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Abstract

LhARA is a proposed proton beam therapy research facility. This project aims to develop
the SmartPhantom, a piece of instrumentation which will provide online dose mapping for
proton beams at LhARA, integrating ionacoustic and scintillating fibre technology to achieve
this. This review presents the physics of ionacoustic and scintillating fibre detectors alongside
state-of-the-art research into these technologies. Alternative dose mapping techniques are also

reviewed.
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1 Introduction

Cancer directly affects one in five individuals in their lifetime, with one in ten dying from
the disease [1]. Radiotherapy is widely prescribed to treat cancer [2]. Proton beam therapy
(PBT) is a form of radiotherapy with advantages such as maximising tumour damage while
sparing healthy tissue [3]|[4]. More research is required to understand the biological processes
underpinning PBT. The Laser-hybrid Accelerator for Radiobiological Applications (LhARA) [5]
is a proposed PBT research facility. Fig. 1 shows a render of the facility. It is imperative that
online dose mapping of the beam used at LhARA can be realised for beam quality assurance
and to relate dose deposition to the observed biological effects. SmartPhantom [6] is an online
dose mapping technology being developed for LhARA which combines two emerging dosimetry

techniques: ionacoustics and scintillating fibres.

Figure 1: A render of the proposed LhARA facility. Image from [5].

This project continues SmartPhantom’s development, with a focus on scintillating fibre technol-
ogy. This review presents the foundational physical understanding and wider context required
for this project, including proton-matter interactions, PBT, ionacoustic and scintillating fibre
technologies. The current state-of-the-art in ionacoustic and scintillating fibre technologies is
presented. Other techniques used for PBT dosimetry are surveyed, drawing comparisons to

ionacoustic and scintillating fibre detectors.
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2 Background

2.1 Interactions between protons and matter

When protons have enough kinetic energy to induce ionisation within matter, they are con-
sidered directly tonising radiation. Direct ionisation occurs because the particle incrementally
loses energy while travelling through matter, emitting bremsstrahlung radiation. If the electron
ejected by ionisation has sufficient energy, a secondary electron track may be created. If there is
insufficient energy to induce complete ionisation, an electron may be excited to a higher atomic

energy level [7].

The three primary proton-matter interactions are stopping, multiple Coulomb scattering (MCS)
and hard scattering [8]. Stopping denotes protons losing energy and coming to rest due to
multiple electromagnetic (EM) interactions with atomic electrons and, to a lesser extent, nuclei.
The continuous slowing down approximation is a theoretical model which calculates the rate of
energy loss and range of fast charged particles in matter. MCS describes the random deflection
of protons by EM interactions with atomic nuclei and electrons [8]. Hard scattering refers to
a single hard scatter of a proton by EM or nuclear forces, distributing dose at large distances
from the target atom. The rate of energy loss per unit path length is known as stopping power.
For charged particles, stopping power is proportional to the square of the particle’s charge
and inversely proportional to its velocity squared. As the particle comes to rest, it deposits
more energy per unit length in matter, causing more ionisation and dose. The stopping of
protons results in a reduced flux of protons upstream. Fewer protons results in fewer statistical

variations in proton range, and thus a sharper peak in deposited energy or Bragg peak, as shown

in Fig. 2 [7]]9].

The range-energy relation between charged particles and matter can be described by

—p - 20 )

dFE Z 1 [1. 2m.*(B7)*W,
2PN K 24 4 21 e max
< dx> AR [2 " IE



2.2 Proton beam therapy Page 3

——Electron Beam ——Photon Beam ——Proton Beam -—CarbonBeam

Relative Dose (%)

Depth

Figure 2: The relative dose-depth profiles of electrons (red curve), photons (purple curve),
protons (blue curve), and carbon ions (green curve). From [9].

known as the the Bethe-Bloch Equation, with symbols defined in Table 1 [10]. This equation

is not valid at very high energies, where spin becomes important [11].

An analytical approximation to the Bragg curve for protons and heavy ions, valid for energies

between 10 and 200 MeV, is provided in Bortfeld, 1997 [12],

D(z)
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with parameters and constants defined in Table 2.

2.2 Proton beam therapy

Radiotherapy is a common cancer treatment [2]. Conventional radiotherapy irradiates tumour
cells with photon or electron beams to elicit strand breaks in the tumour cells’ DNA. The pri-
mary challenge in radiotherapy is minimising healthy tissue damage [15]. As shown in Fig. 2,

photon and electron beams deliver the most dose close to the tissue surface which is undesirable
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Table 1: Summary of parameters and constants in Equation 1 [10]

Symbol Definition Value/Unit
K 4N gr?m..c?
Ny Avogadro’s number 6.022 x 10%* mol ™!
Te classical electron radius 2.82fm
z charge number of incident particle
A atomic number of absorber
A atomic mass of absorber gmol ™
MeC? electron mass xc? 0.511 MeV
6] v/c
v speed of incident particle ms?
¥ Lorentz factor, 1/4/1 — v?/c?
W maximum ppssiblg energy 'tljansfer to MoV
an electron in a single collision
1 mean excitation energy eV

Table 2: Summary of parameters and constants required for the analytic approximation of the
Bragg curve [12]

Symbol Description Value Unit

O Primary fluence cm 2

19 Substitution to simplify expression (Ry— 2)/o 1

z Depth cm

Ry Range aEl cm

o Width of Gaussian peak (o?nono + o%,ooﬂp?Eg(p b ) cm

O mono Width of Gaussian range straggling 0.012R59% cm

OE0 Width of Gaussian energy spectrum ~ 0.01E, MeV

D Exponent of energy range relation 1.77 1

« Proportionality factor 0.0022 cm MeV P

Ey Initial beam energy MeV

p Mass density of medium kg cm ™3

['(x) Gamma function Joex* e dx [13] 1

9 (x) Parabolic cylinder function See [14] 1

I6; Slope parameter of fluence reduction relation 0.012 1
Fraction of locally absorbed energy released

¥ . . . . 0.6 1
in nonelastic nuclear interactions

. Fraction of primary fluence contributing to ~ 0.0 - 0.2 1

the tail of the energy spectrum

for tumours located deeper within the tissue. PBT and heavy ion radiotherapy (HIRT) pro-

vide promising alternatives to conventional radiotherapy due to their spatially localised energy

deposition, although the biology underlying PBT is not well understood [16] [17] [3] [4].
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2.3 Ionacoustics

When ionising radiation deposits energy in matter, the energy deposition elicits a local tem-
perature increase and thermal expansion of matter, causing a detectable pressure pulse from
the interaction site [18]. The pressure p(r,t) induced in water by temperature increase T'(r, )

propagates as

<v2 - 182) pirt) = — L FL@Y 3)

v2 Ot? kv Ot?
where v, is the acoustic speed of sound in water, 3 is the coefficient of volumetric expansion
and r is the isothermal compressibility [18]. Thermal and stress confinement conditions allow
for the heat equation to be written as

pCy = H(r,t), (4)

where p is the mass density, ¢y is the specific heat capacity at constant volume, and H(r,t) =
Q(r)H'(t) is the spatially and temporally separable heating function. Thermal confinement
implies that the duration of heat diffusion is much greater than the proton stopping time.
Stress confinement implies that the proton pulse takes less time than the pressure-induced

volume expansion. Using Equation 4, Equation 3 can be solved for p(r,t):

5 0 o)
dmvgkpey Ot Jaw) R

p(r,t) dA’, (5)

where Q(r') is the deposited energy density, R = |r — 1’|, and A(t) is the surface over which
R = vt [18]. This acoustic signal can be converted to an electrical one by a transducer. When
displayed as a function of time, this signal is denoted a time-series. Algorithms can reconstruct
the initial pressure distribution from the time-series, recovering the initial dose distribution.
Such algorithms include universal back-projection, Fourier transform, (iterative) time reversal
and inversion of the linear Radon transform [19][20][21][22][23]. A typical ionacoustic set-up is

shown in Fig 3.
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Figure 3: Typical ionacoustic set-up. From [24].

2.3.1 Ionacoustic research at Ludwig Maximilian University of Munich

Lascaud, Dash et al., 2021 [25] presents a linear sensor array for dose mapping of 20 MeV and
22 MeV proton beams in a water phantom. The sensor comprises between 5 and 200 elements,
with a maximum length of 4cm. While the Bragg peak range could be determined accurately,
the lateral resolution of the dose map is poor (>10% relative error) due to a limited field-of-
view (FOV). For homogeneous phantoms, range verification accuracy is primarily limited by the
detector’s sampling frequency. This research also found that the Bragg peak of a long-duration
proton pulse can be artificially spread out during reconstruction because the duration of the
pulse influences the frequency content of the resultant signal. In pre-clinical studies, this can
be mitigated by a simple alignment procedure. The authors suggest using two imaging devices
with different FOV simultaneously to solve the issue of requiring a small FOV to obtain good

lateral resolution, whilst also needing a large FOV to detect signals at <50 kHz.

Lascaud et al., 2019 [26] presents the novel use of a Capacitive Micromachined Ultrasonic
Transducer (CMUT) for ionacoustic detection. The CMUT was able to detect ionacoustic
signals at far lower frequencies (hundreds of kHz) than conventional PZT transducers can
achieve. Lascaud et al., 2021 [27] evaluates the impact of the backing material and detector

geometry on detector sensitivity and accurate dose mapping. Findings suggest that a tungsten
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backing is advantageous over an epoxy backing.

2.4 Scintillating fibres

2.4.1 Fundamentals

Scintillating fibres are commonly used to detect charged particle radiation. There are three main
processes which contribute to the emission of detectable radiation in a scintillator: fluorescence,
phosphorescence and delayed fluorescence [28]. Fluorescence is the excitation of molecules
within the scintillating material followed by the prompt emission of visible radiation. Delayed
fluorescence has a longer emission time following excitation. In contrast, phosphorescence
results in the emission of light with a longer wavelength and slower characteristic emission time

than fluorescence.

There are two broad classes of scintillating material: organic and inorganic [28]. This review
focuses on organic scintillators. Organic scintillation materials typically have the m-electron
structure shown in Fig. 4 [28]. At room temperature, molecules typically sit in the lowest
vibrational state of the ground electronic singlet state, level Spg. If the molecule is excited
to any higher singlet state, it will be de-excited to S; by non-radiating internal conversion.
Radiation denoted “prompt fluorescence” comes from the relaxation of the molecule from the
Sip state to any Sy state [28]. The prompt fluorescent intensity due to this decay can be
described as a function of time as

I =1Ie ", (6)

where I is the maximum intensity and 7 is the prompt fluorescent decay time (7 ~ 1ns) [28].

2.4.2 Scintillation efficiency and quenching

Scintillation efficiency is defined as the fraction of energy from the incident particle which is

converted to detectable light.
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Figure 4: m-electronic energy levels. From [29]

Self-absorption is the process by which light emitted by a scintillator is reabsorbed by the
scintillating material [28]. This occurs when the energy released as fluorescence is greater
than or equal to the energy required for the absorption pathways of the electronic structure.
The only decay mode of the m-electron structure satisfying this condition is the Sip — Spo
mode which overlaps with the Sy — S19 mode. Therefore organic scintillators exhibit limited

self-absorption.

Scintillation efficiency can also be degraded by de-excitation modes called “quenching effects”

which do not result in the emission of light [28].

A scintillator’s response is described by relating the fluorescent energy emitted per unit path

length dL/dx to the energy loss per unit path length dE/dx. Assuming there is no quenching,
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the assumption that that light yield is proportional to energy loss can be made, hence

dL dE

T =5 (7)
where S is the scintillation efficiency [28]. To account for quenching effects in this relation,
the following procedure was suggested by Birks [29]. Tt is assumed that scintillation efficiency
is lowered by quenching from damaged molecules and that the density of damaged molecules
is proportional to the ionisation density dE/dz. Hence the density of damaged molecules is
B(dE/dzx), with proportionality constant B. Only a fraction, k, of the damaged molecules
cause quenching. Thus Equation 7 is amended to give Birks’ law [29],

L~ S4E
dr 1+ kB

(8)

For small dFE/dzx, this reduces to Equation 7. Unlike electrons, protons do not exhibit a linear
response due to their higher LET. For protons, alternative equations have been proposed to fit

empirical findings. Craun & Smith [30] propose the relation,

dL sS4k

1. ’ (9)
de 1 4 kBIE 4 C (1)

where C'is an empirically determined parameter. For small dF/dx, this reduces to Equation 8.
Kelleter & Jolly, 2020 [31] introduces a model which describes the depth-light curve in a quench-

ing scintillator by combining Birks’ law [29] and Bortfeld’s equation [12].

2.4.3 Light collection

Following scintillation, light generated in the material must be transported through the scintil-
lator to a photomultiplier tube (PMT) or other sensor. Here, we will focus on using scintillating
fibres (thin tubes of scintillating material, often enclosed in cladding to enhance total internal
reflection (TIR)) for light collection. In scintillating fibres, light is transported down the fibre

by reflections on the surface of the fibre. A diagram of a scintillating fibre is shown in Fig. 5[28].
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Figure 5: Diagram of a scintillating fibre. n; are the refractive indices of the core and cladding
layers. fpig is the maximum angle for TIR. From [32].

Energy resolution is maximised by maximising the number of scintillation photons collected
by the PMT or sensor [28]. Therefore light attenuation during collection must be minimised.
Light attenuation results from imperfections at the core-cladding interface, self-absorption and

Rayleigh scattering in the core [28].

In a typical scintillation pulse fewer than 10 photons are collected by the PMT or sensor because
the fibres themselves are thin, so little ionisation occurs, and even fewer photons are able to
reach the PMT due to attenuation [28]. Thus minimising the sensor’s noise level is essential to

distinguishing signal from noise.

TIR must be minimised at the fibre-PMT junction. The PMT is often coupled with something
close to the refractive index of glass. Thin scintillators should not be mounted directly onto
the PMT; this causes drastic pulse height variations due to PMT non-uniformities [28]. A light
pipe can spread out the light from each scintillation over the PMT end window to average
out any non-uniformities. If the detector is likely to experience large temperature changes or

vibrations, an epoxy cement can be used to couple the fibres to the PMT [28§].
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2.5 SmartPhantom

The LhARA facility is a forthcoming centre which will be used to study PBT [5]. SmartPhantom
[6] is a piece of instrumentation in development for use at LhARA to provide reproducible and
accurate online measurement of the energy deposited by proton beams in water and cell samples.
The online measurement will include Bragg curve fitting, LET and dose calculations. This will
be achieved using both ionacoustic and scintillating fibre detectors. A render of SmartPhantom
is shown in Fig. 6. The initial design for the scintillating fibre detectors in SmartPhantom is

based on the PTW-T41023 water phantom [33].

Figure 6: Render of the SmartPhantom. The brown planes represent the scintillating fibres.
The blue colour shows the volume of water. The grey plane represents the plexiglass window.
The green plane represents the position of the ionacoustic transducer. Image from [6].

The proton beam enters the water phantom via a plexiglass window. Inside the water phantom
are multiple stations consisting of two planes of scintillating fibres suspended in the plane
perpendicular to the beam’s path. Clear fibres connect the scintillating fibres to a camera.
Data from the camera will undergo image processing to determine the intensity and position
of the beam energy deposition in the plane of the scintillating fibre planes. A transducer will

sit within the phantom to detect ionacoustic signals.
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Thus far, Geant4 [34] simulations have been created to model the SmartPhantom’s scintillating
fibre technology [6]. The Bragg curves from these simulations are shown in Fig. 7. k-Wave
is software designed for time domain acoustic simulations [22]. k-Wave simulations have been
created to simulate the response of ionacoustic detectors to the dose deposited by a proton
beam. The Geant4d and k-Wave simulations work as a pipeline, so the results of the Geant4
simulation can be used as the input data for k-Wave.

Different Mono-Energy Protons

—— Reference Curve in Pure Water
—— Reference Curve with Planes Inserted

60

@
8

8
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8
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20 25 30

15
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Figure 7: 60 MeV to 200 MeV proton beam depth-energy curves with and without four scintil-
lating fibre planes. The first bump is caused by the entry window while the bumps downstream
are caused by the planes. Image from [6].

2.6 Other techniques used for proton beam dosimetry

2.6.1 PET

Proton emission tomography (PET) is an emerging approach to PBT dosimetry in clinical
settings. When protons interact with tissue by inelastic collisions, nuclear reactions occur,
creating short-lived positron emitting isotopes [35]. A PET scan taken immediately after or
during irradiation reveals the location of these positron emitters, establishing the proton beam’s

path [35].
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Unlike in ionacoustic technology, the Bragg peak is not explicitly imaged with PET scans.
The inelastic scattering which produces positron emitters occurs for proton energies higher
than those resulting in the Bragg peak [35]. Hence the activity upstream of the Bragg peak is
mapped before falling off rapidly at the Bragg peak allowing for the Bragg peak to be implicitly
localised [35].

PET scanning can be used for either online or offline monitoring. Online monitoring suffers
from reduced detector sensitivity and a reduced FOV [35]. Moreover, there can be geomet-
rical problems from the beam and detector orientation which interferes with the 3D image
acquisition [35]. During offline monitoring, the patient is moved to a PET scanner following
treatment. The delay in obtaining the scan can result in positron emitters decaying or being

transported away from their initial location [35].

2.6.2 Film dosimetry

Film dosimetry begins by coating a transparent polymer base with a colourless polymer sensor
film (~100 pm thick) which acts as a tissue-equivalent detector [36]. The film turns deep blue
upon irradation. The optical density of the blue tint corresponds to the radiation dose the film

has received [36]. Evidence is emerging that this can be used for heavy ion dosimetry [37].

2.6.3 lonisation chambers

Tonisation chambers are the industry standard for dosimetric measurements [38]. This is done
by measuring the charge created as a result of the interaction between ionising radiation and
matter. Calibration is used to determine the deposited dose, which induces uncertainty into
measurements [39]. Ionisation chambers can be made with tissue-equivalent materials which is

advantageous [39].
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3 Conclusions

This review summarised how proton-matter interactions are harnessed to provide clinical proton
beam mapping with ionacoustic and scintillating fibre detectors. SmartPhantom will combine
these techniques to provide online dosimetry. Existing simulations, alongside experiments at
Ludwig Maximilian University of Munich, will provide the foundations for the continued de-
velopment of the SmartPhantom. Other techniques used for proton beam dosimetry possess
advantages such as tissue-equivalent absorption and online operation. Disadvantages of some

of the techniques include uncertainty induced by calibration and delayed mapping.
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