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Abstract

The Laser-hybrid Accelerator for Radiobiological Applications, LhARA, has been proposed as a
facility dedicated to the study of radiation biology. An on-the-fly, non-invasive, range verification
system needs to be developed that would provide a quantitative 4D dose deposition profile and
Bragg peak localization for pre-clinical research and, at a later stage, provide clinical measures
of the Bragg peak and deposited energy distribution within tissue. This work focuses on the
development of an experiment to demonstrate the feasibility of ion-acoustic imaging, which is
based on ion-induced ultrasound waves, to provide the energy-deposition profile of ion beams
propagating in a medium. Different image reconstruction techniques are also investigated and
their performance are evaluated using Geant4 and k-Wave.
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1 Introduction

Cancer is the second most common cause of death globally [1]. In 2018, around 17 million
new cancer cases were diagnosed and around 9.6 million people died worldwide [2]. These
numbers are estimated to increase in the next few years, therefore it is crucial to provide
patients with effective treatment and prevent the loss of life. Novel, cost-effective and
efficient techniques need to be incorporated into treatment facilities, accessible to the wider

population irrespective of socioeconomic status.

1.1 Radiotherapy

Radiotherapy is a clinical therapy that uses ionising radiation to treat tumours by control-
ling or killing malignant cells that proliferate [3]. It is used to treat over 50% of the cancer
patients [2], often in parallel to chemotherapy and surgical removal. Despite the treatment
being highly successful, there are several drawbacks to this treatment modality, with the
most imminent ones revolving around the effect of ionising radiation on healthy host cells
surrounding the cancerous growths.

Radiotherapy aims to give a defined radiation dose to the patient, targeted at the tu-
mour area. The radiation is absorbed by the cancerous cells and the DNA breaks up and
stops reproducing [3]. This causes the excessive replication of the cell to stop and it eventu-
ally becomes benign (non-cancerous). By falsely irradiating the surrounding healthy tissue,
there is a high risk of additional tumours being formed, called carcinogenesis, highlighting
the importance of effective targeting.

The most common form of radiotherapy uses x-rays, but although photons are highly
effective they don’t deposit most of their energy in the tumour area but along the entire
path. Because of this, protons and light ions are currently considered to be used in the
development of new cancer treatment facilities, as they can deposit most of their energy
in a small volume of tissue [4]. This is because as the ions interact with the tissue, they
slow down and hence they are able to deposit more energy in a shorter range and time.
The maximum deposition is observed as a sharp peak, called the Bragg peak, and hence
the effect on the healthy tissue surrounding it is minimized [5]. A comparison of the dose
delivery as a function of distance for each method is illustrated in Figure 1. The dose is
usually measured in Gray (Gy), where 1 Gray is the absorption of one joule of radiation
energy per one kilogram of matter [6]. Moreover, as can be seen from Figure 1, there is an
entrance delivery dose before the peak. This can be decreased by using light-ion beams,
however, there is the drawback of a fragmentation tail beyond the Bragg peak region. This
is highly unwanted, especially in the case where vital organs are located behind the tumour

that can be severely damaged.

1.2 Energy loss & Linear Energy Transfer (LET)

The mean energy loss of a particle as a function of distance travelled within a medium is
described by the Bethe-Bloch formula. This formula is defined in Equation 1.1, where FE is
the particle’s energy, = the distance travelled, Z the atomic number of the element in the
medium, A the mass number of the element in the medium, z the incident particle charge,
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Figure 1. Relative dose deposition profile for electrons (red), photons (purple), protons (blue)
and carbon ions (green) [5].

I the mean excitation energy, « the Lorentz factor, 5 the ratio of the particle’s velocity to
the speed of light i.e. 8 =2 and §(f7) the density effect correction due to polarisation [7].
K and T,,4, (the maximum kinetic energy transferred) are defined in Equations 1.2 & 1.3
, where N4 is the Avogadro constant, r. the electron radius, me is the electron mass and
mo the mass of the incident particle.

dE 2 Z 1 1, 2mec®B2?Thnas 2 0(B7)
(BB g2 _ g2 2\ 1.1
() = K5 glgin( el e - g2 = 200 (1)
K = 47 Nar2mc? (1.2)
22 B2
Tnaz = et 6 1 (13)

14 2e y (me)2

When a particle propagates within a patient during treatment, this energy loss is mostly
deposited in the tissue, therefore it is common to refer to this as the Linear Energy Transfer
(LET). LET is the average energy transferred per unit length [8]. LET is similar to the
stopping power, but it does not consider nuclear interactions. Each type of particle is
associated with a different value, and generally, photon and proton beams have a low-LET,
while heavy ions have a high-LET around the Bragg peak region. A high LET value has
several biological advantages, such as more significant DNA damage and suppression of
radiation repair [8].

1.3 Relative Biological Effectiveness (RBE)

The Relative Biological Effectiveness (RBE) defines the biological effect of one type of ion-
izing radiation relative to another, and it critically depends on both physical and biological
parameters such as type of radiation, LET, dose, dose rate, target cell, radiosensitivity etc
[9]. The RBE value can be used to compare hadron therapy and conventional photon ther-
apy that is better understood. A comparison of the biological effect caused by the hadron



dose can be compared to the photon dose required to produce the same effect. Typically,
tissues that can repair a large amount of damage caused by radiation have a high RBE
value. A table of some typical RBE values for different radiation types, in comparison to
a reference photon beam, is shown in Table 1 [10]. Taking values from the table as an
example, using a proton beam with RBE of 1.1 means that the patient will receive a 10%
lower dose compared to a treatment using photons, for the same effect.

Radiation quality Typical RBE
250 kV X-rays 1.0
MV X-rays 1.0
electrons 1.0
protons 1.1-1.5
C%Fions 1.5-5
fast neutrons 4-5

Table 1. Typical Relative Biological Effectiveness (RBE) values for different radiation types, in
comparison to a reference photon beam [10].

In addition, ions with very high LET around the Bragg peak, lead to significant un-
certainties in the RBE value. Such uncertainties can lead to incorrect dose estimations
and extensive damage to healthy cells. Furthermore, ions with different RBE values induce
different damages to the DNA, where the higher the value, the greater the damage.

1.4 Medical Imaging

Medical imaging is used to diagnose and monitor medical conditions using several different
technologies [11]. In general, imaging is limited by spatial resolution (a measure of the
smallest object that can be resolved), signal-to-noise ratio (ratio between the power of the
desired and undesired signal) and contrast-to-noise ratio (coming from noise sources such
as clutter and speckle) that determines the image quality [11]. Noise could be in the form of
acoustic noise, electrical noise or ion pulse variations. Because of these, acoustic imaging is
considered to be better than optical imaging because it is not limited by depth and spatial
resolution, as acoustic waves are scattered much less than photons in tissue [12].

1.4.1 Ultrasound

Ultrasound is a mechanical longitudinal wave and it is widely used in today’s clinical imag-
ing systems [13|. As the ultrasound waves travel through tissue, some of them are reflected
between boundaries (or small structures within a homogeneous tissue) with different acous-
tic and physical properties. The back-scattered waves can be detected by a transducer
(consisting of an array of multiple transducer elements) and the time between pulse trans-
mission and signal reception can be used to calculate the depth of the tissue boundary.
This can be repeated many times until an image is acquired, where the intensity of each
pixel is proportional to the strength of the back-scattered signal. Generally, signals received



from boundaries deeper in the body appear to be weaker than those reflected at boundaries
closer to the surface. Due to the extremely high speed of the ultrasound wave in tissue,
real-time imaging can be performed in a few seconds [13].

1.4.2 Photo-acoustic Imaging

Photo-acoustic imaging is a non-invasive modality that uses ultrasound pulses created by
a pulsed laser [14]. As the laser beam penetrates the tissue, it is scattered and absorbed
by different chromophores (e.g. melanin and haemoglobin), which are parts of a molecule
responsible for its colour. As the energy is absorbed, the temperature increases which results
in thermoelastic expansion. This leads to an increase in pressure and an acoustic wave is
emitted (thermoacoustic effect), with the emitted pressure wave’s amplitude, frequency and
shape being dependent on the dielectric properties of the tissue. These emitted acoustic
waves can be detected by a transducer and be used in image reconstruction [14]. The whole
principle is illustrated in Figure 2 [15].
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Figure 2. An illustration of the photo-acoustic effect, from signal generation until image recon-
struction [15].

1.4.3 Ion-acoustic Imaging

Ion-acoustic imaging works similarly to photo-acoustic imaging, but the induced acous-
tic waves are produced by proton or ion energy depositions. As the ion-beam propagates
through the tissue it interacts via Coulomb interactions and transfers its kinetic energy to
the cells in the form of heat. This results in thermoelastic expansion and a local pressure
increase which results in the emission of a shear ion-acoustic pressure wave. These induced
ion-acoustic waves are dependent on the energy and width of the beam, which also influence
the shape of the Bragg peak that is the most predominant source of the waves. Therefore,
the shape of this pressure wave carries all the information about the spatial and temporal
characteristics of the source causing it. In addition, thermal diffusion can be neglected dur-
ing this process as the rate of heat deposition is extremely fast - of the order of picoseconds
- much faster than the time needed for the ions to stop.

Furthermore, since ion-acoustic waves observed in clinical applications suffer from low-
pressure amplitudes (~ mPa) and low-frequencies (~ kHz), ion-acoustic detection is very



challenging and therefore there is a need to find ways by which the signals can be enhanced
so that the system can be integrated for clinical and pre-clinical applications. Moreover,
one of the drawbacks of this technique is that it suffers from low signal-to-noise ratio (SNR)
and hence detectors with high sensitivity are required.

Both photo-acoustic and ion-acoustic imaging can be used to obtain a quantitative
dose distribution of the beam, and provide a direct Bragg peak position measurement, with
submillimeter accuracy. The research done up to now is discussed in Section 4.

2 The Laser-hybrid Accelerator for Radiobiological Applications

The Laser-hybrid Accelerator for Radiobiological Applications (LhARA) aims to demon-
strate technologies that can enhance the clinical application of radiotherapy [16]. It envis-
ages to use protons and light ions instead of photons, allowing research in radiobiology and
particle-beam therapy to be delivered in new a regimen and exploit ultra-high dose rates. A
wide variety of time structures, spectral distributions and spatial configurations can be used
in a flexible way, thus instantaneous dose rates beyond the "FLASH” regime (> 40 Gy/s)
can be delivered [17], the therapeutic effect of which can be studied. Such instantaneous
dose rates can potentially offer a more effective therapy and reduce the duration of the
treatment. LhARA will potentially provide a facility which is significantly smaller, cheaper
and more flexible with an extended range of beam characteristics. The LhARA accelerator
is designed in such a way as to provide different end stations, initially 10-15 MeV in vitro
(allowing radiobiological studies), and then after using fixed-field alternating-gradient ac-
celeration, reach in vitro and in vivo stations with proton beam energies of up to 127 MeV
or ions up to 33 MeV per nucleon. A schematic diagram of the LhARA beamlines is shown

in Figure 3.
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Figure 3. Schematic diagram of the LhARA beamlines [16].



3 Forming a proof of principle for LhLARA

As mentioned in Section 1.1, ions provide a more advantageous energy dose distribution
within tissue compared to photons, due to their ability to deposit a maximum dose at
the end of their range. This property is favourable as it enables selective treatment while
sparing the healthy cells around the tumors. But the Bragg peak position within the
patient must be accurately monitored. An on-the-fly, non-invasive, range verification system
needs to be developed, for LhARA, that would provide a quantitative 4D dose deposition
profile and Bragg peak localization for pre-clinical research and, at a later stage, provide
clinical measures of the Bragg peak deposited energy distribution in tissue. The on-the-fly
range verification system will also minimize delivery uncertainty and enable a more reliable,
aggressive, real-time pulse-to-pulse adaptive treatment plan.

As discussed in Section 1.4.3, ion-acoustic imaging, which is based on ion-induced
ultrasound waves, is a promising technique to provide a fast ion beam profile feedback
and act as an innovative diagnostics system. To confirm the fundamental ability of ion-
acoustic tomography to provide the beam profile within the required time-frame for LhARA,
simulations are currently being developed using Geant4 [18] and Matlab [19]. After proving
that the method works using the simulation, an experiment will be performed that would
validate the detection method.

3.1 Geant4

Geant4 is a software written in C++ that uses stochastic Monte Carlo techniques for
the simulation of the passage of particles through matter. It has several features such as
geometry for simulating the physical layout of the apparatus, tracking for simulating the
passage of the particles in the detector, and detector response which simulates how a real
detector would respond. Geant4 allows the measurement of several parameters, such as
momentum, energy, mass and direction of travel.

3.2 SmartPhantom

The SmartPhantom is a proposed instrument composed of a tank filled with water, with
a series of scintillating fibre planes inserted within it. Such an instrument can effectively
mimic human muscle and soft tissue and can be used to perform experiments as an initial
step before proceeding to biopsy samples. The beam can be targeted towards the tank
via a small window, and the energy loss as a function of distance can be obtained from
the scintillating fibre planes’ feedback. The design of the SmartPhantom is discussed later
in Section 5.1. From the data, the energy deposition profile can be obtained and the
Bragg peak can be located. The data can then be calibrated against dosimetric standards
to estimate the exact dosimetry and LET received. Geant4 can be used to simulate the
SmartPhantom and obtain the energy loss as a function of distance within it.

3.3 k-Wave

k-Wave is an open-source MATLAB toolbox designed for the simulation of propagating
linear and non-linear acoustic waves [20]. It works in the time-domain and can simulate



signals in 1D, 2D and 3D, in both homogeneous and heterogeneous media. k-Wave also
considers attenuation and reflections and can be used to simulate the ion-acoustic process
(increase in temperature, pressure and emission of an acoustic wave), when the ion-beam

interacts with the medium.

The linear acoustic wave propagation within a medium can be described by the equation
of motion, the continuity equation and the adiabatic equation of state. K-Wave solves
these equations numerically by using a pseudo-spectral (PS) method [21]. The PS method
fits a Fourier series to all the data and the gradient of the wave field is calculated in
the time domain using conventional finite-difference schemes. k-Wave also uses a k-space
approach (spatial frequency domain of a spatial, global Fourier transform) which uses larger
time-steps, compared to other methods for the same degree of accuracy, and therefore less
memory is used which leads to a faster model.

A diagram of how Geant4 and k-Wave can be used to simulate the LhARA proof-
of-principle experiment can be seen in Figure 4. From the analysis, the Bragg peak and

dosimetric data would be retrieved.
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Figure 4. An outline of the LhARA proof-of-principle simulation pipeline, using Geant4 and
Matlab’s K-Wave tooklit.



3.4 Limitations

The LhARA proof-of-principle experiment has a lot of limitations and differences as to
what would happen when treating a patient. Specifically, the tissue is not pure water, but
instead contains structures which are hard to simulate in a precise manner. In addition,
the fibre planes inserted within the water tank are not present in the human tissue. These
planes would influence the results obtained in the proof-of-principle experiment, but would
be absent during treatment. This effect is eliminated though at very high energies. In
addition, a real patient breathes which causes ion range variations within the body. Dur-
ing respiration, the whole anatomy of the patient changes every second, whereas, in the
experiment designed, the SmartPhantom has a fixed size and shape. Anatomical variations
can also arise from patient positioning errors (misalignment during treatment setup) and
cardiac movements.

Moreover, the ionacoustic imaging technique has several limitations and sources of
errors, that arise from non-ideal ion pulses, heterogeneity (a major source of random un-
certainties), noise and asymmetric energy depositions. The acoustic signals generated from
tissue are also extremely weak and hence large acquisition times are required to detect
them. In addition, transducer arrays with hundreds of elements would be needed so that
noise can be averaged-out and the signal-to-noise ratio is enhanced. The signal-to-noise
ratio per dose can also be improved by reducing the rise time and ion pulse width, which
would also produce a sharper Bragg peak.

Furthermore, realistic detectors have limited directionality (field-of-view), limited band-
width (i.e. a large proportion of the frequency spectrum is lost which might also affect the
signal-to-noise ratio) and a frequency-specific phase shift (acoustic and physical center might
not coincide, resulting in signal delay). The frequency-specific phase shift can be corrected
by measuring the offset experimentally and then adding it in the post-processing for cali-
bration. Solving the limited bandwidth problem will also enhance the signal-to-noise ratio.
In addition, by creating compressed sensing flexible transducer array designs with elements
that vary in location and center frequency, according to the direction of the wave, would
enable the employment of natural frequency variations of the emitted wave. Moreover,
the detector system to be used during treatment must permit imaging without disturbing
the irradiation. This is a challenging task to overcome and a possible solution is to use a
flexible system consisting of inter-communicating sub-arrays with the array configuration
being specific for each organ imaged. Care must also be taken when choosing the sensor
such that the sensor frequency response does not distort the signal.

4 Literature Review

Before designing, simulating and constructing the proof-of-principle experiment it is impor-
tant to read and investigate work done by other scientists prior to us. This would enable us
to avoid mistakes, identify unknown topics, and develop new ideas which would potentially
lead to the development of a fruitful experiment. This literature review specifically focuses
on the ion-acoustic imaging techniques developed up to now, as well as the technology used
to develop phantoms similar to the one required for our experiment.



4.1 Range Verification Studies

In 2018, an article was published with the title "Acoustic-based proton range verification
in heterogeneous tissue: simulation studies" [22]. This article investigates the effect of het-
erogeneity when using ionacoustics for the localization of the Bragg peak. Specifically, a
CT-based simulation method was proposed to model the effect when applying ionacous-
tics to prostate and liver measurements. A simulation was performed using 124.9-136.3
MeV pulsed proton beams (~14 us FWHM), 107 protons each and 1.0-1.4 cGy dose at the
Bragg peak. The beam dose deposition profiles were calculated (using the Eclipse software
[23]) and the acoustic wave propagation was simulated using k-Wave. The results of the
simulation were then compared to homogeneous water tank measurements to assess the
effect of heterogeneity. The paper concludes that the ionacoustics range verification in a
heterogeneous tissue results in decreased pressure amplitudes (by up to 5 times) compared
to a homogeneous sample. This can be explained by the fact that elements introducing
heterogeneity, such as fat and muscle, generate different ionacoustic waves, different pres-
sure amplitudes for the same energy, and the emitted waves can have different reflectivity,
speed and attenuation. In addition, it was observed that the pressure amplitude and range
verification accuracy decreased when using longer proton pulses. This study is particularly
important as it highlights the difference between experiments where the phantom is homo-
geneous (such as a water tank) and in vivo experiments where a real tissue is heterogeneous.

In 2021 an article was published with the title "Dictionary-based protoacoustic dose
map imaging for proton range verification" [24]. This paper used proton dose distributions
from previous studies to create a dictionary of the expected ultrasonic signals. The calcula-
tions of the propagation of the acoustic signals until detection point were performed using
k-Wayve, and it is proposed that this dictionary can be used to match experimental data with
the pre-calculated simulated dictionary acoustic signals to map the dose deposition profile.
The efficiency of the dictionary was tested using 120-196 MeV proton beams (8.9-10.0 mm
FWHM). The paper also suggests that this signal dictionary-based method has the ability
to detect alterations such as anatomical changes (tested by inserting air regions and soft
tissue regions in the beam’s way), within 1.4 mm, while it can also localize the Bragg peak
within 1 mm. In addition, this dictionary-based dose reconstruction method requires less
computational time, making an in-vivo, on-the-fly, verification range study more feasible.

In 2017 a paper was published with the title "Two-stage ionoacoustic range verification
leveraging Monte Carlo and acoustic simulations to stably account for tissue inhomogeneity
and accelerator-specific time structure - A simulation study" [25]. This paper introduces
a method to estimate the beam range within a medium using "control points" that come
from a database of pre-computed thermoacoustic emissions (using k-Wave) and Bragg peak
locations. This was done in a two-stage process, where initially, a preliminary range estimate
was calculated by the pre-processed emissions, and as a second step, the data were compared
to the initial estimate to perform a triangulation of the Bragg peak and refine the range
estimate. This method appears to be robust and accurate for low frequency and noisy
thermoacoustic emissions, despite high signal-to-noise ratio (SNR) and tissue heterogeneity.
The clinically relevant beam range estimates using this method have an average error of 2
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mm or less.

In 2019 a paper was published with the title "Simulation studies of time reversal-
based protoacoustic reconstruction for range and dose verification in proton therapy" [26].
This paper introduces a 2D time-reversal image reconstruction method for the range and
dose verification of a mono-energetic proton pencil beam in heterogeneous tissue. The
energy dose depositions were calculated using GATE [27| and the image reconstruction
was performed using k-Wave. The effect of sensor number, sampling duration, timestep,
noise and number of iterations was also examined. It was observed that increasing the
number of sensors improves the range and dose verification accuracy as there is a larger
spatial coverage. The same effect was also observed when increasing the sampling duration,
which can be explained by the fact that more energy information is included (increasing
the sampling duration results in an increase of the measurement aperture). In addition,
it was observed that increasing the number of iterations during reconstruction increases
the range accuracy. On the other hand, it was observed that increasing the sampling
timestep decreases the accuracy of the reconstructed distribution as numerical dispersion
is introduced. Moreover, it was observed that noise reduced the reconstruction accuracy as
well as introduced instabilities that are observed as large standard deviation values in the
Bragg peak localization. One thing addressed by this paper is that the impact of all these
parameters on the range verification accuracy is expected to be the same for the 3D case,
although more research needs to be done. Generally, it was concluded that the time-reversal
technique enables a quantitative Bragg peak localization accuracy below 1 mm, as well as
arbitrary geometry, attenuation and heterogeneity detection.

In 2016 a paper was published with the title " Acoustic time-of-flight for proton range
verification in water" [28]. The paper uses ionacoustic imaging to characterize the dose and
range of a mono-energetic 190 MeV pulsed (17 pus width, 100 Hz pulse repetition frequency)
pencil proton beam into a homogeneous water tank. The generated acoustic waves were
measured with a hydrophone and the waveforms were compared to simulations to assess
the accuracy of the time-of-flight calculations. Using a deconvolution method, the beam
position was measured with 2.0 mm accuracy, and the Bragg peak range was measured
with -4.5 mm mean in the error distribution and a 2.0 mm standard deviation. These
results verify that measurements of the arrival times of thermoacoustic waves, produced by
a clinically relevant proton beam, can be used to provide the dose and range. The paper
also mentions that synchrocyclotron ion sources may be more favourable than cyclotron ion
sources because they can generate shorter pulses (and more protons per pulse) and hence
sharper Bragg peaks and higher signal-to-noise ratios per dose.

In 2021, a paper was published with the title "Front-end Design Optimization for
Ionoacoustic 200 MeV Protons Beam Monitoring with Sub-millimeter Precision for Hadron
Therapy Applications" [29]. The paper introduces a method of improving the signal-to-noise
ratio by averaging the acoustic signals received by several sensors, instead of irradiating the
patient with multiple beam shots and averaging those. For this purpose, a multichannel
sensor has been designed through the development of integrated circuits front-ends. Ini-
tially, the Bragg peak localization precision required was used to obtain the required SNR
(due to noise and sensor non-idealities this SNR should be slightly larger). A single channel,
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and then a multichannel, sensor was designed which met the noise, frequency (should match
the signal bandwidth) and directionality requirements. Directionality has been reduced by
making the sensor much smaller than the acoustic wavelength, which further increases sen-
sitivity and SNR. After making sure that these requirements have been met, the number
of channels needed (through averaging) to obtain the required SNR was calculated. The
design was tested using a simulation, performed in Geant4 and k-Wave, with a 200 MeV
proton beam (19.2 mm FWHM, 35 mGy dose deposition per shot, 7.5 cm BP distance,
25 mPa signal amplitude) and the proposed detector design achieved a 20.5 dB single-shot
SNR and Bragg peak localization within 0.5 mm precision. Therefore, multichannel sen-
sors can achieve improved SNR compared to a single-channel sensor, for the same dose
deposition. This paper demonstrates that improving the detector design, rather than the
post-processing, and averaging in the space domain instead of the time domain can have
significant benefits.

4.2 Energy Distribution Measurement Studies

In 2019 a paper was published with the title "I-BEAT: Ultrasonic method for online mea-
surement of the energy distribution of a single ion bunch" [30]. This paper discusses a
method by which the kinetic energy distribution of a short ion bunch propagating through
water can be quantitatively measured. The proposed technique is called ITon-Bunch energy
Acoustic tracing (I-BEAT), and it enables the direct monitoring of a single laser-driven ion
bunch at a high repetition rate. To validate the technique, an experiment was performed
where the proton bunch entered a cylindrical water tank via a thin aluminium foil. As it
propagated through the water, the generated acoustic waves emitted during energy depo-
sition were measured using an on-axis ultrasound 10 MHz transducer. The pressure signal
was then obtained by solving the wave equation and a detector response correction was ap-
plied to calibrate the detected results and correct the mismatch between the measured and
the real pressure signal. The practicability of this technique was demonstrated using two
different laser-driven proton sources. A 9.4 MeV proton bunch (40 ns duration) produced at
the MLL Tandem accelerator and attenuated to 6.2, 6.7, 7.2 and 7.8 MeV upon entering the
water phantom, and a 30 MeV proton bunch (30 fs, 1 Hz repetition rate) produced by the
Dresden Laser Acceleration Source (Draco) petawatt laser at Helmholtz-Zentrum Dresden-
Rossendorf (HZDR). The I-BEAT algorithm calculated the expected acoustic trace to be
observed by the transducer, and the results were compared to the measured curve and
validated. This technique offers a high dynamic range (107 to 10'! protons/mm?), low
operation cost, compactness and robustness at high repetition rates. In addition, with this
technique, no averaging or scanning is required and there is also the feasibility of 3D dose
reconstruction by employing multiple transducers in several directions.

In 2016 a paper was published with the title "lonoacoustic tomography of the proton
Bragg peak in combination with ultrasound and optoacoustic imaging" [31]. This paper
introduces ion-acoustic tomography (IAT) as a method for characterizing the energy dis-
tribution of an ion beam. The method is based on the detection of ultrasound waves,
that are induced as the beam passes through matter, which can be inverted and used to
reconstruct the dose deposition profile. The pulse lengths used were in the range of 8ns
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- 9us and pulse repetition frequency in the range of 1-10 kHz. The technique has been
experimentally validated in both 2D and 3D using a 20 MeV proton beam in a water tank,
where the waves have been detected using a single element transducer and a 64 element
curved array transducer for each case. This technique is suitable for beams created by a
laser-hybrid accelerator as it benefits from a large dynamic range and also has the ability
to temporally separate the acoustic signals from the laser pulses induced by the electro-
magnetic pulses of the accelerator. In addition, the paper suggests a method of registering
the obtained profile to the tissue morphology, by combining this ion-acoustic tomography
technique with ultrasound and optoacoustic imaging. Such a hybrid system is suggested to
help the optimization of the dose delivery.

In 2015, a paper was published with the title "Feasibility of RACT for 3D dose measure-
ment and range verification in a water phantom" [32]. This paper introduces a radiation-
induced acoustic computed tomography (RACT) based scanner design that can provide the
integral dose and range of a pulsed proton beam in a medium. To test the scanner, a Monte
Carlo simulation was performed (in FLUKA [33]) using a 206.8 MeV pulsed proton beam
(1 cm lateral width, 0.776% energy spread, 27 cm Bragg peak distance). A T7l-element
cylindrical transducer array (0.5 mm voxel size, rotated over 27) was used to detect the
pressure signal induced by the beam in a cylindrical water phantom. 54 of the elements
were positioned along the cylinder’s length and 17 elements along the radius. The collection
of data from several rotation angles was used to reconstruct an image using a 3D filtered
back-projection method. The 3D dosimetric scanner was able to verify the proton range
and dose distribution of a pencil proton beam with centi-Gray sensitivity. In addition, it
was observed that the sensitivity of the scanner was influenced by the width of the beam
and the bandwidth of the sensor. Comparing these results to previous experiments per-
formed using hydrophones, it was concluded that the RACT scanner can provide an order
of magnitude better sensitivity.

4.3 Ion-acoustic Studies

In 2019 a report was published with the title "Enhancement of the ionoacoustic effect
through ultrasound and photoacoustic contrast agents" [34]. The report investigates the
clinical benefits of using contrast agents (CA), such as ultrasound microbubbles and India
ink, to enhance acoustic emissions. Specifically, ultrasound microbubbles can be used to
increase the acoustic amplitude and frequency (and hence image contrast) due to a change
in the shape of the ionacoustic signal, and India ink can be used to cause additional optical
absorption and hence additional emissions which would enhance the signal amplitude. An
experiment was performed where a 22 MeV pulsed proton beam (produced at the Tandem
accelerator) was fired towards a water tank. A ripple filter made of aluminium was also
used in the experimental set-up to spread-out the beam and increase its lateral dimension,
due to additional scattering, and resemble more of a clinical scenario. A combination of
both contrast agents has been found to increase the signal amplitude by up to 200% (MHz
frequency range) compared to pure water. The paper highlights that using these (or other)
contrast agents can help to overcome the detection limits in current beam diagnostics and
range verification systems. Finally, the paper mentions the use of gold microbubbles and
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gold nanoparticles to enhance the signal dynamics and the biological effectiveness of the
treatment.

In 2007 a paper was published with the title "Waveform simulation based on 3D dose
distribution for acoustic wave generated by proton beam irradiation" [35]. The paper
introduces a method of simulating the acoustic waveforms (pressure against time shape)
produced when a pulsed proton beam is absorbed by a medium. The method is based on
Green function transmission models and the assumption that the heat rate is proportional
to the dose distribution. Using this model, the acoustic waveform was calculated from 3D
dose distribution data. To verify the simulated model, an experiment was performed using
a 230 MeV pulsed proton beam (50 ns width and 50 ms interval) propagating through
a water tank. An imaging plate has been inserted in the water, which enabled the 2D
dose distribution to be obtained from the detected pressure. The 3D distribution was
then calculated from the 2D data using a modulated quenching factor. The calculated
acoustic waveform shape obtained from the experiment was compared to the results of the
simulation and they are in close agreement. This verifies that the model works and that
the time structure of the pressure waves can be obtained from the 3D dose distribution.

4.4 Bragg Peak Localization Studies

In 1997, a paper was published with the title "An analytical approximation of the Bragg
curve for therapeutic proton beams" [36]. The paper provides a model for the analytical
approximation of the Bragg peak curve based on the measured data, using a parabolic cylin-
der and Gaussian functions, rather than a purely mathematical approach which cannot be
generalized. The model was compared to numerically calculated data from dose calculation
algorithms as well as compared to measured data provided by several proton centers. The
model was verified for the 10-200 MeV protons range. The full analytical representation can
enable the extrapolation of the measured data and allow more accurate dose calculations
when it comes to clinical applications.

In 2015, a paper was published with the title "lonoacoustic characterization of the
proton Bragg peak with submillimeter accuracy" [37]. This paper investigates the resolution
of ionacoustic tomography for providing range verification of ions in tissue. The dose
distribution of protons in water was simulated in Geant4 and the acoustic wave generation
and propagation in k-Wave. An experiment has also been performed using a water tank,
a pulsed 20 MeV proton beam (8 ns—4.3 us width, 3 ns rise time, 1—10 kHz repetition
frequency) produced at the Tandem accelerator and an ultrasound transducer on-axis with
the beam. The length and pulse intensity were varied, as well as used different piezo-
composite transducers to observe their effect on the range verification accuracy. It was
found that energy depositions as low as 102 eV could be measured and that the Bragg peak
could be localized within 30 pum. It was also observed that an increase in the number of
particles per pulse resulted in a linear signal amplitude increase. In addition, it was observed
that there is a linear signal dependence on the delivered dose. It was also observed that
for proton pulse widths above 200 ns, there is a linear relationship between the positive-
negative peak distance and the width of the pulse. Simulations with 150 MeV proton
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beam also revealed the advantage of having larger amplitudes and hence more promising
ionacoustic range verification for clinically relevant proton beam.

5 Method

5.1 Designing and Simulating the SmartPhantom

To mimic the human body, a SmartPhantom has been simulated in Geant4. The simulated
phantom is a 30 cm x 30 cm x 30 cm box filled with water, with the walls surrounding it
made of plexiglass (10 mm thickness). Scintillating fibre planes have also been simulated
and inserted within it, where each one is composed of 492 polystyrene scintillating fibres
(250 pum diameter) and epoxy resin to keep them in place and act as glue. Two such planes
have been placed perpendicular to each other to allow results to be obtained in 2D. A 6.5
cm x 6.5 cm window has also been simulated on one side of the box (6.95 mm plexiglass
thickness) to act as an entrance for the beam. A figure of the simulated SmartPhantom is
shown in Figure 5. This simulation has been created by another member of the group.

Figure 5. An illustration of the SmartPhantom simulated in Geant4. The blue area indicates
water and the brown cuboids represents the scintillating fibre planes.

The energy deposition data produced while the beam propagates through the water
tank have been written in a C++ file that is compatible with the k-Wave software. This
was done by voxalising the phantom into small segments and storing the time-varying energy
data in each one.

5.2 Simulating the ion-acoustic Process

The time-varying energy output from Geant4 was used as the source acoustic input into
k-Wave, to simulate the ion energy transfer to the medium, the generation of the acoustic
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waves and their propagation in the three-dimensional space until detection. To do this,
the initial pressure distribution, po(r,7T’), was calculated from the Geant4 output energy
distribution, D(r,T"), using Equation 5.1, where I' is the dimensionless Griineisen coefficient
and p(r,T) the target mass density [24]. The Griineisen coefficient is a measure of the
efficiency when converting between the absorbed heat energy and the induced pressure,
and is calculated using Equation 5.2, where ¢ is the speed of sound in the medium, 5 the
thermal expansion coefficient and C), the specific heat capacity [22]. For water at room
temperature, this value is approximately 0.11 [22].

po(r,T)=T(r,T) x D(r,T) x p(r,T) (5.1)
2B
I'(r,T)= <, (5.2)

Once the initial pressure distribution was obtained, the temperature rise, pressure rise
and the propagation of the compressional waves through the medium are simulated in the
time-domain in Cartesian coordinates using k-Wave’s "kspaceFirstOrder3D()" function.
This function takes the sensor, speed of sound in the medium (1500 m/s in the case of

water), source point, grid dimensions and timestep as arguments. A time-step equal to
Ngdx
C

dx is the width of each voxel. An isotropic absorbing boundary layer was also implemented

was used, where N, is the number of voxels, ¢ is the speed of sound in the medium and

in the simulation to enclose the generated waves and prevent them from escaping one side
of the domain and reappearing on the opposite side.

5.3 Acoustic Sensor Design & Detection

Initially, a planar sensor was simulated to test the ability to detect and reconstruct the pres-
sure distribution from the source. As a second step, the shape was changed to a hemisphere,
to resemble more of a real transducer, centered in the middle of the x-y plane. The sensor
was composed of several voxels where each one acted as a single element and the signal
received by each one were summed to give a total sensor signal. This hemispherical sensor
shape was created using k-Wave’s makeBowl() function [20] and it has several advantages
compared to a planar sensor, including a wider field-of-view and elimination of directional
dependence in the response. This was verified by the fact that better reconstructed images
were obtained.

When confirmed that the hemispherical sensor shape is able to provide a good pressure
reconstruction, a sensor consisting of an array of evenly distributed disk elements has been
developed using k-Wave’s kWaveArray class [20]. The function uses an off-grid approach so
that elements smaller than the size of one grid can be implemented in the simulation. This
class supports elements of different shapes and sizes, and the signals from each element can
added to give a single combined signal from the whole sensor.

To create evenly distributed elements lying on the surface of the hemisphere, a golden
spiral array design has been developed which uses a Fibonacci lattice to calculate the
elements’ position [38]. An example of the location of 500 elements lying on the surface of
a 0.06 m radius sphere is shown in Figure 6.
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Figure 6. Hemispherical sensor array with 500 disk elements arranged on the surface in a golden
spiral pattern: (a) side view and (b) top view.

The time-dependent pressure detected at each element was obtained and the total
acoustic pressure field was computed from the values. From the data, the dose deposition
image was reconstructed with higher pixel intensity indicating high-pressure regions. The
image reconstruction was performed using several different methods that are discussed in
Section 5.4.

5.4 Performing Image Reconstruction

Three different image reconstruction techniques have been performed to obtain the pressure
distribution of the incoming beam within the simulated water tank. These are time-reversal,
model-based minimization and back-projection. The results obtained from each one can
then be compared to see which one gives the best estimate of the Bragg peak.

5.4.1 Time Reversal Reconstruction

A single time-reversal (TR) reconstruction can be performed in four steps. Initially, the
time-varying acoustic field generated by the source is measured by the sensor and stored.
Then, the measured signals at each element are time-reversed and, subsequently, each
element acts as a source point that emits these time-reversed signals. These emitted sig-
nals then propagate back to the original source where they interfere constructively and
an image can be formed [39]. Time-reversal can be achieved in k-Wave by using the
sensor.time_reversal _boundary data() function which can take the measured data at
the sensor location as input and time-reverse them. In addition, time reversal reconstruc-
tion works because the wave equation is invariant under time transformation, T: t — —t.
The time-reversal method can also be iterated to improve the reconstruction. This
can be done by subtracting the first reconstruction time-series from the original time-
series to calculate a residual. Then, this residual can be used to form an image, using the
time-reversal method, and then add this image to the original image to give an improved
estimate. After performing IV iterations, the reconstructed pressure distribution is given
by the expression p(()N) = p(()N_l) + p&N_l), where p, is the pressure distribution calculated
from the residual signals [39]. Iterations can be performed until there is no noticeable

improvement.
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5.4.2 Model-based Minimisation Reconstruction

In the model-based minimisation reconstruction method, the difference in the time-series
when the measured signal is subtracted from the modelled data is used as a source point
for the model. This method is very similar to the iterative time reversal, but instead of
replacing the data at each point in time, the data are added to the existing field [20]. The
update in each iteration reduces the loss function (difference between current and expected
output) that the iterations are trying to minimize. This method has the advantage of
incorporating a regularisation into the iterations thereby allows good reconstructions with
sparse or limited data.

5.4.3 Filtered Back-projection Reconstruction

The back-projection reconstruction method essentially back-projects the data from the
receiver point back to the object plane [40]. By having multiple sensor elements positioned
at different angles around the object, the back-projected data from each one can be collected
and used to form an image. Generally, the more the angles the better the reconstructed
image. A drawback of this method is that for angles where there is no element to collect
data from, the corresponding area will appear blurred. To remove this blurring, a filter can
be applied. Such a filter can accentuate high frequencies and minimize low frequencies to
produce a smoother image. Generally, back-projection is much faster than other methods
since no iterations are needed.

6 Preliminary Results & Analysis

6.1 Image Reconstruction Results

All of the following results come from the energy depositions of a 200 MeV proton beam (10%
protons) propagating through a water phantom that was simulated in Geant4, as discussed
in Section 5.1. The simulated phantom has been split into several voxels and the energy
deposition in each one has been saved into a file and imported in Matlab to perform the
image reconstruction techniques discussed in Section 5.4.

Both the initial (imported) and reconstructed energy distribution profiles along the
beam direction of propagation have been parameterised by fitting the data with an ana-
lytical approximation of the Bragg peak curve. This curve is shown in Equation 6.1 [36]
and is valid for proton beams with energies between 10 and 200 MeV, travelling through
water. In this equation @ is the fluence, ¢ is the standard deviation, p is the exponent of
the range-energy relation, I' is the fraction of the energy released in nuclear interactions, p
is the water density in g/ecm3, a is a proportionality factor, 3 is the slope parameter of the
fluence reduction relation, Ry is the range, 7y is the fraction of the energy released, € is the

fraction of the fluence contributing to the ’tail’ of the energy spectrum, ® is the parabolic
Ro—=z

== where 2 is the position along the z-axis.

cylinder function and ¢ =

e#aif(l/p) 1 B €
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The k-Wave simulation has been split into 5 mm square voxels, to match the Geant4
input. The sensor array used to collect data and perform image reconstruction has been
designed using the method explained in Section 5.3, and it consists of 250 disk elements, 2
mm diameter each, and has a radius of 10 cm. The sensor design and position with respect
to the beam in the water tank is shown in Figure 7. The location and size have been
chosen in such a way that it can fit into the tank and also be as close to the Bragg peak.
Convergence tests have been performed to examine the effect of varying several parameters
and observe their impact on the image reconstruction accuracy.

x-y plane x-z plane

) o
% 30 % 30
(o] o
=3 =3
40 40
50 50
60 60
10 20 30 40 50 60 10 20 30 40 50 60
[Voxels] [Voxels]
y-z plane
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20
o
£ 30
(¢}
2

[Voxels]

Figure 7. Hemispherical sensor array with elements evenly distributed along the surface. The
sensor consists of 250 disk elements, 2 mm diameter each, and has a radius of 10 cm. The sensor
has been designed in k-Wave and its position relative to the propagating proton beam within the
water tank is shown.

6.1.1 Time Reversal Reconstruction

Time-reversal reconstruction has been performed as explained in Section 5.4.1. The time-
reversal reconstruction has also been iterated to obtain an improved estimate of the re-
constructed pressure distribution. The results after 6 time-reversal iterations are shown in
Figure 8. The results of fitting the analytical approximation curve to the data are shown in
Figure 9. From both figures it can be seen that there is a Bragg peak along the direction of
the beam propagation within the water tank, as expected. It can also be seen that as the
number of time-reversal iterations increases, the better the reconstructed pressure. Further-
more, it can be seen that there is a poor reconstruction of the tail. This can be explained
due to the position of the sensor which is closer to the Bragg peak and far away from the
tail, hence not much data can be collected from that region. It is expected that increasing
the radius of the sensor would give a better reconstruction in that area. In addition, from
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these figures, it can be seen that after 6 iterations the values converge and it no longer
improves the estimate.

The reconstructed pressure distribution along all planes, compared to the initial pres-
sure distribution as imported from Geant4, after 6 time-reversal image reconstruction it-
erations is shown in Figure 10. As expected, there is poor pressure reconstruction around

the tail of the beam and a good reconstruction around the Bragg peak.

Pressure distribution along z-axis
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Figure 8. Initial and reconstructed pressure distribution along the beam propagation axis using
the time-reversal method. Each colour corresponds to different iterations number.
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Figure 9. Initial and reconstructed pressure distribution along the beam propagation axis using
the time-reversal method. Points indicate the output of the simulation and lines indicated the fitted

curves.
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Figure 10. (a) Initial pressure distribution. (b) Reconstructed pressure distribution after 6 itera-
tions of time-reversal image reconstruction. The Figures have been created in k-Wave.
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6.1.2 Model-based Minimization Reconstruction

Model-based minimization reconstruction has been performed as explained in Section 5.4.2.
The reconstruction has been improved by performing multiple iterations. The results of the
pressure distribution along the z-axis are shown in Figure 11 and the fitted analytical
approximation is shown in Figure 12. The reconstructed pressure distribution in the three

planes is shown in Figure 13.
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Figure 11. Initial and reconstructed pressure distribution along the beam propagation axis using
the model-based minimization method. Each colour corresponds to different iterations number.

Fitted Pressure distribution along z-axis

00012

00010

0.0008

0.0006

Pressure / Pa

0.0004

0.0002

0.0000

- Initial
— Finitial
M1
FM1

50 200 250 300
z-position / mm

Figure 12. Initial and reconstructed pressure distribution along the beam propagation axis
using the model-based minimization method. Points indicate the output of the simulation and lines
indicated the fitted curves.
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Figure 13. (a) Initial pressure distribution. (b) Reconstructed pressure distribution using 6
iterations of the model-based minimization image reconstruction. The Figures have been created
in k-Wave.
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From these graphs, it can be seen that there is a poor reconstruction of the tail, which
is even less accurate than using the time-reversal method. In addition, as the number of
iterations increases, the reconstruction of the Bragg peak gets better. The reconstruction
is still less accurate than the time-reversal reconstruction for the same number of iterations

and detector specifications.

6.1.3 Back-projection Reconstruction

As a third method, the back-projection image reconstruction has been performed, as ex-
plained in Section 5.4.3. This method is much faster compared to the other two since no
iterations are made. The results of the pressure distribution along the direction of prop-
agation compared to the initial distribution are shown in Figure 14 and the results after
fitting the analytical curve to the data is shown in Figure 15. The image reconstruction in
the three planes is shown in Figure 16. From both figures, it can be seen that the ’tail’ of
the beam cannot be reconstructed. This is mainly because the area of the detector doesn’t
cover that part of the beam therefore no back-projected data can be collected. It can also
be seen that there is poor image reconstruction along the x-y plane. This is expected to
become better with more, closely-spaced and larger detector elements.
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Figure 14. Initial and reconstructed pressure distribution along the beam propagation axis using

the back-projection method.
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Figure 15. Initial and reconstructed pressure distribution along the beam propagation axis using
the back-projection method. Points indicate the output of the simulations and lines indicated the

fitted curves.
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Figure 16. (a) Initial pressure distribution. (b) Reconstructed pressure distribution using the
back-projection method. The Figures have been created in k-Wave.
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7 Discussion & Future Work

Radiotherapy is an effective, non-invasive way of treating tumours. lons are considered to be
more effective than photons because they deposit most of their energy in a small volume of
tissue rather than along the entire path of the beam from the surface to the tumour. This
is advantageous because it minimizes the radiation received by the surrounding healthy
cells which can damage them and cause further tumours to develop. Because of this,
the accurate localization of the Bragg peak (maximum dose accumulation) is extremely
important. This localization can be achieved using medical imaging techniques, especially,
ion-acoustic imaging which is a promising technique to reconstruct the dose deposition
profile using ultrasound pulses. Ion-acoustic imaging has several advantages, including
good resolution and large penetration depth.

Ion-acoustic imaging has been used to perform image reconstructions of a 200 MeV
proton beam travelling through a water phantom, which acts as a proof-of-principle exper-
iment for LhARA as it can effectively mimic human muscle and soft tissue. The energy as
a function of distance output from a Geant4 water phantom simulation has been used as a
source input in k-Wave to reconstruct the images and obtain the pressure deposition pro-
file. Three different image reconstruction techniques have been investigated: time-reversal,
model-based minimization and back-projection. This was done by collecting the pressure
data arriving at a hemispherical sensor array with 250 evenly distributed elements lying on
its surface.

The iterative time-reversal reconstruction is the best reconstruction technique as af-
ter approximately 6 iterations the reconstructed pressure distribution along the energy of
beam propagation is in very close agreement with the initial distribution. The 3D pres-
sure distribution reconstruction also has very few artefacts around the tail of the beam,
while the Bragg peak is reconstructed with good accuracy. The model-based minimization
reconstruction is also able to reconstruct the Bragg peak but there is still some discrep-
ancy between the reconstruction and the Bragg peak from the initial distribution. This
might be corrected when more iterations are used. In addition, the tail of the beam is not
reconstructed as well as with the time-reversal method. Finally, the back-projection recon-
struction is the fastest and appears to give a relatively good reconstruction of the Bragg
peak for the same sensor specifications. The reconstruction though is not as good as the
other two techniques, but it is expected that better results would be obtained when more
and larger elements are used in the sensor array.

With regards to future work, additional tests on the radius and the position of the
detector need to be made to determine the best size and position to locate the sensor array
in order to obtain the best results. Furthermore, to design the sensor specifications for the
real experiment, the number of elements as well as their size also need to be examined.
Ways also need to be found in order to make the reconstructions fast enough to allow real-
time monitoring of the Bragg peak. As an additional step, machine learning can also be
implemented in the reconstructed images which can potentially improve both the speed and
the reconstruction accuracy.

Finally, when the proof-of-principle experiment is validated using the simulations, and
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when the best reconstruction method and sensor specification are obtained, the real exper-

iment can be performed. The SmartPhantom, scintillating fibre planes and sensor need to

be constructed and tested with a real 200 MeV proton beam, to validate the whole system.
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