than would be expected for
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the dose profile measured. Another source of error is if the number of foci is higher in
the penumbra than would be expected (ie. an area with little to no dose); in this case,
there is the possibility that there is some scattered and unintended radiation which could
contribute to additional cell damage in this area.
The results shown in Figure 5.14 reveal that for all radiation types used upon the cells,
the number of foci per nucleus decreases over time, indicating the DNA repair response
mechanisms rapidly being activated from the cells. For the laser-accelerated 9.7 MeV
Protons within this experiment, there appears to be a higher degree of early-response
damage (for up to 1 hour after exposure) than for the x-ray irradiation. This however is
not the case for late-response (from 2 hrs onwards), where the degree of damage appears
to be approximately similar for both the protons and x-rays. This response was expected
due to previous similar experimentation within the A-SAIL group using the same LET of
laser-driven protons accelerated on Gemini [147].
Stress-Induced Premature Senescence (SIPS) Assays at High-Dose Rate
Within this section of the experiment, cell samples were irradiated with 9.7 MeV laseraccelerated protons as before, but with doses 0.51 ± 0.08 Gy and 0.85 ± 0.13 Gy,
normalised to 0.59 Gy and 1 Gy respectively, to be comparable with previously carried
out 225kVp x-ray investigation. Within a senescence assay, the percentage of senescent
cells for both a control sample and exposed cells are calculated at 7 days, 14 days, 21
days and 28 days after exposure, and the results of this are shown in Figure 5.16. Prior to
this experiment, no conventional proton experimentation for SIPS evaluation had been
carried out using HUVEC cells, and as such the only comparison available was with the
X-ray results from previous work.
Figure 5.16 indicates that laser-driven high dose-rate protons are indeed more effective in inducing premature senescence than x-rays, as there is a greater percentage of
senescent cells at each fixation point, control samples excluded. (There does appear
to be a larger percentage of senescence for x-rays than laser-accelerated protons at the
21-day fixation point - however, this is due to the large error with the 7- and 14- day
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fixation point data sets, where the cell staining was applied for a longer period than
necessary.) Additionally, the lower dose proton data set and the higher dose data set
are approximately equal at the 28 day fixation point; this could indicate that after 28
days, the sublethal damage caused by laser-accelerated protons at low doses could have
accumulated or developed to become more relevant at later stages. [146]
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Clonogenic Assays

(a) Cell Survival Assay of AGO1522

(b) Cell Survival Assay of HUVEC

Figure 5.11: Dose-response comparison curves for both AGO1522 and HUVEC cells
after exposure to x-rays (in blue) and laser-driven 9.7 MeV protons (in green). (Alpha
particles are from a separate experimental campaign and are not discussed in detail.)
Biological data analysed and plotted by Carla Maiorino, QUB.

142

Chapter 5

Foci Assays of AGO1522

(a) AGO1522 IF Assay 0.5 hr after Irradiation

(b) AGO1522 IF Assay 1 hr after Irradiation

(c) AGO1522 IF Assay 2 hr after Irradiation

(d) AGO1522 IF Assay 6 hr after Irradiation

(e) AGO1522 IF Assay 24 hr after Irradiation

Figure 5.12: These graphs show the average number of radiation-induced foci in
AGO1522 cells (shown by blue dots, and labelled on the LH y-axis under ”Average
No. Foci/cell”) counted along the 9.7 MeV proton energy line in comparison to the
dose profile measured from the EBT3 along that same energy line (shown by red dots,
and measured along the RH y-axis under ”Dose (Gy)”). Biological data analysed and
plotted by Carla Maiorino, QUB.
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Foci Assays of HUVEC

(a) HUVEC IF Assay 0.5 hr after Irradiation

(b) HUVEC IF Assay 1 hr after Irradiation

(c) HUVEC IF Assay 2 hr after Irradiation

(d) HUVEC IF Assay 6 hr after Irradiation

(e) HUVEC IF Assay 24 hr after Irradiation

Figure 5.13: These graphs show the average number of radiation-induced foci in HUVEC
cells (shown by blue dots, and labelled on the LH y-axis under ”Average No. Foci/cell”)
counted along the 9.7 MeV proton energy line in comparison to the dose profile measured
from the EBT3 along that same energy line (shown by red dots, and measured along the
RH y-axis under ”Dose (Gy)”). Biological data analysed and plotted by Carla Maiorino,
QUB.
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Comparison Foci Damage Assessment for both cell lines

(a) AGO cells assessed for DNA damage

(b) HUVEC cells assessed for DNA damage

Figure 5.14: Figures 5.14(a) and 5.14(b) show the average number of foci per nucleus
as a function of the time at which the cell proliferation was frozen, for both AGO1522
and HUVEC cell lines. Errors were calculated as Standard Error of the Mean (SEM).
Biological data analysed and plotted by Carla Maiorino, QUB.
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Comparison Foci Damage Assessment for both cell lines

(a) AGO cells assessed for DNA damage

(b) HUVEC cells assessed for DNA damage

Figure 5.15: Figures 5.15(a) and 5.15(b) show the percentage of foci remaining after
ionization exposure damage, from 0.5 - 24 hrs. Curves have been fitted as exponential
decays, and errors were calculated as Standard Error of the Mean (SEM). Biological data
analysed and plotted by Carla Maiorino, QUB.
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Comparison SIPS Results for HUVEC cells

Figure 5.16: Comparison between SIPS assays performed on HUVEC cells after exposure from 9.7 MeV proton irradiation to match the same assay carried out with X-rays
exposure. Particularly high error bars at the 7 and 14 day points are due to prolonged
staining of cells.
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5.4

Biological Effectiveness of Laser-Accelerated Carbon Ions in Radioresistant Cancer Models

The aim of this experiment was again to carry out a series of biological assays
using short burst laser pulses, but with Carbon ions irradiating hypoxic cells. Prior
to this experiment, the biological effects that carbon ions cause to cells at an ultrahigh dose rate had not yet been tested, and neither had the effect that this highdose rate will have specifically on hypoxic cells. Therefore in investigating carbon ions’
effect on radioresistant cells, the cells used within this experiment are gliblastoma stem
cells (GBM). These are cancerous brain cells particularly resistant to radiation, and
generally thrive within the hypoxic conditions of the centre of a tumour due to the
radioresistance that the hypoxia offers, on top of the already radioresistant nature of
GBM cells themselves [148, 149]. The cells were irradiated with carbon ions with a
cell-boundary energy of approximately 10 ± 1.5 MeV/u (corresponding to an LET of
161-174 keV/µm).
When used at clinical energies (100-300 MeV/n), carbon ions have a higher LET than
protons, and as such result in more efficient cell death due to the higher complexity in
cellular damage within the target tumour. (See Section 2.4.1 for an indepth description to
types of cell damage). This higher radiobiological efficiency is termed relative biological
effectiveness (RBE), and is dependent on a particle’s LET. For carbon ions, this RBE
is up to 3 times higher than for protons [150], meaning that it is particularly useful for
radioresistant tumours. As such, testing the biological effects caused by carbon ions
at ultra-high dose rates are of scientific importance due to the important role that a
laser-driven solution could have in the development of more accessible carbon therapy,
as a major hinderence to the current volume of carbon ion therapy centres is the cost
to build such facilities. (See Section 2.2.3 for a discussion of the costs involved within
developing a carbon ion facility centre.)
Previous experimental work in this area has involved laser-driven protons and fully
oxygenated cells [151], and shows no significant cell-behaviour deviations from known
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responses. However, the general consensus in this area is that higher-LET ions may
provide more favourable conditions to produce such ultra-high-dose rate effects [152,
153]. This concept provided the motivation behind this investigation into how the
higher density of ionizations associated with carbon ions will couple with dose rates from
a laser-driven ion acceleration process. Experiments utilising laser-accelerated carbon
ions have recently become accessible due to advances within carbon ion acceleration via
radiation pressure acceleration (RPA) [154,155] within the A-SAIL Project collaboration,
making investigations such as this experiment more feasible.

5.4.1

Experimental Setup

The experiment was carried out using the Astra-Gemini laser at the Rutherford Appleton Laboratory, Science and Technology Facilities Council, United Kingdom. (The
Gemini laser specifications are expanded upon in Section 3.2.2.)

Laser System Setup
The Gemini laser delivered pulses of ≈ 12 J at a 800 nm wavelength (λ) and a
central FHWM duration (τ ) of 45 fs, after undergoing reflection off a double plasma
mirror (DPM) (used for pulse contrast enhancement). [156] The beam, now recollimated,
was focused onto ultrathin carbon foil targets (between 10-25nm) at normal incidence by
a f /2 off-axis parabolic (OAP) mirror to deliver peak intensities of ∼ 6 × 1020 W/cm2 .
The pulse polarization was varied from linear polarization (LP) to circular polarization
(CP) through the use of a zero order quarter wave plate (WP) (placed between the
second plasma mirror and the focusing parabola). The path of the beam can be seen in
Figure 5.17.
The protons and carbon ions accelerated from the carbon foil targets were selected
via the use of magnetic energetic spreading similar to that in the LULI experiment. This
was carried out with the use of a 125 mm length 0.9 T magnet and a 500 µm slit placed
≈ 50 mm from the target, where upon the pulse would pass through; the pulse will then
be energetically dispersed, with lower energy ions undergoing greater dispersion than
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higher energy ions, allowing for energy selection to take place. The experimental setup
as a whole is displayed in Figure 5.18.

Figure 5.17: The beam path within the Gemini chamber. Diagram redesigned from [157].

Figure 5.18: Experimental setup of the cell investigation. Note that the cell dish and
protective chamber that it is within is not enclosed within the beam chamber itself.
Distances are not to scale.
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Dosimetry Arrangement
Within the experiment, the main method of measuring shot-to-shot dose to the cells
was to use EBT3, as for previous experiments within this thesis. In the case of this
experiment, the EBT3 were placed directly behind the mylar window upon which the
cells had seeded (as seen in Figure 5.20), where the customized EBT3’s active layer
directly faces the cells). This was to minimize any dose error associated with particles
attenuating additional energy by travelling through any unnecessary media between the
point of the cell irradiation and the EBT3, and therefore the response seen by the EBT3
is near equivalent to the dose experienced by the cells.
To further minimize as much error as possible between the measurement of dose
using EBT3 and the dose delivered to the cells themselves, the ions’ attenuation was
simulated using Geant4. In this process, a 10 MeV/u monoenergetic carbon ion beam
incident to the cell dish was modelled to determine the depth dose profile along EBT3
for both normal EBT3 (with both protective layers present) and customized EBT3 (with
one of the protective layers removed).

Figure 5.19: Geant4 Simulations showing the normalized depth dose profile along the
layers of EBT3 (black line shows normal EBT3, purple shows the customized unlaminated
EBT3). Righthand graph shows the depth-dose profile (in water equivalent thickness)
showing the position of the cells, the customized EBT3 active layer and the standard
EBT3 active layer. Note that ”A.L” is Active Layer, and ”S.L 1” and ”2” are the
substrate layers. Analysis and graphs by G. Milluzzo, from [158].

Through the simulations presented in Figure 5.19, it can be seen that the use of normal
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EBT3 in this context would provide unreliable doses. The carbon ions are approximately
10 MeV/u at the point of the cells, but their energy will have significantly depleted at
the point of the EBT3 Normal’s active layer. This is because the ions have had to pass
through the initial protective overlaminate layer to reach the active layer. Energetically,
at this point (prior to the fall after the Bragg-peak), a decrease in energy corresponds
to an increase in dose deposited as the cross-section of the ion increases (ie. an increase
in LET). Due to this, the difference in dose between the point of cells and the active
layer of the EBT3 Normal is approximately 30 %, which is too large a discrepancy to
consider an accurate dose reading.
Therefore this proved the necessity of using the customized EBT3. Using this customized EBT3, the difference in dose is ≈ 2% between that delivered to the cells and
that delivered to the active layer. [158]
Therefore within the shots involving cell irradiation (ie. not the initial beam alignment
and assessment shots using HDV2 stacks in the beam path prior to magnetic deflection),
the RCFs used for dosimetry were the customized EBT3 pieces. These were used in
tandem with CR39 pieces for some cell ionization shots (an example setup of which can
be seen in Figure 5.20(a), and also as part of an RCF stack alongside HDV2 for the
initial beam characterisation shots.

Determining Beam Parameters
The beam parameters were measured using a multitude of methods: BAS-TR Image
Plates (IP), a Thomson parabola spectrometer (TPS) and RCF used within a stack
configuration to measure particle energy (through the range of stack layers upon which
they reach and deposit energy, as explained in Section 3.4.1).
Two different energy calibrations within the experiment were used; the first is as per
Figure 5.18 and the second added a 5 mm spacer on the rear of the dish stage. This
additional 5 mm of additional air that the carbon ions have to travel through to reach
the cells needs to be accounted for, and as such two calibrations were required. This was
carried out through using a Thomson parabola and image plates in the cell position, and
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(a) Example Dosimetry Arrangement

(b) Example of a particular dosimetry setup during irradiation.

Figure 5.20: Cell arrangement during irradiation. The active layer of the RCF was always
positioned so that it was facing either CR39 for cross calibration purposes, or the cells
themselves when they were utilised.
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placing various filters in front of the image plates to block certain energies of carbon.
The position from the base of the image plate was then recorded and compared against
the carbon ion blocked to determine a calibration of Carbon ion energy against vertical
distance. See Table 5.2 for data values and Figures 5.21 and 5.22 for the calibrations
evaluated.
Al. Filter
Used (um)
65
117
177
229
Al. Filter
Used (um)
117
177
229

Calibration 1 : No Spacer Included
Carbon ions
Posn. from base
blocked (MeV/u)
of IP (cm)
4.5
3.2
6.6
3
8.6
2.8
10
2.6
Calibration 2: 5 mm Spacer Included
Carbon ions
Posn. from base
blocked (MeV/u)
of IP (cm)
6.6
3
7.7
2.8
10
2.5

Posn. from
0 Point (cm)
2.05
1.85
1.65
1.42
Posn. from
0 Point (cm)
1.65
1.85
1.42

Table 5.2: Energy calibration data for both calibrations used within this experiment (ie.
with and without 5mm spacer) to determine what vertical distance corresponds to which
Carbon ion energy of the energetically-spread pulse.

Therefore, as evaluated in Figure 5.21 and 5.22, the energy equations correspond to
calibrations of:
• Calibration 1: Initial Experimental Setup without spacer

E1 = 191 × exp(−1.134 × x)

(5.3)

• Calibration 2: Secondary Setup with 5 mm spacer

E2 = 82.51 × exp(−0.8447 × x)

(5.4)

These equations lead to 10 MeV/u Carbon as E1 to correspond to a vertical distance
of 2.6 cm from the base of the RCF, and in E2 to correspond to 2.5 cm. To evaluate error
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Figure 5.21: Determining the vertical distance corresponding to Carbon ion energy for
Calibration 1 (ie. no spacer used). Data is fit to an exponential function, and provides
coefficients A = 191 and B = -1.134. As such, 10 MeV Carbon correlates to 2.6 cm
position from the base.

Figure 5.22: Determining the vertical distance corresponding to Carbon ion energy for
Calibration 1 (ie. 5 mm spacer used). Data is fit to an exponential function, and provides
coefficients A = 82.5 and B = -0.845. As such, 10 MeV Carbon correlates to 2.5 cm
position from the base.
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in this distance measurement and to consider the line height (in pixels) of a horizontal
profile taken across the RCF, the energy associated with each vertical distance error was
considered:
• Calibration 1: Using a horizontal profile 20 pixels in height to record dose at 2.6 cm
from the base of the RCF, the ∆x is considered to be 0.02 cm, which corresponds
to ∆E1 = 0.45 MeV/u;
• Calibration 2: Using a horizontal profile 20 pixels in height to record dose at 2.5 cm
from the base of the RCF, the ∆x is considered to be 0.02 cm, which corresponds
to ∆E2 = 0.34 MeV/u;
Along with the optical density readings being taken from the vertical 2.6 cm and
2.5 cm position from the base for Calibrations 1 and 2, respectively, the CR39 also
underwent readings at this vertical distance. Unlike the CR39 used in the LULI-laser
experiment, these CR39 were of equal size and shape to the EBT3. This meant that the
signal could, if desired, be read across the whole pulse energy distribution, when CR39
was used. The CR39 data selection was carried out by scanning the CR39 from the 2.4
- 2.7 cm position from the base, therefore covering the area of interest in which the cells
were seeded for both configurations, and including some additional distance to account
for any human error in the scanner measurement of vertical distance. A diagram of these
measurement areas is shown in Figure 5.23.
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Figure 5.23: Diagram of the points at which data was read from both the EBT3 and the
CR39. Note that the CR39 has scanned a larger area rather than simply the 10 MeV/u
Carbon line to account for measurement error.
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5.4.2

Cell Arrangement and Biological Assays

As mentioned above, the cells used within this experiment were GBM cells specifically
chosen for their radioresistance. It is GBM stem cells that are largely responsible for
failure in cancer treatment and in the recurrence of tumour growth post-treatment. The
hypoxic centre of tumours are able to provide a relatively safe environment for these cells
to grow, where conventional low LET beams are unable to induce significant damage.
Therefore, the theory being investigated within this experiment is that the biological
damage induced by the high LET carbon ion beams will initiate a cascade of signalling
events due to the high concentration of ionisations, which could in turn be able to both
induce significant cell death and inhibit the cells’ metastatic potential beyond that of
which is expected for a low dose-rate exposure. The exact assays investigated are covered
below.

Biological Assays
The hypothesis discussed above was tested within the experiments through various
biological assays to determine a range of effects. These include:
1. Clonogenic Assay: These were carried out with the intention of determining the
RBE (relative biological effectiveness) and OER (oxygen enhancement ratio, i.e.
the ratio of RBE with and without oxygen) within both radioresistent stem cells
(the GSC cells), through the use of a hypoxia chamber. The OER is generally
reduced with carbon ions in relation to protons, and there is traditionally a direct
relationship between OER and RBE. A previous investigation, however, from within
the QUB-based A-SAIL group, using both carbon and protons accelerated by the
Gemini laser in 2017, have found that high-dose rate irradiations may challenge
this. [147] Therefore it was investigated within this experiment.
2. Foci observation assays: These were carried out to determine the value of DSBs
induced by the high dose-rate 10 MeV/u Carbon ions, over a period of 24 hours
to investigate the degree of both damage and repair to the DNA within the cells.
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However, the only currently available biological results involve the induced mean foci
per cell, where the cells were fixed at 0.5hrs, 1 hr, 6 hr and 24 hrs after irradiation to
determine the amount of DSBs induced by the 10 MeV/u Carbon ions. These results
are covered in Section 5.4.3.

Cell Dish Setup
In a similar procedure to that of the LULI investigation and using the same specifically
designed cell dishes, cells were grown as monolayers upon the 3 µm mylar sheet stretched
across the cell dish. As before, the cells were grown using medium within the cell dish
and held in a sterilised environment prior to experimental use. Once in the experimental
chamber, this cell dish was placed within another chamber with another 3 µm Mylar
window separating it from the beam transportation pipe. This chamber served two
purposes; the first was to enable a motorized mechanism to rotate the cell dish prior to
the shot to ”drain” the cell medium from the central section of the dish (the cell area
of interest), and the second was to add another layer of protection against potential cell
contamination.
The cells were placed in air at approximately 1 cm from a 50 µm kapton exit window,
and at an approximate distance of 200 mm from the carbon target. This target-cell
distance was chosen as Geant4 modelling determined that this distance would deliver
single-shot doses to the order of 1 Gy.
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5.4.3

Results

In this section, the results for both the dosimetry systems and the biological investigation portion of this experiment are discussed.

Dosimetry Results
The dosimetric tools utilised within this experiment were RCF (specifically EBT3
customized) and CR39, with the initial beam energies characterised against vertical
distance via the use of a Thomson Parabola and Image Plates (as explained in Section
4.4.1).
For the dosimetry analysis, the dose measurements ideally would be determined via a
cross calibration between the RCF and the CR39, between the optical density response
EBT3 and the particle fluence determined by the CR39. However, as for the CR39 in the
LULI experiment and in using the same analysis process, it was not possible to determine
the total number of pit counts across the surface area of the scan due to complications
with the equipment. Ideally, the scanner used would compile a large image of an array
of smaller individual scans across the surface; however due to an internal software error,
this function was not available on the equipment. Therefore, the alternative method
was to obtain a data file of all points that the software recognised through contrast
difference between the points and the background of the scan. As per the CR39 of the
LULI experiment, these points could be limited to ignore aberrations and isolate carbon
ion pits through filtering of parameters, limiting the eccentricity to between 0.7-0.9, and
size of pits from between 5 - 40 µm in diameter.
As the CR39 was unable to be used as a method of determining the fluence of the
Carbon ions, an alternative method is required in determining the dosimetry from using
the irradiated EBT3 alone. For that, a calibration for EBT’s OD response to dose at 10
MeV/u Carbon ions’ LET is needed.
Both using SRIM to obtain the stopping power in water (to mimic the cell density)
and in knowing the Unrestricted LET Equation 2.12 (ie. that a particle’s LET is equal
to its stopping power in the medium through which it travels), it was evaluated that 10
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MeV/u Carbon ions have an LET of 174.6 ± 5.6 keV/µm (the error considers a particle
energy fluctuation of ± 0.5 MeV/u).
In Chapter 4, an EBT3 calibration between optical density and dose was developed
for the use of multiple particle types, including 6 MeV/u carbon ions. These 6 MeV/u
carbon ions have an LET of 250.3 ± 2.7 keV/µm in water, larger than the 174.6 ± 5.6
keV/µm LET value of 10 MeV/u carbon ions. However, as shown by the compilation
graph of all particles’ LET values within Chapter 4: Figure 4.18, at high LET values
there is less variation in OD response of EBT3 than for low LET values, particularly for
the low doses used within this experiment (< 5 Gy). This means that the calibration
evaluated for 6 MeV/u tandem-accelerated carbon ions can be used for the 10 MeV/u
laser-driven carbon ions. As the 10 MeV/u carbon ions are laser-accelerated and the 6
MeV/u carbon ions are tandem-accelerated, there is a significant difference in dose-rate
between the two. However, although dose-rate effects are indeed under evaluation in
terms of cell behaviour under ultra-high dose rates, dose rate does not effect the OD
response of RCF [159] and thus this calibration is valid.
Therefore, within this experiment the EBT3 scans were analysed in ImageJ to provide
dose values at the 10 MeV/u carbon ion energy line, utilising a macro which converts
the OD to dose values using the 6 MeV/u tandem-accelerated carbon ion calibration
data.
Figures 5.24, 5.25 and 5.26 show the RCF scans and accompanying dose profiles
across the 10 ± 0.3 MeV/u carbon ion line, and the CR39 scans across the 10 ± 1
MeV/u area. The dose profiles in Subfigures 5.24(b), 5.25(b) and 5.26(b) are taken
across the entire horizontal surface of the RCF at the 10 MeV/u Carbon line (taken
from 2 mm inwards from each side to account for the mask overhang on the RCF), and
then the profile is truncated to cover only the region of direct irradiation. This truncated
profile is taken from 1 mm from the approximate edge of the region of irradiation to
account for potential error in determining the edge correctly.
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(a) EBT3 and CR39 Signal Comparison - 1.3 +- 0.3 Gy

(b) Dose Profile across EBT3

Figure 5.24: Comparing the analysis of EBT3 (after signal has been converted from OD
to Dose using ImageJ) to the analysis of CR39. Figure 5.24(b) show the profile taken
across the whole RCF surface (approximately 2.4 cm), then shortened to focus only on
the profile across the directly irradiated portion (approximately 1 mm in from the edge
of the irradiation).
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(a) EBT3 and CR39 Signal Comparison -2.5 +- 0.7 Gy

(b) Dose Profile across EBT3

Figure 5.25: Comparing the analysis of EBT3 (after signal has been converted from OD
to Dose using ImageJ) to the analysis of CR39. Figure 5.25(a) shows the RCF ImageJ
analysis on the left, and the MATLAB CR39 analysis on the right. Figure 5.25(b) shows
the dose profile using the EBT3 across the 10 MeV/u Carbon ion line.
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(a) EBT3 and CR39 Signal Comparison - 0.6 +- 0.5 Gy

(b) Dose Profile across EBT3

Figure 5.26: Comparing the analysis of EBT3 (after signal has been converted from
OD to Dose using ImageJ) to the analysis of CR39. Figure 5.26(a) shows the RCF
ImageJ analysis on the left, and the MATLAB CR39 analysis on the right. Note that
this irradiation used Configuration 1, and as such the dose profile was taken from a
height of 2.6 cm on the RCF. Figure 5.26(b) shows the instability in the dose profile
using the EBT3 across the 10 MeV/u Carbon ion line.
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CR39 Scans at 10x and 20x Magnification

(a) Non-Saturated surface of CR39 (10x Magnification)

(b) Saturated Surface of CR39 (20x Magnification)

Figure 5.27:
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Biological Results and Discussion
The biological investigation carried out in this laser-experimental environment was
to determine the biological effects that laser-driven carbon ions would have upon radioresistant cells. Not all biological data from this investigation is currently available to
present within this thesis, although Figures 5.28 and 5.29 show the DNA DSB damage
induced by the 10 MeV/u carbon ions.
Within Figure 5.28, the mean foci per cell has been quantified in relation to the
varying times after irradiation for which the cells were fixed. For each datapoint, at least
100 cells were scored in duplicate slides, allowing for a large enough cell population to
record foci effectively. The errors within this Figure represent the SEM across the two
slides.
Figure 5.29 is an example of a fluorescent microscope image of cells that have been
fixed at 24 hrs post-irradiation of 1 Gy via the 10 MeV/u carbon ions. In this Figure,
the DNA DSB damage foci induction is seen through 53BPI foci formation within the
nucleus, and the typical track formation by high LET carbon ions are shown in the
marked red squares.
Within these results, it can be deduced that the 10 MeV/u carbon ions do indeed
cause a large amount of cell damage, with approximately 17 % foci per cell visible
30 minutes after exposure. However, the similarity between results after 1 hour and
6 hours indicate a rapid repair mechanism response occurring before this 1 hour time
point. The lower mean foci per cell at 24 hours post-irradiation show that the cell
is still in the process of repair, although there is still significant foci damage at this
point (approximately 12 % mean foci per cell). Therefore one shot from the 10 MeV/u
Carbon has been proven to cause significant and lasting cell damage; this result will be
developed under further analysis of the other cell data sets, and in comparison to similar
dose irradiation from conventionally accelerated low dose-rate particles.
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Figure 5.28: Quantification of mean foci per cell. Data analysed and plotted by Pankaj
Chaudhary, QUB.

Figure 5.29: DNA DSB damage of GSC irradiated by 1 Gy 10 MeV/u Carbon ions, fixed
at 24 hrs post-irradiation. Data analysed and plotted by Pankaj Chaudhary, QUB.
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6

Conclusion and Future Work

6.1

Conclusions in the context of Thesis Aims

The main aims of this thesis were discussed in Section 1.3, and these aims were
addressed through the work carried out in experiments discussed within Chapters 4 and
5. The aims are listed below, and the experimental conclusions relating to each aim
discussed:
• To extend RCF calibrations to different medically-relevant particle types with
various LET values;
Within Chapter 4, various particles were calibrated against the counts from a Si detector and the cross calibration between an ionization chamber and Markus chamber, for
the Tandem and Cyclotron experiments respectively. These particles were 3 MeV/u
and 6.17 MeV/u Carbon ions, and 5 MeV and 10 MeV Protons. The optical density
responses of the EBT3 for each of these particle irradiations were calibrated to provide OD-dose calibrations for each particle type - and thus, each particle’s LET value.
These calibrations, therefore, can be used in future investigations where EBT3 is to
be used as a dosimeter in scenarios involving these particle LETs, and were indeed
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used to calibrate the EBT3 response to 10 MeV/u Carbon ions within the Gemini-laser
experiment discussed in Chapter 5.
• To determine the relationship between RCF’s optical density response to
dose and the ionizing particle’s LET;
For this aim, the particles from the LNS-INFN experiment listed above were treated
only as their LET value rather than as ion species and energy, and plotted in Reinhardt.
et al, 2015 [8] ’s netOD vs. Dose (Gy) graph to observe the varying OD responses of
EBT3 to doses for different particle LET values. With this, the hypothesis that EBT3’s
underresponse for low energy particles in respect to photons and higher energy particles
is due to LET value was confirmed across six separate particle LETs. Therefore,
this experiment confirmed that there is a direct relationship between the OD underresponse of RCF to dose and a particle’s LET, and indeed that the greater the particle
LET, the greater the under-response.
• To assess whether or not particle species itself has an effect on RCF’s optical
density response to dose, or whether particle LET is the main parameter
effecting this response;
Within the high-energy cyclotron-accelerated ion beam section of Chapter 4, two
different particle types were used to irradiate EBT3 and HDV2; 45 MeV/u carbon ions
and 75 MeV/u oxygen ions. The energies were chosen to ensure that both particle
types had a near equivalent LET value at the point of interaction with the RCF. In
ensuring that the LET value was near equivalent for both particles, this therefore
isolated particle mass as the sole parameter under investigation. The results within
this experiment found that for both RCF types the OD response to dose lie within
one another’s errors for doses of < 12 Gy for EBT3 (the maximum limit of dose
capable for EBT3), and < 300 Gy for HDV2 (a lower dose for HDV2, considering
its maximum dose limit is 1000 Gy). For both RCF types, the values do however
appear to deviate as the ionisations reach the upper end of the RCF type’s dose limit
capabilities, although, as mentioned, this is not a concern in the case of EBT3. This
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is because EBT3’s physical measurement capabilities are limited before the data falls
outside from both data sets’ error bars to one another, and the dose levels in these
measurement capabilities for EBT3 (ie. 0.25 - 12 Gy) cover those medically relevant
for a single fractionation event in cancer treatment (< 3 Gy) . Therefore, it can be
concluded that particle mass itself is not a major parameter in affecting optical density
response for doses relevant to cancer treatment.
• To develop a general calibration equation between particle LET and RCF
optical density-dose response, to be used in future experiments so that, in
theory, the need for RCF calibration experiments for each new particle LET
used is negated;
Utilising the data from both the tandem- and cyclotron-accelerated ions presented in
Chapter 4, an analytical investigation was carried out to develop a generalised equation
that could be utilised in future ion experiments using EBT3 as a dosimeter. The aim
of determining this was to present the potential of no longer requiring calibration
experiments prior to the use of any previously uncalibrated ion LET value. Within this
investigation, two relationships were explored; NetOD vs Dose when the particle LET
is known and the OD is not, and netOD vs particle LET, when the optical density
response to a known dose is known but the particle LET is not. Both relationships
were characterised and Equations 4.8 and 4.11 were developed, but these will require
experimental verification.
• To use EBT3 within a laser-driven ion-cell interaction environment, in evaluating both AGO1522 and HUVEC cell lines’ responses to high dose-rate
and ultra-short bunch protons characteristic of laser-plasma acceleration;
Chapter 5 covers the investigation upon which these cell lines were irradiated with 9.7
MeV protons accelerated from the LULI laser system. These cells were assessed both
for the damage caused by the interaction across various time periods from irradiation,
and for the repair mechanisms effectiveness from the cells post-irradiation. Three
different cell assays were carried out, clonogenic, foci and SIPS assays, to investigate
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cell behaviour in comparison to that of x-rays, measured at a previous experiment.
It was found that for AGO1522 cells, their cell death reaction to proton irradiation
does not differ to x-rays, although for HUVEC cells there is a much quicker cell
death response for the laser-accelerated protons. This suggests that HUVEC cells are
more sensitive to high dose-rate radiation, and thus that laser-driven ions are more
effective in causing cell death than traditional x-ray radiation. EBT3 was used for
dose measurements for all these cell investigations, whilst some supplementary data
for the protons themselves (ie. their sizes) were gathered from using CR39.
• To evaluate the radioresistant cell line GBM in normoxic and hypoxic conditions (with and without oxygen present, respectively) using laser-accelerated
10 MeV/u Carbon ions, which had not yet been previously investigated;
This investigation described within the second section of Chapter 5, where upon
GBM cells were irradiated with 10 MeV/u carbon ions accelerated by the Gemini laser
system at the Central Laser Facility, Oxfordshire. Not all biological data is currently
available to present conclusions from these experiments, but the mean foci per cell is
shown in Figure 5.28. The doses for these shots have been analysed through the use of
EBT3 calibrated against dose data from the earlier tandem-accelerated ions covered in
Chapter 4. With these results, it can be seen that the 10 MeV/u carbon ions do cause
a ”spike” of DSBs within the cells soon after irradiation, and the repair mechanisms
from within the cells can be seen to occur from this early point. This conclusion is
drawn by the decrease in foci per cell as the time from irradiation increases, indicating
cell repair occurring across time.
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6.2

Future Work

Future work to continue the investigations within this thesis will be directed towards
the optimisation of dosimetry techniques and calibrations for laser-driven ion experiments, and the investigation of LET as a parameter in cell response to irradiation.
The development of Equations 4.8 and 4.11 (the quantifiable link between OD-dose
response of RCF and particle LET) could be of great value as it negates the need
for calibrations for each separate particle LET value. Therefore, further experimental
investigation of RCF response to different LET values, cross calibrated with an already
well calibrated dosimetry system, would ideally be carried out to prove their validity when
put into practice.
To further compound the results from Section 4.3 where the effect of atomic mass
was considered on optical density response of RCF to dose, repetition of the investigation
with at least one other medically-relevant ion species would strengthen the validity of
this result. Using, for example, helium or nitrogen ions, which have already been under
consideration for their future potential use in particle therapy, at energies tailored to
produce an LET of 70 keV/µm at the point of the RCF would be a useful dataset to
compare with the oxygen and carbon ions investigated within this thesis.
For future dosimetry work involving cross-calibration between RCF and CR39 in
laser-acceleration environments, future work would involve utilising different and well
characterised equipment to evaluate the CR39. This would allow for a comparison to be
made between the number of pits (ie. the particle fluence) in a particular area against
the RCF’s OD response in the same lateral area.
In terms of the cell work within this thesis, future radiobiology experiments would
involve repetition of the assays carried out with the same cell lines to develop results of
those cell assays lost to contamination. Additionally, the investigation between normoxic
and hypoxic cells is a valuable line of experimentation, and therefore future work carried
out to determine how laser-accelerated ions effect both normoxic and hypoxic cells in
relation to traditional radiotherapy methods would provide a valuable comparison.
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Physics B: Lasers and Optics, vol. 110, no. 4, pp. 437–444, 2013.
[134] D. Doria, K. F. Kakolee, S. Kar, S. K. Litt, F. Fiorini, H. Ahmed, S. Green,
J. C. Jeynes, J. Kavanagh, D. Kirby, K. J. Kirkby, C. L. Lewis, M. J. Merchant,
G. Nersisyan, R. Prasad, K. M. Prise, G. Schettino, M. Zepf, and M. Borghesi,
“Biological effectiveness on live cells of laser driven protons at dose rates exceeding
109 Gy/s,” AIP Advances, vol. 2, no. 1, p. 011209, 2012. [Online]. Available:
http://scitation.aip.org/content/aip/journal/adva/2/1/10.1063/1.3699063
184

Chapter 6

[135] M. S. Kreipl, W. Friedland, and H. G. Paretzke, “Time- and space-resolved Monte
Carlo study of water radiolysis for photon, electron and ion irradiation,” Radiation
and Environmental Biophysics, vol. 48, no. 1, pp. 11–20, 2009.
[136] S. Oeck, K. Szymonowicz, G. Wiel, A. Krysztofiak, J. Lambert, B. Koska,
G. Iliakis, B. Timmermann, and V. Jendrossek, “Relating Linear Energy Transfer
to the Formation and Resolution of DNA Repair Foci After Irradiation with Equal
Doses of X-ray Photons, Plateau, or Bragg-Peak Protons,” International Journal
of Molecular Sciences 2018, Vol. 19, Page 3779, vol. 19, no. 12, p. 3779, nov 2018.
[Online]. Available: https://www.mdpi.com/1422-0067/19/12/3779/htmhttps:
//www.mdpi.com/1422-0067/19/12/3779
[137] N. A. P. Franken, H. M. Rodermond, J. Stap, J. Haveman, and C. van Bree,
“Clonogenic assay of cells in vitro,” Nature Protocols, vol. 1, no. 5, pp. 2315–2319,
dec 2006. [Online]. Available: http://dx.doi.org/10.1038/nprot.2006.339
[138] “Comet Assay and Foci - DNA Damage Quantification — MetaSystems.” [Online]. Available: https://metasystems-international.com/en/products/solutions/
comet-foci/
[139] P. Chaudhary, T. I. Marshall, F. M. Perozziello, L. Manti, F. J. Currell, F. Hanton,
S. J. McMahon, J. N. Kavanagh, G. A. P. Cirrone, F. Romano, and Others,
“Relative biological effectiveness variation along monoenergetic and modulated
Bragg peaks of a 62-MeV therapeutic proton beam: A preclinical assessment,”
International Journal of Radiation Oncology* Biology* Physics, vol. 90, no. 1, pp.
27–35, 2014.
[140] R. Hastings, M. Qureshi, R. Verma, P. S. Lacy, and B. Williams, “Telomere
attrition and accumulation of senescent cells in cultured human endothelial cells,”
Cell Proliferation, vol. 37, no. 4, pp. 317–324, 2004.
[141] T. Finkel, M. Serrano, and M. A. Blasco, “The common biology of cancer and
ageing,” Nature, vol. 448, no. 7155, pp. 767–774, aug 2007. [Online]. Available:
http://dx.doi.org/10.1038/nature05985
[142] R. Sager, “Senescence as a mode of tumor suppression,” Environmental Health
Perspectives, vol. 93, no. 1, pp. 59–62, 1991.
[143] O. Toussaint, E. E. Medrano, and T. von Zglinicki, “Cellular and molecular mechanisms of stress-induced premature senescence (SIPS) of human diploid fibroblasts
and melanocytes,” Exp Gerontol, vol. 35, no. 8, pp. 927–945, oct 2000.
[144] K. K. Tsai, J. Stuart, Y. Y. E. Chuang, J. B. Little, and Z. M. Yuan, “Low-dose
radiation-induced senescent stromal fibroblasts render nearby breast cancer cells
radioresistant,” Radiation Research, vol. 172, no. 3, pp. 306–313, 2009.
[145] J. P. Seuntjens, “Chapter 2 DOSIMETRIC PRINCIPLES , QUANTITIES AND
UNITS,” Energy, pp. 45–70.
[146] C. Maiorino, “Pre-clinical evaluation of lethal and sub-lethal DNA damage in
AG01522 and HUVEC cells by ultra-short pulse and ultra-high dose rate laser
accelerated protons,” Ph.D. dissertation, Queen’s University Belfast, 2021.
185

Chapter 6

[147] F. Hanton, P. Chaudhary, D. Doria, D. Gwynne, C. Maiorino, C. Scullion,
H. Ahmed, T. Marshall, K. Naughton, L. Romagnani, S. Kar, G. Schettino,
P. McKenna, S. Botchway, D. R. Symes, P. P. Rajeev, K. M. Prise, and
M. Borghesi, “DNA DSB Repair Dynamics following Irradiation with Laser-Driven
Protons at Ultra-High Dose Rates,” Scientific Reports, vol. 9, no. 1, pp. 1–10, mar
2019. [Online]. Available: https://www.nature.com/articles/s41598-019-40339-6
[148] R. Carruthers, S. U. Ahmed, K. Strathdee, N. Gomez-Roman, E. Amoah-Buahin,
C. Watts, and A. J. Chalmers, “Abrogation of radioresistance in glioblastoma
stem-like cells by inhibition of ATM kinase,” Molecular Oncology, vol. 9, no. 1,
pp. 192–203, jan 2015.
[149] Y. Hu and L. Fu, “Targeting cancer stem cells: a new therapy to cure cancer
patients.” American journal of cancer research, vol. 2, no. 3, pp. 340–56, 2012.
[Online]. Available: http://www.ncbi.nlm.nih.gov/pubmed/22679565{%}0Ahttp:
//www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3365812
[150] T. Oike, H. Sato, S. E. Noda, and T. Nakano, “Translational research to improve the efficacy of carbon ion radiotherapy: Experience of Gunma University,”
Frontiers in Oncology, vol. 6, no. JUN, p. 139, jun 2016.
[151] A. Giulietti and A. Yogo, “Biological and Medical Physics , Biomedical
Engineering,” Biomedical Engineering, pp. 249–270, 2016. [Online]. Available:
http://www.springer.com/series/3740
[152] K. W. Ledingham, P. R. Bolton, N. Shikazono, and C. M. Ma, “Towards
laser driven hadron cancer radiotherapy: A review of progress,” Applied
Sciences (Switzerland), vol. 4, no. 3, pp. 402–443, sep 2014. [Online].
Available: https://www.mdpi.com/2076-3417/4/3/402/htmhttps://www.mdpi.
com/2076-3417/4/3/402
[153] C. Obcemea, “Potential clinical impact of laser-accelerated beams in cancer ion
therapy,” Nuclear Instruments and Methods in Physics Research, Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 829, pp.
149–152, sep 2016.
[154] A. Macchi, M. Borghesi, and M. Passoni, “Ion acceleration by superintense laserplasma interaction,” Reviews of Modern Physics, vol. 85, no. 2, pp. 751–793,
2013.
[155] C. Scullion, D. Doria, L. Romagnani, A. Sgattoni, K. Naughton, D. R. Symes,
P. McKenna, A. MacChi, M. Zepf, S. Kar, and M. Borghesi, “Polarization Dependence of Bulk Ion Acceleration from Ultrathin Foils Irradiated by High-Intensity
Ultrashort Laser Pulses,” Physical Review Letters, vol. 119, no. 5, 2017.
[156] B. Dromey, S. Kar, M. Zepf, and P. Foster, “The plasma mirror - A
subpicosecond optical switch for ultrahigh power lasers,” Review of Scientific
Instruments, vol. 75, no. 3, pp. 645–649, feb 2004. [Online]. Available:
https://aip.scitation.org/doi/abs/10.1063/1.1646737
[157] C. Scullion, “Investigations of ion acceleration from solid targets driven by ultrashort laser pulses,” no. November, p. 168, 2016.
186

Chapter 6

[158] G. Milluzzo, H. Ahmed, L. Romagnani, D. Doria, P. Chaudhary, C. Maiorino,
A. McIlvenny, A. McMurray, K. Polin, Y. Katzir, R. Pattathil, P. McKenna,
K. Prise, and M. Borghesi, “Dosimetry of laser-accelerated carbon ions for cell
irradiation at ultra-high dose rate,” Journal of Physics: Conference Series, vol.
1596, no. 1, 2020.
[159] L. Karsch, E. Beyreuther, T. Burris-Mog, S. Kraft, C. Richter,
K. Zeil, and J. Pawelke, “Dose rate dependence for different dosimeters and detectors: TLD, OSL, EBT films, and diamond detectors,”
Medical Physics, vol. 39, no. 5, pp. 2447–2455, may 2012. [Online]. Available:
https://aapm.onlinelibrary.wiley.com/doi/full/10.1118/1.
3700400https://aapm.onlinelibrary.wiley.com/doi/abs/10.1118/1.3700400https:
//aapm.onlinelibrary.wiley.com/doi/10.1118/1.3700400

187

