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Abstract

External beam radiotherapy (EBRT) is a method of cancer treatment which applies
external sources of ionising radiation in radiotherapy. At ultra-high dose rates ( 40

Gyl/s) it has been shown to e ectively target cancerous tissue, while sparing healthy
tissue. This sparing phenomenon is known as the FLASH e ect, and is a rapidly
evolving eld of study. lonisation chambers { the gold standard for clinical dosimetry

{ experience signi cant uncertainties at FLASH dose rates. Alternative dosimetry

methods are available, but most cannot determine doses in real-time.

This thesis investigates a novel on-line chemical dosimeter that utilises the reduc-
tion of resazurin, in aqueous solution, into highly uorescent resorun. The dose is
determined by uorescence spectroscopy using common and inexpensive equipment.
The dosimeter has been rigorously tested to establish a comprehensive preparation
and handling procedure. Its response to X-ray, -ray and very high energy electron
(VHEE) irradiation has also been investigated at the Scottish Centre for the Appli-
cation of Plasma-based Accelerators (SCAPA) at the University of Strathclyde, the
Commissariata I' Energie Atomique et aux Energies Alternatives (CEA), and the CERN
Linear Electron Accelerator for Research (CLEAR) facility, respectively. The results
demonstrate the real-time capabilities of the dosimeter at clinically relevant doses for
EBRT using -rays and VHEES.

A parallel study has been conducted at CLEAR to investigate the therapeutic
bene ts of a focused VHEE beam, which concentrates dose in a small volume, thus
reducing the entrance and exit doses. In addition, a non-invasive imaging modality
was tested. It is based on the detection of 511 keV photons emitted when electrons
and positrons annihilate, and shows that detection rate is proportional to dose. This

technique also has the potential to be used as an oxygen-sensitive imaging modality,
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which could improve the understanding of the FLASH e ect in tissue. These studies
present new and promising on-line dosimetry methods suitable for FLASH therapy,

which widens the therapeutic window for cancer patients.
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Chapter 1

Introduction

1.1 Cancer treatment - a brief history

Cancer is a disease which has been known about for thousands of years, with the oldest
known mention of it dating back to 3000 BC, in the Edwin Smith Papyrus [1]. It
was during the time of the ancient Greeks that we get the etymological origin of the
word \cancer" itself, which is attributed to Hippocrates, who lived from 460 { 370
BC and is widely regarded as the \Father of Medicine", with the Hippocratic Oath
still taken by doctors today. The ancient Greeks made attempts to understand the
nature of cancer more thoroughly, with Hippocrates developing the humoral theory
of cancer [2]. It was believed that the body consisted of four elements, or humours:
blood, phlegm, yellow bile, and black bile, and a healthy human body had a balanced
amount of all four. It was noticed that in cases of breast cancer there was an excess of
black bile, which was thought to be its cause. This understanding of cancer continued
for many centuries, and resulted in the practise of treatments which today would be
considered very unscienti c. These included leeches, theriac (a concoction that was
used for a range of medical conditions well into the 19 century), craw sh boiled in
the milk of an ass, and the following of unusual diets. The fact that these prescribed
methods didn't help ease the su ering of cancer patients at the time, highlights the
vital importance of a comprehensive understanding and a robust scienti c model.

It wasn't until the development of the microscope in the mid-17" century [4] that
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Figure 1.1: First X-ray image taken by Rentgen of his wife Anna Bertha Ludwig's hand wearing a

ring [3].

a much better understanding of cancer on a cellular level was developed. Gradually,
the medicines became more advanced, with the discovery of anaesthesia, antisepsis, and
germ theory [5{7]. This allowed for cancer to be treated surgically with greater e cacy.
However, it was the discovery of X-rays by Wilhelm Conrad Rentgen in 1895 [8] that
opened the door to an entirely new method of cancer treatment: radiotherapy. It is
said that less than three weeks after Rentgen's discovery (resulting in the now famous
image shown in Figure 1.1), Emil Grubbe used X-rays to irradiate a female patient
who had breast cancer. However, this claim is disputed. A few years later, in 1898,
Pierre and Marie Curie discovered the radioactive element, radium [9], a source of
ionising radiation suitable for radiotherapy. Within a short time, X-rays and radium
were being used for the diagnosis and treatment of cancer. The dose delivered to a
patient undergoing radiotherapy for the treatment of cancer is de ned as the energy
deposited per kilogram of tissue, and measured in gray (Gy), after Louis Harold Gray
who de ned the unit of absorbed dose. It was discovered in the 1920s that delivering
doses of radiation over several days of treatment, resulted in less damage to healthy

tissue [10], which is now known as fractionation. In 1928, the International Commission
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on Radiological Protection (ICRP) was founded because of concerns in the medical
community on the dangers of ionising radiation [11]. Over the course of the 2D

century many more scienti ¢ advances were made, including the invention of the nuclear
reactor during Manhattan Project, and the introduction of medical linear accelerators

in the 1950s [12]. At this time, proton therapy was investigated as a cancer treatment
method [13], and electrons were used primarily to treat skin cancer because of their
relatively low penetration depth [14]. Since then, a plethora of other particle beams have
been investigated for radiotherapy purposes including neutrons, and helium, carbon,

and neon ions.

1.2 Tissue response to ionising radiation

The damaging e ects of ionising radiation on cells is typically separated into three

stages:

" The physical stage: when atoms within tissue are excited, gaining discrete amounts
of energy from the incident radiation, resulting in electrons moving to higher or-
bitals, or become ionised (losing or gaining electrons). This stage occurs in a
time-frame of around 10 ¥ 10 @ seconds, and is responsible for direct damage

to DNA.

The chemical stage: when energy is transferred from previously excited atoms
to adjacent molecules, which results in the production of free radicals (molecules
with unpaired electrons) and ejected electrons { sometimes referred to hydrated

or aqueous electrons. This stage is responsible for indirect damage to DNA.

The biological stage: when enzymatic repair mechanisms begin to repair damage
from the physical and chemical stages. If the repair is not successful the cell dies
within several weeks, or radiation-induced cancer appears (known as carcinogen-

esis) after a few years.

As radiation penetrates tissue, ionisation of atoms occur within the medium, as

shown in Figure 1.2. The rate at which these events occur per unit distance is known

4
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Figure 1.2: The mechanisms that occur in tissue after receiving doses of ionising radiation, and their
approximate timescales [15].

as the linear energy transfer (LET). Low LET radiation such as X-rays, -rays and
beta particles typically deposit a small amount of energy per unit distance travelled.
Whereas particles such as protons, electrons, and alpha particles have both charge and
mass, so deposit energy at a higher rate and thus have high LETs, which causes more
biological e ects than low LET radiation [16]. The main e ect of particle interaction
with tissue is, ultimately, damage to DNA strands. For low LET radiation, around
60% of DNA damage is caused by indirect e ects { in other words, not by the incident
radiation itself, but by the free radicals produced in the chemical stage [17].

DNA has a double-helical structure comprising two strands. A single-strand break
(SSB) occurs when one of these breaks, which is the most common form of DNA
damage. A double-strand break (DSB) occurs when both the strands are broken,
which results in damage to the entire backbone of the DNA structure. DSBs are much
more di cult for the body to repair, and can result in more severe biological damage.

The relative biological e ectiveness (RBE) quanti es the e ectiveness of a radia-

tion modality. The term \relative" is used because it typically compares radiotherapy
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modalities such as protons, ions and electrons with photon radiotherapy, and is given

by the ratio of two doses,

RBE = M; (1.1)
Dparticle

whereD photon is the dose from photon irradiation required for a speci ¢ biological e ect,
and Dparticle IS the dose from a particle (proton, ion or electron) beam required for the
same biological e ect to occur [18]. A commonly used modality forD photon is 250 KV,
X-rays, because it is widely used in radiobiological studies.

Figure 1.3 shows the relationship between RBE and LET for a range of biological
e ects, such as the aforementioned SSBs and DSBs, and also prematurely condensed
chromosomes (PCC breaks), chromosomal aberrations, and cell death, or apoptosis [19].
Typically, cells undergo condensation { clumping together to form longer, more organ-
ised structures { during the mitosis phase of the cell cycle, but when the cell condenses
outwith mitotic events, this is known as a prematurely condensed chromosome [20].
Chromosomal aberrations are numerical or structural disorders in a chromosome, and
there is a positive correlation between the frequencies of these and the onset of can-
cer [21]. For low LET values, the density of ionisation events is low, with the distance
between two events almost always greater than the minimum distance required for two
chromosome breaks to interact and recombine ( 0:2 0:5 m). Broken ends can either
recombine with the same original chromosome, or with a di erent chromosome { this
can result in structural defects. The RBE peaks for all biological e ects when the op-
timal distance between ionisation events most e ciently produces chromosome break
pairs. As the LET increases further, the RBE decreases, because the energy necessary
for the given biological e ect is exceeded, therefore the excess energy is wasted and the
e ciency per unit dose decreases.

The e ect of LET on RBE shown here highlights the complexity of biological sys-
tems and its sensitivity to delivered radiotherapy. It is over-simplistic to only consider
dose delivered when comparing di erent beam modalities, particularly charged particles

and photons.
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Figure 1.3: The e ect of LET on RBE for single-strand breaks (SSBs), double-strand breaks (DSBs),
prematurely condensed chromosomes (PCC breaks), chromosomal aberrations (chrom aberration), and
cell killing [19].

1.3 Current state of radiotherapy

Radiotherapy is currently used for treating around half of all cancer patients [22]. X-
ray photons are the most common type of radiation used. The biggest challenge of
radiotherapy is to target and kill cancerous tissue, while protecting healthy tissue.
Surrounding healthy tissue receiving a substantial dose of radiation can cause long-
term damage to healthy cells. This is because radiation usually passes through healthy
tissue and deposits energy as it propagates. Moreover, the incident radiation often
travels beyond the tumour and delivers an exit dose to healthy tissue. Therefore, for
tumours located deep within the body, or in close proximity to sensitive organs, such
as the brain and spine, conventional radiotherapy can pose a signi cant risk of causing

secondary cancers and damaging healthy organs. One method of sparing surrounding
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Figure 1.4: The normalised dose depth curve of a mono-energetic 140 MeV proton beam compared
with a single proton in tissue. The characteristic Bragg peak ensures that lower dose is deposited in
tissue surrounding the target, reducing its toxicity, which is a very useful property of proton beam
radiotherapy [23].

healthy tissue is to use proton beam therapy (PBT). The high proton mass results in
a high linear-energy-transfer (LET), which produces an exponentially increasing dose
along the particle trajectory for some distance (dependent on the proton energy), before
dropping dramatically in a very short distance. This results in a low entrance dose,
while the majority of the particle energy is deposited in a characteristic Bragg peak
deep into the target as shown in Figure 1.4. Despite these advantages PBT is not always
an appropriate modality, and depends on the type of cancer. PBT also requires very
large and expensive accelerators and gantries to deliver the radiation. It is the ultimate
goal of radiotherapy to optimise radiation delivery while ensuring that maximum dose
is delivered to the tumour, whilst minimising the harmful impact of the radiation on

healthy tissue.
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1.4 FLASH

Although the concept of using high dose rates was proposed as early as the 1970s
[24{26], it didn't gain noticeable traction until very recently. In 2014, Favaudon et.

al [27] demonstrated that by delivering the same total dose as conventional techniques
(in this case 15 { 17 Gy) at ultra-high dose rates ( 40 Gy/s), damage to healthy
tissue can be reduced, whilst maintaining a similar tumour response. The technique
is associated with this tissue-sparing e ect. It is now commonly called the \FLASH

e ect”, which has been demonstrated in numerous studies in recent years involving
mice [28{30], cats and pigs [31], zebra sh [32], and even the rst human patient [33].
The reduction in normal tissue toxicity implies that larger overall doses can be delivered,
thus enabling better tumour control.

While much of the underlying biological mechanisms causing this phenomenon are
generally not well understood, a 2019 study suggested that oxygen concentration in
the tissue may have a signi cant role [32]. This study used mice to test the hypothesis
that FLASH results in a reduced yield of reactive oxygen species (ROS). The oxygen
concentration in the brains of the mice was increased by carbogen breathing before and
after the delivery of a 10 Gy dose of whole brain irradiation. They were then given
a range of cognitive function tasks, such as object recognition and it was found that
the control group showed no change in discrimination index (DI), indicating that their
performance on the cognitive tasks did not di er between the non-irradiated condition
and conventional (CONV) radiotherapy. In this particular study, the mean FLASH dose
rates were above 100 Gy/s and the CONV dose rates were@ 0:1 Gy/s. However,
the group receiving FLASH irradiation showed a signi cant drop in DI, which indicated
that increasing the oxygen concentration reverses the positive FLASH e ect. After one
month, the mice were given object recognition tests and it was found that the FLASH
group's results were statistically indistinguishable from the control group, whereas the
CONYV group experienced a reduction in cognitive function (see Figure 1.5).

In addition to oxygen depletion, another potential mechanism of the observed

FLASH e ect has been suggested and experimentally tested using ultra-high dose rates
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Figure 1.5: Findings from Montay-Gruel et, al [32] showing the bene cial e ect of whole brain irradi-
ation of mice at FLASH dose rates. Mice irradiated with FLASH were more able to recognise objects
than mice irradiated at conventional dose rates, and the increased concentration of oxygen diminished
the bene cial FLASH e ect.

on circulating immune cells in the bloodstream [34]. Their hypothesis is that large doses
delivered in a fraction of the time compared to conventional radiotherapy reduces the
number of cells present in the irradiation volume during delivery, leading to a smaller
number of cells being killed. Studies show that tumour control is in uenced by the
immune system [35{37], as is healthy tissue toxicity [38{40]. Therefore, if FLASH in-
creases the survival rate of immune cells, similar tissue sparing e ects to those seen
in animal studies could result. A key nding was that at total doses of 30 Gy,
conventional radiotherapy kills nearly 100% of circulating immune cells, whereas this
decreases dramatically to nearly 5% for ultra-high FLASH dose rates. An important
limitation of the study is that immune cells are present throughout the body, not just

in the bloodstream, and these have not yet been investigated. The sparing e ect may
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be substantially greater in the blood than in the entire immune system, which implies

that more work is required to verifying these ndings.

1.5 The need for new dosimetry methods

The International Committee on Radiation Units and Measurements (ICRU) requires a
dose accuracy with an error margin of no more than 7% [41]. While FLASH radiother-
apy is a very promising concept for improving the e cacy of treatment, the delivery of
doses at high dose rates are di cult to accurately monitor using existing dosimeters.
The following section gives an overview of widely used dosimeters for doses applied
at conventional dose rates. We also consider areas that should be improved to ensure

FLASH-compatibility.

1.5.1 lonisation chambers

lonisation chambers, or ion chambers, are the most ubiquitous dosimeters used in
clinics, and are considered the \gold standard" dosimetry method for radiotherapy [42].
lon chambers detect ionising radiation using two charged plates that apply an electric
eld across a medium. A change in voltage caused by the incident radiation is measured.
At ultra-high dose rates (UHDRS), ions are produced with an increased density leading
to additional recombination in their tracks, which requires large correction factors [43{
45]. As an example, the Advanced Markus chamber has a small volume and relatively
high dose-per-pulse tolerance, compared with other models, which makes it suitable for
UHDR studies [46].

Despite the large correction factors required, ion chambers continue to be used
in many FLASH studies. However, currently no universally accepted model for this
regime exists, and empirical models are generally used, but studies have been carried
out on methods of reducing recombination e ects at UHDRs. One study substantially
improved the ion collection e ciency by reducing the distance between the electrodes,
but this resulted in new sources of error. For example, day-to-day use of the modi-

ed chamber can introduce small uctuations in its geometry, drastically a ecting its
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response to radiation [46].

Other studies have been undertaken, which include a conceptual design of a gas
chamber that accurately measures doses up to 40 Gy in a few microseconds [47]. Pro-
totypes of this design are being tested but several engineering challenges still remain.
Namely, successfully withstanding the high pressures present in the chamber, and the

high precision required in sealing the chamber and setting the pressure.

1.5.2 Radiochromic Im

A widely-used, tissue equivalent dosimeter is radiochromic Im (RCF). It provides high
resolution dose distributions in two dimensions and is easy to use, making it accessible
to a wide range of users. However, it cannot be used to measure dose in real time,
and requires a post-irradiation wait time of 12-24 hours [42,48,49]. More information
on how RCF works can be found in Chapter 3.3. RCF has been demonstrated to be
independent of dose rate over a wide range of doses, but with uncertainties of about
5% for electrons at FLASH dose rates [50]. At conventional dose rates, protons and
other high-LET radiation can cause an under-response in the Im. Further studies are

required to understand the e ect of high-LET radiation at FLASH dose rates [51,52].

1.5.3 Alanine

A chemical-based dosimeter, alanine undergoes internal changes on irradiation resulting
in formation of stable radicals. Electron paramagnetic resonance is used to determine
the concentrations of these radicals. Alanine can withstand extremely high doses, up to
100 kGy for photons and electrons [53]. It has been shown to be dose rate independent
for FLASH dose rates, but only when the total dose delivered is below 5 kGy. Addition-
ally, the signal-to-noise ratio decreases for low doses. Despite its apparent suitability for
investigating FLASH, alanine requires highly specialised readout equipment, which is
a time-consuming process. Additionally, due to the small size and shape of the alanine

pellets, the user is unable to determine information on the radiation beam pro le.
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1.5.4 Calorimeters

Perhaps the most fundamental method of determining dose is calorimetry, which di-
rectly measures the increase in temperature of irradiated material, typically water or
graphite [42]. If the mass and specic heat capacity of the material is known, it is

possible to determine the energy deposited:

E=mC T; (1.2)

where E is the energy depositedm and C are the mass and speci ¢ heat capacity of
the material, respectively, and T is the increase in temperature.

While it is a theoretically simple dosimetry method, in practice it is more compli-
cated. The above equation is only valid under the assumption that all energy deposited
is converted directly to heat. In reality, heat can be produced indirectly, known as
heat defect [54]. Endothermic and exothermic processes can occur in the material,
which increase and decrease the heat defect, respectively. This is caused by impuri-
ties; the uncertainties introduced by these chemical processes limit the versatility of
water calorimeters. Therefore, graphite calorimeters are more commonly used. They
give smaller measurement uncertainties for large increases in temperature per unit ab-
sorbed energy. However, they require correction factors to determine the delivered dose
to water. Additionally, the temperature rise for 1 Gy of dose is extremely small { less
than 1 mK for water. This requires very precise instruments to accurately measure
temperatures with a resolution of K , which is challenging at room temperature.

Nevertheless, the temperature increase measured by calorimeters is independent of
the dose rate, making them a promising candidate for FLASH studies. However they
require careful temperature control, and more studies are required to conrm their

suitability as a dosimetry standard in the clinic [44].

A more comprehensive list of potential FLASH dosimeters can be found in [55], but it

is clear there is a demand for FLASH-compatible dosimeters that are suitable for use
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in clinics.

Several novel dosimetry methods have recently been proposed, including plastic
scintillation detectors [56], which have linear responses to doses up to 32 kGy; radiation-
induced acoustic imaging (RAI) [57], which may allow for 4D in-vivo dosimetry of
FLASH in real time, up to 5 Gy; and diamond-based dosimeters, the physical properties
of which can be modi ed to be FLASH compatible. They are favourable due to their
near-tissue equivalence, high spatial resolution and ability to withstand large amounts

of radiation [58].

1.6 Thesis objective

The aim of this PhD project is to determine whether or not resazurin is suitable for
ultra-high dose rate dosimetry. It is a low-cost, non-toxic chemical, the uorescence
spectrum of which can be read out in real-time using standard instruments. We tested
the dosimeter using several irradiation sources, and made advances towards optimising
the preparation, handling and read-out methods, to demonstrate its feasibility as a

dosimetry method for future FLASH studies.
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Background & Theory

2.1 Particle acceleration

As modern physics has progressed, interest has been increasingly drawn towards the
very large, such as the universe, and the very small, such as fundamental particles
constituting matter. Progress in probing these two areas is resulting in breakthroughs
at both extremes [59, 60]. Particle accelerators are extremely useful for probing the
very minute. Probe resolutions are required that are much smaller than the size of the
object. Visible light probes, for example, have wavelengths ranging from 400 700 nm,
which isn't useful if we wish to investigate atomic structures on the scale of 1019 m, or
atomic nuclei, which are 10 > m. Producing electromagnetic radiation { or particle
probes { with much smaller wavelengths is challenging. One method of producing
suitable ultra-short wavelength radiation is using bremsstrahlung, where a relativistic
charged patrticle, such as an electron, is de ected by the elds of atomic nuclei causing
deceleration that results in the emission of highly energetic photons with wavelengths
su ciently short for probing materials on an atomic scale. Probing dense materials
is also possible using particles with a small de Broglie wavelength, = h=p, where

h is Planck's constant and p is the particle momentum. From Planck [61], we have
E = hc=, which shows that the energy, E, of a photon is inversely proportional to
its wavelength, with ¢ being the speed of light in a vacuum. Achieving such short

wavelengths usually requires very high energy electrons that are typically accelerated
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by strong electric elds. From Einstein's mass-energy equivalenceE = mc? [62], the
energy required to produce a particle is directly proportional to its mass,m. Therefore,
to study exotic, massive particles produced in collisions, a large amount of energy is
required. Modern patrticle accelerators are capable of meeting these requirements.

Particle accelerators have played a fundamental role since the early 20th century in
enabling the steady progression of modern physics. They have been constantly devel-
oped to meet the demand for increasingly energetic particles. One of the rst particle
accelerators was the Van de Graa generator, rst built in 1936, which can achieve
energies of several MeV [63]. Since then, various types of particle accelerators, includ-
ing linear accelerators (linacs), have been developed to produce high energy particles.
They have provided physicists with valuable information on quarks, the fundamental
particles that make up protons and neutrons [64]. However, one important use of them
is in medical applications, such as producing X-ray, electron and proton beams for
cancer treatment [65{67]. These accelerators use microwave or radio-frequency (RF)
elds to create large potential di erences in resonant cavities, which propel charged
particles. The RF elds ensure that the particles are supplied continuous energy as
they travel down a series of cavities, or waveguides, with a slow wave structure, leading
to acceleration.

Most radiotherapy applications utilise accelerated electrons that are either directed
to a tumour in a patient, for electron beam therapy, or onto a target such as tungsten,
to produce X-ray and gamma photons by bremsstrahlung. For linear accelerators, the
particle energy is proportional to the length of the accelerator. However, conventional
RF accelerators are fundamentally limited to an electric eld gradient less than 100
MV/m due to ionisation and breakdown of the accelerating cavity walls. Alternative
accelerating media have been investigated, one of which is the wake eld accelerator,
which utilises the ultra-high elds of charge separation in plasma that can greatly

exceed 100s MV/m.
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Figure 2.1: Visualisation of the laser wake eld acceleration mechanism. An intense short duration

laser pulse transfers momentum to plasma electrons causing them to oscillate locally at the plasma
frequency. lons are relatively immobile because of their large mass and do not move signi cantly on
the electron motion time scale. A small fraction of these displaced electrons can be trapped in the ion
bubble, where they are accelerated along the laser axis close to the speed of light [68].

2.2 Laser wake eld accelerators

In 1979, Tajima & Dawson published their seminal paper [69] that proposed an electron
accelerator capable of producing electric elds at least 100 times greater, and power
densities 1@ times greater than technologies of the time. They showed theoretically
that a short duration laser pulse incident on under-dense plasma { where the oscillation
frequency of the plasma is less than that of the laser eld { causes an electrostatic wake
in the plasma due to charge separation, similar to a wake behind a boat. Momentum
from the incident laser eld is transferred to plasma electrons by the ponderomotive
force, which results in electrons being pushed out of the laser pulse path (see Figure
2.1). Plasma ions remain quasi-stationary due to their much greater mass than elec-
trons. As the laser pulse propagates, electrons are pulled back towards the positively
charged quasi-stationary ions, which causes them to oscillate at the plasma frequency.
The combination of electrons oscillating at the plasma frequency and the perturbation
occurring at a velocity close to that of light creates a plasma density wave, with an

associated \relativistic" wake eld arising from the density perturbations. The electric
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elds generated by these plasma waves are strong for a su ciently powerful laser, which
enables background electrons to be trapped behind the laser pulse and accelerate in the
direction of laser propagation. This type of accelerator has come to be known as the
laser wake eld accelerator (LWFA). In cold, non-relativistic plasma the highest electric

eld plasma can sustain is given by the wave-breaking amplitude limit [70],
p
Eolv/m] = cme! p=e=96 ne[cm 3; (2.1)

where me is the mass of an electrong is its charge, ne is the electron number density
and! , is the electron plasma frequency:

S

ee2
PRI (2.2)

where "o = 8:85 10 2 Fm™ is the vacuum permittivity in farads per metre [71].
Plasma with electron density ne = 1018 cm® can produce a eld Eq = 96 GV/m, which
is more than three orders of magnitude greater than that in an RF linear accelerator.
The wake eld is driven most e ectively when the duration of the laser pulse,
is approximately equal to the plasma wavelength, , =2 c=! ,,. For densities usually
used in LWFAs, this corresponds to an extremely short laser pulse duration, . 100 fs.
At the time of Tajima & Dawson's work [69], the technology necessary to deliver such
a short intense laser pulse did not exist. It wasn't until decades later that signi cant
advances were made in developing compact terawatt lasers [72{75], to experimentally
realise the LWFA [76{78]. For several years, electron bunches produced in these ex-
periments had energy spreads of E=E = 100%, which are not useful for applications
requiring mono-energetic electron bunches such as those in medicine or material science.
It wasn't until a decade later that several research groups demonstrated acceleration of
electron bunches with low divergence and small energy spreadk(3%) [79{81]. Some
of these results [79] were achieved as part of the ALPHA-X project led by Strathclyde.
They were achieved by varying the plasma density while keeping the laser parameters
constant. Plasma was created by ionising helium atoms in a supersonic gas-jet and

the electron density was varied by changing the backing pressure of the gas-jet noz-
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zle. It was found that when the plasma density was low, no energetic electrons were
observed, whereas when the density was increased, electrons with energies up to 100
MeV were produced. However, for higher plasma densities lower energies were pro-
duced with a larger energy spread. When the laser pulse length exceeds the relativistic
plasma wavelength a Maxwellian energy distribution was observed. This was the rst
time it was shown that with very carefully selected parameters { namely the pulse
length, laser spot size, plasma electron density and interaction length { one can obtain
a quasi-monoenergetic energy spectrum, which was a signi cant step in the further
understanding and development of LWFAs.

Since 2004 the capabilities of LWFAs have steadily improved simultaneously with
advances in table-top laser technology, with electron energies regularly exceeding 1
GeV [82{88]. In the next section an overview of the underlying theory behind these

types of particle accelerators is provided.

2.3 Plasma theory

2.3.1 Plasma

Plasma is often referred to as the \fourth state of matter". It comprises a gas of free
electrons and ions where their dynamics are mainly governed by long-range electromag-
netic forces, rather than nearest-neighbour interactions as for solids, liquids and gases.
An ideal plasma has the same number of electrons as ions, making it a quasi-neutral
medium.

The characteristic distance beyond which net charge neutrality of plasma can be
assumed is known as the Debye shielding length

r —
OkBTe,

D= ;
Ne€?

(2.3)

where " is the vacuum permittivity, kg is Boltzmann's constant, T the electron tem-
perature, ne the electron number density [n®] and e the electron charge. In other
words, if a test charge particle were to be placed in plasma, the Debye length is the

distance over which its electric eld has an e ect. Beyond this length the plasma re-
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mains neutral. For plasma collective e ects to dominate, its volume should be greater
than the Debye sphere (of radius p), and many particles should be present within
this sphere [89]. When an electron is displaced by a very small distanceg¢ p), it
experiences a restoring Coulomb force from the stationary ions, which pulls it back to
its initial position, gaining kinetic energy in the process. This additional energy results
in harmonic or anharmonic motion of the electrons, which in turn leads to oscillations
in the number density. The frequency at which the electrons oscillate harmonically
is the plasma frequency, given by Equation 2.2. From this, one can also derive the
plasma wavelength, , =2 c=! ,. This can also be applied to the background ions, but
since they are much more massive than the electrons, they oscillate at a much lower
frequency and are considered stationary on the timescale of a plasma oscillation period.
An important equation for determining the propagation of transverse electromag-

netic waves in un-magnetised plasma is the dispersion relation, which is given by
12=1 5+ k% (2.4)

where ! is the angular frequency of the incident electromagnetic wave, and is its
wave number. This relation has signi cant implications for the propagation of EM

waves through plasma. The refractive index, , of a plasma is given by

- = 1 ‘P (2.5)

Therefore, if the frequency of incident electromagnetic wave is less than the plasma
frequency ( <! ), the refractive index of plasma is imaginary and the radiation
cannot propagate. Whereas, for frequencies greater than that of the plasmal! (>

I p), the refractive index is real, propagation occurs, and the plasma is referred to as
\underdense". If the incident electromagnetic wave has a frequency equal to that of the

plasma ( = ! p), which corresponds to the critical density of the plasma. Substituting
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I'p for ! in Equation 2.2 yields
"o! Mg
ez 1

Neg =

(2.6)

wheren. is the critical density of the plasma. Therefore, for a laser wavelength o = 800
nm [90], the critical density of plasma will ben,  1:75 10°* cm 2. Plasma used in
laser wake eld accelerators typically have densities in the range 10 { 10%° cm 2 [91],

therefore in all cases considered the plasma is underdense.

2.3.2 Laser-plasma interactions

How the incident laser pulse interacts with the plasma as it propagates is important in
plasma-based accelerators. The theory presented in this section is based on Esaray et
al. [92].

A laser pulse propagating through a medium can be described in terms of its electric
eld ( E) component and its magnetic eld (B) component. When considering laser-
plasma interactions these components are usually derived from the vector potentiah
and scalar potential

@

B=r A; (2.8)
and the normalised vector potential is de ned as

eA
= : 2.9
a — (2.9)

The laser strength parameter, ag, is de ned as the peak amplitude of the normalised
vector potential,
(1=

where Eg is the peak amplitude of the electric eld component of the laser eld. The

laser strength parameter is related to the peak laser intensityl o, by the relation

ap=8:5 10 ° [ m](lo[W/cm )2 (2.11)
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where it is assumed the laser beam is linearly polarised and has a Gaussian pro le. The
value ap de nes a boundary between the linear and non-linear (relativistic) regimes of
electron oscillatory, or \quiver", motion within the plasma. If ag < 1, the electrons are
considered to be weakly relativistic, and ifag 1 the electrons have relativistic quiver
motion and the interactions with the plasma are non-linear.

Physically, a = p=mec is the transverse momentum,p, of the electrons in the plasma

normalised to mec. The Lorentz factor is de ned as

s

1 2
== 1+ (2.12)

V2 megcC

L e
and using the value ofa is
p

= 1+aZ (2.13)

This equation is also valid for weakly relativistic electrons, where 1.

2.3.3 Ponderomotive force

As a laser pulse propagates through plasma, electrons are displaced from regions of

high eld intensity by the ponderomotive force [89,92]
_ 2 _ a
Fp= rE? = mear oo (2.14)

This is for the electric component of the laser eld E(r;t) = E(r)coswt, while the
v B component of the Lorentz force is neglected (i.e. the electron quiver momentum
is the dominant motion). From this equation the ponderomotive force doesn't depend
on the charge of the particle in the laser eld, however it is inversely proportional to
particle mass. This is why electrons are displaced whereas more massive ions remain
gquasi-stationary. The equation shows that the ponderomotive force is proportional to

2 which implies that it becomes much more signi cant when the wavelength of the

incident laser pulse is increased.
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2.3.4 Plasma wave dynamics

As outlined in Section 2.2, when an intense, short-duration laser pulse propagates
through plasma, the ponderomotive force (see Equation 2.14) displaces plasma elec-
trons from their initial positions, while positive ions remain quasi-stationary. This
charge separation produces a space-charge eld that results in a restoring Coulomb
force which pulls displaced electrons back towards the positively charged ions, where
they overshoot, resulting in harmonic or anharmonic motion and density modulations
in the plasma. The charge separation results in an extremely high electric eld that can

be strong enough (depending on the laser intensity and the electron density)) to trap

electrons behind the laser pulse, and accelerate them to MeV-range energies in mm
scale distances. The trapped electrons are either background electrons from within the
plasma, or can be externally injected using a linear accelerator { however this is very
uncommon. Electrons gain energy from this structure analogous to a surfer gaining
momentum from a large wave, or a wake behind a boat. The surfer gains momentum
from the wave using the force of gravity as its source of energy. Electrons travel faster
than the laser pulse group velocity and gain momentum and energy from the plasma
wake, achieving a maximum energy gain at the trough of the wave, beyond which it
enters a decelerating region of the wave.

The behaviour of the induced plasma waves is determined by the laser strength
parameter, ag. If ag << 1 the waves will exhibit linear excitation, and the resulting
electric eld will not be su cient to trap background electrons; they must therefore be
injected via other methods, such as using additional laser pulses [81,93,94], ionisation
injection [95{97], and applying an external magnetic eld [98{100]. If ag 1 then
the electron motion is relativistic and the resulting wake eld will be anharmonic, and
self-injection will occur by wave-breaking. This regime is also sometimes known as the

bubble regime.

Linear regime

In uniform and collision-less plasma, electrons are displaced from their equilibrium

point, while ions remain quasi-stationary. Charge separation causes a space-charge
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Coulomb restoring force, which causes electrons to oscillate around their equilibrium
. P——— . . . : .
point at a frequency ! , = ne€2="oMme. This results in a change in density, which can

be described via the relation [101],
n = nesin(kpz ! pt); (2.15)

where k, is the wave number of the relativistic plasma wave. This density change
leads to a perturbation in the electric eld described by the Poisson equation,r E =
ne="g. Integrating Equation 2.15 with respect to z, one obtains the expression,

E(z:t) = ,,’:)—Eecos«pz | o)es: (2.16)
p

The phase velocity, v, of the plasma wave is slightly higher than the speed of light,
therefore we can use the approximation,vp = ! y=k;, ' c. Using this, with the ex-
pressionsne = "o! me=€” and Eq = mec! =g the electric eld perturbation can be
described by

E(z:t) = Eo:—: coskoz ! pt)es: 2.17)

Note the similarities of this relation and the equation for density perturbation (2.15).
The only di erences are a change in amplitude by a factor ofEg=ne, and a change in
phase of the electric eld by =2 (or, in terms of the plasma wavelength, - ,=4). The
amplitude of the plasma wave is greatest when the laser pulse length is comparable to
the plasma wavelength, i.e.c ' | [102]. The electric eld component in Equation
2.17 is in the direction of laser propagation, but transverse eld componentsE, and

B exist, which need to be considered. Whem? << 1,E, E, a%?andB a*[92].
In this regime, there is a region of the wake eld with length ,=4 where a relativistic
electron experiences a longitudinal acceleration simultaneously with a radial focusing

force [103].
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Nonlinear and Bubble regime

When the laser strength parameter,a 1, the plasma wake becomes nonlinear as
electrons undergo relativistic motion. This causes the wavefronts to become curved as
the density wave becomes anharmonic. Regions of extremely high electron density are
created, increasing the electric eld gradient beyond the value ofEg, and giving the
longitudinal electric eld pro le a \sawtooth" shape. Additionally, in the nonlinear
regime, the amplitude and period of the wave increase. The wavelength of a nonlinear

plasma wave is then given by

8

2 o1+ 3(Emax =E0)2J=16, Emax=Eo 1
Np = X (2.18)

p(2= )(Emax=Eo + E0=Emax) Emax=Eo 1
whereEnax is the peak electric eld amplitude of the plasma wave. Furthermore, it can
be shown using nonlinear, one-dimensional cold uid equations [104] that the maximum

amplitude of a plasma wave in this regime is

q
Ews = 2(p 1)Eo; (2.19)

q__
where , = 1 vlgzo2 is the Lorentz factor associated with the plasma wave phase
velocity, which is approximately equal to the group velocity of the laser. Therefore, it
can be approximated as

o (2.20)

in the low intensity one-dimensional limit.

2.3.5 Electron trapping and injection

For plasma electrons to be accelerated to the desired energies, they must rst have
a su cient velocity to exceed the phase velocity of the plasma wake. With su cient

energy, the electric elds present in the linear and nonlinear regimes can exceed their
respective limits, Eq and Ewg. When this occurs, electrons pushed in opposite di-

rections by the ponderomotive force can oscillate with their paths crossing to form a
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sheath around a near-spherical volume of evacuated electrons, this is commonly re-
ferred to as the \bubble" regime. The sheath creates a region of high electron density
at the point where they cross at the back of the bubble. Electrons trapped in front
of this intersection within the bubble experience rapid acceleration in the direction of
laser propagation. Electrons at the back of the bubble with a velocity larger than the
bubble phase velocity are rapidly accelerated. The highest energy electron beams are
produced in the bubble regime. Injection occurs by self-trapping when background
electrons are trapped without the assistance of any external forces. This is achieved
by increasing the intensity of the laser pulse or the plasma electron density, which en-
ables background electrons to reach velocities exceeding that of the bubble and enter
the evacuated region of large accelerating gradient, by a form of wave-breaking. The
properties of the resultant electron beam, such as energy spread can be very large for
self-injection ( 10%), which requires tuning of laser and plasma parameters to be
just above the threshold for injection. A method was developed to determine where
the trapping occurs in the interaction [105]. Up to 10° electrons can be subject to a
sudden change in velocity in a very small volume ( f;), which can lead to emission
of broadband radiation, which can be detected in the transverse direction, to give an
indication of the acceleration length and laser pulse evolution time.

One approach to control injection is to use a second laser pulse to produce a slow
beat wave that applies its own ponderomotive force to cause plasma electrons to be
injected into the bubble. The pump pulse can be propagating perpendicular to the
injection pulse, it can be collinear, or the two pulses can counter propagating. These
methods have been shown to improve beam characteristics on several occasions, e.g. for
an injection pulse propagating perpendicular to the pump pulse [106], which resulted
in 25 MeV electron bunches with few femtoseconds duration and an energy spread of
a few percent. A similar energy spread was achieved in another study using counter-
propagating beams [107], but at lower energies (10 MeV). A similar approach has been
shown to reduce the divergence of 250 MeV bunches that have an energy spread be-
low 10% [81]. However, none of these succeeded in reducing the bunch energy spread

signi cantly. Another technique using plasma density gradients to control injection
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reduced the energy spread by up to 100 fold [108], but from a large initial momentum
spread due to phase space rotation of the distribution. Reducing the plasma density
has enabled high energy, sub-femtosecond electron bunches to be produced [109], and
associated injection mechanisms have been accurately modelled [110]. lonisation in-
jection [95,97,111, 112] uses high-Z gas doped with a low-Z gas to enable ionisation
of inner electrons at higher intensities of the laser pulse. Inner electrons are injected
when the bubble cavity is already formed, thus increasing their likelihood of injection

and acceleration.

2.4 Fricke dosimetry

In 1927, Hugo Fricke and his colleagues attempted to understand the internal mech-
anisms of aqueous solutions irradiated by X-rays. They discovered that haemoglobin
{ containing four ferrous (Fe*?) atoms per molecule { changed into methaemoglobin
containing iron in the ferric (Fe*3) state, on irradiation [113]. They studied a simpler,
ferrous sulfate solution and found that the initial concentration of ferrous ions had no
e ect on the reaction. This meant that the primary e ect of the incident X-rays was on
the water [114], and it was found that the percentage of ferrous ions that transformed
into the ferric state was linearly related to the dose delivered. Its performance as a
dosimeter was validated against an ionisation chamber and was found to be within 1%
of agreement.

The radiolytic yield of the ferric ions, G(Fe3"), is given by
G(Fe**)=3G(H) +2G(H20,) + G(OH); (2.21)

where G(H), G(H20,) and G(OH) are the radiolytic yields of hydrogen, hydrogen
peroxide and hydroxyl radicals, respectively. Fricke solutions are aerated and therefore
contain dissolved oxygen ©») which reacts with H radicals to form a hydroperoxyl

radical, HO», which oxidises ferrous ions
Fe?* + HO, ! Fe* + HO,; (2.22)
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which forms hydrogen peroxide
HO, + H* | H,0y: (2.23)
The hydrogen peroxide molecule then oxidises a ferrous ion
Fe’* + HyO, ! Fe® + OH + OH ; (2.24)
while another ferrous ion is oxidised
Fe?* + OH ! Fe®* + OH : (2.25)

Therefore, three ferric ions are produced for every hydrogen atom, two for every hydro-
gen peroxide molecule, and one for every hydroxyl radical, giving the radiolytic yield
in Equation 2.21. This linear combination of yields results in an abundance of highly
reactive free radicals, thus making the Fricke dosimeter very sensitive. Further details
on the mechanisms of Fricke dosimetry can be found in Shortt [115].

The Fricke solution is analysed with a UV-VIS spectrophotometer before and af-
ter irradiation to determine the change in optical density at 304 nm, the absorption

wavelength of ferric ions. The dose can then be calculated

oD

Dp= ——
F T G(Fe3*)L"

(2.26)

where OD is the change in optical density at 304 nm after irradiation, G(Fe3*) is
the radiolytic yield of ferric ions (1:555 0:0176 10 © mol J1), L is the path length,

is the density of the Fricke solution, and" is the molar linear absorption coe cient
of ferric ions at 304 nm (2174 M! cm®). Further details can be found in deAlmeida et

al. [116].
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2.5 Resazurin assay

Resazurin is a blue-coloured dye originally used to determine the bacterial content
of milk in 1929 [117], but is now commonly used for studying the response of cells to
radiation [118{120]. It has more recently been used as a method of studying free radical
production in irradiated water [121]. Resazurin solutions have similar mechanisms to
Fricke solutions. Resazurin solution undergoes irradiation-induced chemical reactions,
where blue, weakly- uorescent resazurin (RNO, G2H7NOy) reduces to pink, highly-

uorescent resoru n (RN, C 12H7NO3). Aqueous, or hydrated, electrons in the solution

are scavenged by RNO in an intermediary reaction
RNO + 54! RN O ; (2.27)

with a reduction rate constant, k; = 4:3 109 M-1s? and a second reaction then occurs

to produce the uorescent RN
2RN O +2H" ! RN + RNO + H,0: (2.28)

This reaction has a reduction rate constant, X, =5 10’ M'1sl. The reduction rate
constants, k and k, (taken from Balcerzyk & Baldacchino [121]) are constants used
to determine the rate of reaction Equations 2.27 and 2.28. The rate of reactionr, is

directly proportional to the concentration of the relevant reactants:
r=k (Cp)?; (2.29)

whereC and a are the concentration and reaction order of some reactant, n, respectively
[122]. In other words, if the concentration of reactants in a solution increases, so too
will the rate at which the reactions occur.

The two reaction rate constants above are very dierent for both stages of the
reduction process, withk, being approximately 1,000 smaller thank;. Therefore, the
key reaction where resoru n is produced, occurs 1,000 slower than the initial scavenging

of hydrated electrons (because concentrations of resazurin are identical), leaving a much
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larger period of time where the RNO™ and 2H" are sensitive to other reactions with
radicals such as OH or hydrated electrons. The quantity of RN produced is proportional
to the number of hydrated electrons scavenged, and the number of hydrated electrons
produced is proportional to the energy deposited in the solution. The radiolytic yield,

G, of RN is given by
2 G(RN)= 2 G(RNO)= G(ey); (2.30)

as it requires one molecule of RN, and two hydrated electrons (from Equations 2.27 &
2.28).
We propose that the resazurin assay and its subsequent reduction into resorun
could be used as a method for determining the dose deposited in the solution.
Resoru n has a central emission wavelength of 585 nm, and an excitation wave-
length of 530 nm. Following the reduction reaction, an excitation light source induces

uorescence in the solution. In our studies a continuous-wave LED source is used.

Figure 2.2: The reduction of resazurin to the highly uorescent resoru n [123]. This process is irre-
versible so the increase in uorescence caused by the increase in resoru n concentration is a reliable
metric for the energy deposited in the solution.
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The intensity of the emitted uorescence is proportional to the amount of resorun
produced during irradiation. By calibrating the resulting uorescence intensity to the
dose delivered, it is possible to determine the dose delivered from the measured increase
in uorescence intensity. This provides a real-time dosimetry method, using common

scienti ¢ equipment.

2.6 Electron beam irradiation in this work

Laser wake eld accelerated electrons were not used for the experiments described in this
thesis, although it was the original intention. Unfortunately, the COVID-19 pandemic
prevented experimental work for a considerable time, which caused a backlog of users
at Strathclyde's SCAPA facility.

The calibration of the chemical dosimeter and the Fricke solution were undertaken
using X-rays, as the dosimeter response is well established for Fricke, which resulted in
an accurate calibration.

Experiments at the Commissariata I' Energie Atomique et aux Energies Alternatives
(CEA), described in Chapter 4, were carried out using -irradiation. The UHI100 laser
driven electron beamline was not ready for use with our chemical dosimeter during the
placement at CEA. Tests of the dosimeter with di erent irradiation modalities helped
understand its versatility and its limitations.

Three experimental runs have been undertaken at CERN's CLEAR facility linear
accelerator. CLEAR is an extremely reliable RF accelerator, capable of producing
very high energy electrons at ultra-high repetition rates, similar to those which can be
achieved with a plasma-based accelerator. The main di erence is that an LWFA can
produce electron bunches in the fs range, whereas the CLEAR linac produces electron
bunches in the ps range. However, many of the beam parameters are comparable with
LWFA-generated electron beams, therefore ndings from the data presented here can

be easily applied to electrons produced by LWFAs.
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Preliminary Dosimetry Study at
CLEAR

This chapter explains the experimental procedure for testing the novel chemical dosime-

ter using very high energy electrons (VHEES) from CERN's CLEAR facility.

3.1 The CLEAR beamline

The CERN Linear Electron Accelerator for Research (CLEAR) is a facility that has
been in operation since 2017, featuring a 20-metre linac capable of accelerating electron
microbunches to energies of 220 MeV, with charges of up to 1.5 nC. These microbunches
can be repeated up to 150 times in 100 ns to produce macrobunches of up to 75 nC,
and these can be delivered at a maximum repetition rate of 10 Hz [124]. A schematic
of the beamline and all of its components is shown in Figure 3.1. The beam size can
be varied by adjusting the parameters of the three magnet triplet quadrupoles, and
the beam charge and current are monitored using an integrating current transformer
(ICT 915) at the end of the line. The beam is diverted to a scintillating crystal screen
(BTV 930) using the nal dipole magnet (BHB 900), where the electron energy can be
determined based on the angle of de ection, while a second screen (BTV 910) is used
to monitor the beam pro le.

Before all runs, the beam was aligned to a 9 mm diameter aperture in the side
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