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Executive Summary

Motivation

In 2022, the UK Research and Innovation (UKRI) Infrastructure Fund established a two-year
Preliminary Activity to develop the conceptual design of the Ion Therapy Research Facility
(ITRF) [1]. The ITRF is conceived as a unique, single-site research infrastructure delivering high-
dose-rate ions at energies sufficient for the study both in vitro and in vivo of the fundamental
biology that underpins the efficacy of proton and ion beam therapy [2, 3]. The Preliminary
Activity was extended for 10 months through a Bridging Award to allow the completion of the
approved programme [4].

Cancer is the second most common cause of death globally [5]. Radiation therapy (RT), a
cornerstone of cancer treatment, is required in over 50% of cancer patients [6] and is a contributor
to ~40% of cancer cures in England [7], according to England’s national cancer registry and
oncology treatment datasets [7]. Global utilisation varies due to differences in access [8].

Radiotherapy is most frequently delivered using X-ray photon beams with MeV-scale ener-
gies. The energy deposited by X-ray beams rises rapidly as the beam enters the tissue, reaching
a maximum at a depth of ~ 10 mm; it then falls exponentially. The therapeutic dose is propor-
tional to the energy deposited. Modern X-ray-therapy systems maximise the dose delivered to
the tumour while minimising dose to healthy tissue by irradiating the patient from a variety of
directions with beams of appropriately modulated intensity.

Proton and ion beams offer substantial advantages over X-rays because the dose deposited
close to the surface of the tissue is low and remains low until the beam comes to rest when the
bulk of the beam energy is deposited in the Bragg peak. Modulating the energy of the proton
or ion beam allows the Bragg peak to be localised at the site of the tumour and the therapeutic
dose to be conformed to the tumour volume. The dose delivered to healthy tissue in the path
of the beam leading up to the Bragg peak is significantly lower than that which an equivalent
dose of X-rays would deliver. The sharp fall-off of the energy deposition after the Bragg peak
means that almost no damage is done to tissues that lie beyond the Bragg peak.

Proton and ion beam therapy is usually delivered over a period of several weeks in a series
of daily sessions. Fach session consists of the delivery of a single fraction of ~ 2 Gy delivered
at a rate of < 5Gy/minute. The dose in each fraction is usually distributed uniformly over an
area of several square centimetres. Exciting evidence of therapeutic benefit has recently been
reported when dose is delivered at ultra-high dose-rate, > 40 Gy /s (“FLASH” radiotherapy) [9],
or provided in multiple mini-beams with diameters of less than 1 mm distributed over a grid
with inter-beam spacing of ~ 3 mm [10].

To allow systematic and definitive studies to be made of the radiation biology relevant for
the development of new treatment regimens and the elucidation of fundamentally new biological
mechanisms, the ITRF is required to:

e Be capable of delivering a variety of ion species from proton to carbon, exploiting ultra-
high dose rates and novel temporal-, spatial- and spectral-fractionation schemes;

o Have automated, in-vitro end stations in which high-resolution, real-time imaging is able
to resolve the time-evolution of the biological impact of the beams on the samples; and to
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e Have automated in-vivo end stations which incorporate real-time imaging of the subject
and its tissues, and in which the dose profile is measured shot-by-shot.

ITRF Preliminary Activity

When the ITRF Preliminary Activity was initiated, it was recognised that the laser-hybrid
proton/ion source proposed by the international LhARA collaboration could meet the needs
of the ITRF [2]. LhARA, the Laser-hybrid Accelerator for Radiobiological Applications [11],
exploits a high-power pulsed laser to drive the creation of a large flux of protons or light
ions, which are captured and formed into a beam by strong-focusing plasma lenses [12, 13].
The proton/ion beams are then accelerated using a fixed field alternating gradient accelerator
(FFA) that preserves the unique flexibility in the time, energy, and spatial structure of the
beam afforded by the laser-driven source. The Preliminary Activity was therefore structured to
advance the design of LhARA and to tension the laser-hybrid technique with more conventional
synchrotron- or linac-based approaches [14].

ITRF/LhARA Conceptual Design Report

This document, the principal deliverable of the Preliminary Activity, presents the conceptual
design for LhARA to serve the ITRF. The conceptual design of the accelerator facility is pre-
sented in Chapter 2. Comparison of the laser-hybrid solution with the conventional alternatives
has allowed the LhARA approach to be confirmed as the baseline design [15]. The conceptual
design for the facility is shown in figure 1.

The Preliminary Activity allowed substantial progress to be made on the development of
key techniques and prototype systems. In addition to the conceptual design of the accelerator
facility, the principal achievements over the Preliminary Activity period are:

o Implementation of the initial configuration of the PoPLaR, Proof of Principle LhARA
Radiobiology, platform on the SCAPA facility at Strathclyde.
A permanent-magnet-quadrupole beam line was designed to serve a series of experiments
by which to demonstrate capability and establish a track record in the systematic study of
radiobiology using laser-driven beams [16]. The delivery of protons with energies in excess
of 10MeV was demonstrated in August 2025 [17]. Bespoke, thin-bottomed, cell dishes
were developed and tested at the Birmingham MC40 cyclotron by personnel from the
Universities of Birmingham and Oxford [18]. Bespoke diagnostics is also being developed.
First biological exposures took place on November 19" 2025.

o A detailed specification of the high-power pulsed laser and target system has been developed.
Simulation, design and experimental work have been carried out to develop the specifica-
tion of the laser-driven source for LhARA (see chapter 3). The specification of the LhARA
source has been validated through experiments at the University of Strathclyde, Imperial
College London, and Queen’s University Belfast.

e The principle of the ion-acoustic dose-profile measurement technique was demonstrated in
an exposure on the LION beam line at Ludwig Maximilians Universitit, Munich
A volume of liquid scintillator was exposed to the laser-driven proton beam on the LION
beam line (see chapter 4) [19]. The optical and acoustic signals were detected simultane-
ously in order to calibrate the acoustic response using the scintillation light. The results
are now being prepared for publication, and a follow-up experimental campaign is being
discussed.
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Figure 1: Schematic representation (top view) of the Laser-hybrid Accelerator for Radiobiolog-
ical Applications (LhARA) integrated within the Ion Therapy Research Facility (ITRF). The
figure depicts the accelerator facility, located on the ground floor, which is split into six main
areas, each performing distinct functions. In Area 1 (Laser Room), a laser beam is generated
and focused onto the proton and ion target located in Area 2 (Target Room). Protons or ions
are captured by two electron-plasma lenses before being transported to Area 3 (Low Energy).
The beam is then directed to one of two paths: either to the Fixed Field Accelerator (FFA) in
Area 4, or to a low-energy in-vitro end-station (not shown), situated on the first floor. Beam
extracted from the FFA is routed via the High Energy Line (Area 5) to either a high-energy
in-vitro end-station (not shown, located on the first floor), or to the in-vivo End Station (Area
6).

o The Penning-Malmberg trap on the positron beam line at the University of Swansea has
been used to investigate and develop the electron trapping procedure.
Trapped-electron densities in excess of 10" m™ in small volumes have been obtained
and held for periods of 10s of seconds (see chapter 5). The electron density required for
the LhARA plasma lenses has therefore been demonstrated. Future experimental and
numerical development will focus on extending the volume of the high-density plasma
whilst maintaining and extending the excellent plasma stability.

o An initial specification for the in-vitro end stations and the in-vivo end station has been
drawn up following an international peer-group consultation exercise.
The end-station specification is documented in a series of technical notes that define
many of the requirements for the end stations and are the basis of future developments
(see chapter 6) [15, 20, 21].

The work reported here was carried out by staff at the STFC national laboratories and
the collaborating institutes. Much of the simulation and experimental work was carried out by
excellent early-career researchers. To date, 4 PhD theses have been defended in the UK on the
LhARA programme [19, 22-24] with more in the pipeline. Two theses from Institiit Curie have
analysed aspects of the LhARA programme (beam delivery and TOPAS-based evaluation of
the beam delivered to the in-vitro end station) [25, 26] and a third will be delivered next year.
Interest in our programme is growing in France, Spain, the US, and Asia.

The legacy of the UKRI Infrastructure Fund ITRF Preliminary Activity is substantial; not
only does this document provide the “blueprint” for the future development of the initiative,
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but a new experimental radiobiology programme has been initiated at SCAPA. The technical
progress made during the Preliminary Activity has been presented widely at conferences and in
seminars at national and international institutes. The collaboration has also been active in mak-
ing the case for a vibrant programme of R&D aimed at advancing radiotherapy in general and
identifying the unique potential of the laser-hybrid approach in this context. Supported enthu-
siastically by Radiotherapy UK and the Global Coalition for Radiotherapy, the collaboration
has engaged with:

o Decision makers, taking part in a number of events organised by Radiotherapy UK in the
House of Commons;

o Patient groups, for example presenting the initiative to the Northern Ireland Research
Consumer Forum when the collaboration met at Queen’s University Belfast [27]; and with
the

e Public, presenting LhARA at the 2025 Great Exhibition Road Festival, which was at-
tended by more than 40,000 members of the public, influencers and decision makers. The
LhARA presentation at this event was prepared in collaboration with Leo Cancer Care.
The collaboration’s engagement with the Great Exhibition Road Festival led directly to
the opportunity to present the LhARA initiative to President Macron and the French and
UK scientific delegations on the occasion of the President’s state visit in July 2025.

Over the period of the Preliminary Activity, the collaboration has developed a communication
strategy and is now working to communicate its ambitious programme to all its stakeholders.

Taking the LhARA initiative forward

The ITRF Preliminary Activity selected the LhARA technology to serve the facility as it is
capable of providing the requisite variety of ion species over the required range of dose rates
and temporal-, spatial- and spectral-fractionation schemes [28]. It is proposed that the facility
be implemented in two Stages: Stage 1 based on laser-plasma acceleration; and Stage 2 in which
the Stage 1 beam line is used as an injector to the FFA. Stage 1 delivers initial capability for in
vitro research at low energy, followed in Stage 2 by a higher-energy in vitro and in vivo provision.

The LhARA collaboration now seeks to build on the foundations laid during the ITRF
Preliminary Activity to:

e Deliver a systematic and definitive radiation biology programme;
e Prove the feasibility of laser-driven hybrid acceleration; and thereby
e Lay the foundations for the transformation of ion beam therapy.

The efforts of the collaboration will focus on the creation of a self-sustaining, multidisciplinary
R&D programme alongside science-delivery and impact-generation programmes that maximise
the benefits of the LhARA initiative, with the ultimate goal of building LhARA as an interna-
tional research facility and developing a clinical particle-beam therapy system with industry.


https://radiotherapy.org.uk
https://www.globalradiotherapy.org
https://leocancercare.com

Contents

Executive Summary

Motivation . . . . . . . L e
ITRF Preliminary Activity . . . . . . . . . . .
ITRF/LhARA Conceptual Design Report . . . . . . ... ... ... ... .. .....
Taking the LhARA initiative forward . . . . . . . . . . ... ... ... ...

Contents

List of Figures

List of Tables

1

Introduction

1.1 Background . . . . . . . . . ...
1.2 The case for a systematic study of the radiobiology of proton and ion beams . . .
1.3 The case for novel beams for radiobiology . . . . .. ... ... ... ... ....
1.4 Laser-hybrid beams for radiobiology and clinical application . . . . . . . . .. ..
1.5 LhARA and the Conceptual Design Report . . . . . .. ... ... . ... ....

Facility design

2.1 Overview and key parameters . . . . . . . . .. ...
2.2 Accelerator design tools . . . . . .. L
2.3 Stage 1 design and performance . . . . . .. .. .. L Lo oo
2.4 Stage 2 design and performance . . . . . .. ...
2.5 Technical Systems . . . . . . . . .. e

Laser-Driven Ion Source

3.1 Laser-driven ion SOUICe . . . . . . . . . . v v v v i it e e e e e
3.2 Design recommendations . . . . . . . ..o o
3.3 Key challenges in source implementation . . . . . . .. .. .. ... 0L
3.4 Current development activities . . . . . . . . .. ... .. .. ... ...
3.5 Recommended future development programme . . . . . . ... ... ... .. ..

Proton and ion capture

4.1 Introduction . . . . . . . . . . e
4.2 Overview of the Swansea Penning-Malmberg trap beamline . . . . ... .. ...
4.3 Modifications to the existing beamline . . . . . .. .. .. ... 00 0.
4.4 Experimental procedure . . . . . . . . . ... L e
4.5 Experimental results . . . . . . . . . ...

Ion-acoustic dose-profile measurement

5.1 Introduction . . . . . . . . . . e e
5.2 The SmartPhantom . . . . . . . . . . .. ...
5.3 Simulation framework . . . . . . ... ...

ii
ii
iv

vii

xXix

10
30
37

69
69
72
75
7
87



vi

Contents

5.4 Initial detector evaluation . . . . . . .. .. ... ... ... ..

6 End Stations

6.1 Introduction to the end-stations. . . . . ... ... ... ....
6.2 End-station user requirements . . . . . . .. ... ... .. ...
6.3 Review of dosimetry techniques for ion beams . . . . . . . . ..

6.4 Supersonic gas curtain ionisation profile monitor

A Alternative Technologies

A1 Imtroduction . . . . . . . . . ...
A.2 Synchrotronoption . . . . . .. ... L oL
A.3 Linear accelerator option . . . . . . . . ... ...
A4 Extracted doserates . . . . . . ...
A5 Power requirements . . . . . ... ..o

B Infrastructure and costing

B.1 Engineering and infrastructure . . . ... ... ... ......
B.2 Cost estimate . . . . . . . ... ...

References

149

.......... 149
.......... 149
.......... 150
.......... 166

173

.......... 173
.......... 176
.......... 186
.......... 187
.......... 192

195

.......... 195
.......... 215

219



List of Figures

1.1

1.2

2.1

2.2

2.3

2.4

Schematic representation (top view) of the Laser-hybrid Accelerator for Radiobi-
ological Applications (LhARA) integrated within the Ion Therapy Research Facil-
ity (ITRF). The figure depicts the accelerator facility, located on the ground floor,
which is split into six main areas, each performing distinct functions. In Area 1
(Laser Room), a laser beam is generated and focused onto the proton and ion target
located in Area 2 (Target Room). Protons or ions are captured by two electron-
plasma lenses before being transported to Area 3 (Low Energy). The beam is then
directed to one of two paths: either to the Fixed Field Accelerator (FFA) in Area
4, or to a low-energy in-vitro end-station (not shown), situated on the first floor.
Beam extracted from the FFA is routed via the High Energy Line (Area 5) to either
a high-energy in-vitro end-station (not shown, located on the first floor), or to the
in-vivo End Station (Area 6). . . . . . . ...

Location and number of proton (red) and carbon (blue) ion therapy facilities world-
wide. Carbon facilities are available mainly in Germany, Italy and Japan. This
figure contains data up to February 2025 and was sourced, with permission, from
the PTCOG website [36] in May 2025. . . . . . . . ... .. ... .. ......

A schematic representation of the LhARA accelerator, with all major sections high-
lighted from the particle source through to LhARA’s three radiobiology end stations.
All major accelerator components are shown, including the Gabor plasma lenses,
FFA magnets, standard dipole and quadrupole magnets, RF cavities, and numerous
diagnostic devices. . . . . . . . . L e e

Schematic layout of the LhARA Stage 1 beamline. Stage 1 transports the proton
and ion beams produced at the laser-driven source to the low-energy in-vitro end
station. The layout illustrates, in sequence: (1) beam generation at the laser—target
interaction point; (2) capture section; (3) matching and energy-selection system; (4)
beam-shaping and switching dipole (enabling operation toward Stage 2); (5) vertical
transport arc; and (6) delivery of the beam to the low-energy in-vitro end station.

Sample generated kinetic energy spectrum of the parameterised beam as a histogram,
compared to the required distribution from equation 2.3, shown as a solid red line.
LhARA’s nominal proton energy band of 15 MeV 4+2% is shown in blue. . . . . ..

Beam phase-space distributions at the nozzle exit, located 100 mm downstream of
the laser target. Subfigures (a) and (b) show the transverse phase space; X’ and
Y’ represent the slopes relative to the Z axis. Subfigure (¢) shows the longitudinal
distribution in kinetic energy and time (T°). . . . . . . . ... ...

Horizontal (f;, blue) and vertical (5, red) Twiss § functions and vertical dispersion
(black) along the Stage 1 beam transport line (s) from the nozzle exit to the in-vitro
end station for the 30 mm spot size configurations. The survey at the top of the
plots shows the locations of the Gabor lenses/solenoids (orange), RF cavities (grey),
collimators (black), octupole (green), dipoles (blue), and quadrupoles (red).

11

18



viii

List of Figures

2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

2.13

Horizontal (o, a) and vertical (oy, b) beam size along the Stage 1 beam transport
line from the nozzle exit to the in-vitro end station. The beam sizes are plotted
as a function of beamline length (s) for 5 spot size configurations from 10-30mm.
The survey at the top of the plots shows the locations of the Gabor lenses/solenoids
(orange), RF cavities (grey), collimators (black), octupole (green), dipoles (blue),
and quadrupoles (red). . . . . . ..o Lo

Horizontal (o, a) and vertical (o,, b) beam size along the Stage 1 beam transport
line (s) from the nozzle exit to the in-vitro end station. The beam sizes are plotted
as a function of beamline length (S) for three simulation models: MAD-X (black),
BDSIM (blue), and GPT (red). The survey above the plots show the locations of the
model’s solenoids (orange), RF cavities (grey), collimators (black), octupole (green),
dipoles (blue), and quadrupoles (red). . . . . ... ... oL L

Beam phase-space distributions at the Stage 1 end station for the nominal solenoid
settings for delivering a 30 mm spot size when not considering space charge effects.
Subfigures (a) and (b) show the transverse phase space; X’ and Y’ represent the
slopes relative to the Z axis. Subfigure (c¢) shows the longitudinal distribution in
kinetic energy and time (7). . . . . . . . . . o oL

Beam size evolution along the Stage 1 beamline, showing horizontal beam size (o,
blue) and vertical beam size (o,, red) as a function of beamline length (s) before
the vertical arc. The solid lines represent the nominal design performance, while the
dashed lines account for space charge effects in the model. The survey above the plot
indicates the locations of key beamline components: solenoids (orange), RF cavities
(grey), collimators (black), octupoles (green), dipoles (blue), and quadrupoles (red).

Horizontal (o, blue) and vertical (o,, red) beam size along the Stage 1 beamline,
comparing the nominal MAD-X design (dashed lines) with the GPT model (solid
lines). The GPT model includes optimisations in the first three solenoids to mitigate
space charge effects between the nozzle exit and the energy selection collimator. The
survey above the plot indicates the locations of key beamline components: solenoids
(orange) and RF cavities (grey). . . . . . . . .. .

Horizontal (o, blue) and vertical (o, red) beam size along the Stage 1 beamline
for two spot size configurations: 30 mm (solid lines) and 25 mm (dashed lines), both
optimised in GPT for space charge mitigation. The final four lenses are specifically
optimised to mitigate space charge effects between the energy selection collimator
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2.25 Schematic diagram of the cross-section of the FFA magnet. The dimensions of the
magnet are labelled in millimetres, and the conductors are labelled from 0-18.
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2.30 Horizontal (left) and vertical (right) tune of the beam (unitless) plotted against
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3.1 a) 3D Particle-In-Cell simulation showing the Target Normal Sheath Acceleration
mechanism. A high-power laser is focused from the left onto a thin foil, forming a
plasma and heating electrons to relativistic energies. These electrons form a sheath
on the surfaces of the foil, rapidly accelerating surface ions. b) Flow diagram showing
the transfer of energy from the laser to the ions. Each stage of energy conversion
results in energy loss, and maximising the coupling into ions involves minimising this
energy loss. . .. L e

3.2 Example images of proton beam profile measured using RCF dosimetry stack. (a)
Beam profile for 1.2 MeV protons measured on the first layer of RCF dosimetry stack.
(b) Beam profile for 12.6 MeV protons measured on the 7' layer of RCF dosimetry
stack, also showing the region of the line out in X- and Y- (¢) X- and Y- lineouts
of the proton profile measured at 12.6 MeV. (d) Beam divergence as a function of
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(a) Example proton spectrum measured on RCF dosimetry stack with grey box
indicating 101 MeV region relevant for use in radiobiology experiments. This data
was taken with L = 10 um steel tape and laser energy E=6.5J. (b) Proton spectra
measured for N=27 shots over an energy range of F;, = 0.72 — 5.75J on Thomson
parabola spectrometer. Energy range is indicated by colour shade from purple to
magenta (according to the scale bar), and grey lines represent shots where no laser
energy had been recorded. (c) Proton spectra measured over N=23 repeat shots at
maximum laser energy. (d) Scaling of the number of protons in an E, = 10£1 MeV
band as a function of laser energy. . . . . . .. ... Lo Lo

(a) Photon emission as a function of energy for a variety of scintillator materials. The
photon number is normalised at 15MeV for ease of comparison. (b) An example ex-
traction of the relationship between light emission and stopping power for one of the
scintillators, EJ-440 (Eljen Technology). A Birks relationship is fitted to the curve,
with a linear curve also shown as an example of the importance of characterising the
nonlinearity properly. Inset is an example of the proton beam profile imaged from
the scintillator. . . . . . . . . L e

Cutoff proton energy, E,, predicted by particle-in-cell (PIC) simulations modelling a
25 fs laser pulse incident on a tape-like aluminium target when varying: (a) the laser
energy on target, (b) the laser spot-size (laser waist, wp, in the focal plane), (c) the
target thickness, (d) the angle of incidence of the laser onto the target, (e) the scale
length of the preplasma present in front of the bulk of the target. (f) depicts the pro-
ton energy spectra predicted by PIC simulations in the case of using a more realistic
preplasma density profile modelled with a separate hydrodynamic simulation versus
using a preplasma profile that resulted in an optimisation study aiming to maximise
the cutoff proton energy achievable with fixed laser and target parameters. Although
Kapton and stainless-steel foils are often used experimentally, aluminium was chosen
here as a representative solid-density target with similar interaction characteristics
modelled in PIC simulations. . . . . . .. .. ... . L o

3-D PIC simulations comparing the use of an aluminium target characterised by
two distinct preplasma density profiles: a realistic one obtained from a separate
hydrodynamic simulation (left column) and an ‘optimal” one found as a result of
a 2-D scan using a differential evolution scheme (right column)—(a)-(b) electron
density at the start of the simulation, (c)-(d) electron density a short time before
the laser reaches the bulk of the target, (e)-(f) longitudinal electric field, (g)-(h)
transverse electric field, and (i)-(j) electron kinetic energy density. The laser pulse
propagates from left to right and hits the bulk of the target at approximately 0.1 ps.
The black and red dashed lines in (a),(b) denote the position of the critical density
and the relativistic critical density, respectively. The orange lines in (a), (b) show
the density lineout along the propagation axis of the laser. The black solid lines in
(e)-(h) represent the electric field lineout in the middle of the simulation box.

Schematic of one possible configuration for a dedicated beamline for ITRF in SCAPA.
Shown here is an experimental arrangement in the Bunker B area of SCAPA where
the laser is directed to an available space on the other side of the laboratory from the
existing beamline. The space enables a modular design which allows independent
and long-term development of the laser-driven ion source, capture beamline and the
radiobiology end station. . . . . . . . . . . ... e
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Schematic diagram of a Penning-Malmberg trap of the type proposed for use in the
Gabor lenses to be used in LhARA, sourced with permission [13]. The solenoid coils
and the direction of current flow are indicated by the red circles. The confining elec-
trostatic potential is provided using a central cylindrical anode and two cylindrical
negative end electrodes. The ion beam enters on-axis from the left, and the electron
cloud is indicated by the green shaded area. . . . . .. ... ... ... ... .... 92
Schematic of the full positron beamline with vacuum components in black, pumps
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phosphor screen is mounted on a linear manipulator inside the vacuum cross on the
right. Two pairs of Helmholtz coils (labelled Black coils). Each cross is pumped by
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Effective circuit diagram of the electron gun used to inject particles into the trap
(left). Image of the gun (right) dismounted from the beamline. The tungsten filament
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Top: The number of electrons measured downstream of the trap as a function of
the decelerating voltage applied to one of the cylindrical electrodes of the trap with
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Top: Diagram of the electrodes of the electron trap. The electrodes are separated
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CHAPTER 1
Introduction

The LhARA collaboration has been formed to:

Transform proton- and ion-beam cancer therapy by harnessing the unique properties of laser-
driven proton and ion beams to deliver a variety of ion species in a single treatment
session, exploiting ultra-high dose rates in novel spatial, temporal and spectral fractiona-
tion schemes to improve clinical outcomes; and

Make “best in class” treatments available to the many by developing a fully automated system
that removes the requirement for a large treatment gantry, thereby reducing footprint and
increasing capacity and throughput.

To achieve its goals, the collaboration has defined the LhARA initiative by which to:
e Deliver a systematic and definitive radiation biology programme;
e Prove the feasibility of laser-driven hybrid acceleration; and thereby
e Lay the foundations for the transformation of ion beam therapy.

Central to this initiative is the delivery of the Laser-hybrid Accelerator for Radiobiological
Applications (LhARA) to serve the Ion Therapy Research Facility (ITRF). ITRF/LhARA is
intended to be a UK-based international facility dedicated to the study of the science of particle
beam therapy.

Here we present the Conceptual Design Report for the facility, which will provide:

o The flexibility to deliver multiple ion species from proton to carbon over a variety of
temporal, spectral, and spatial distributions in a single facility, enabling systematic in-
vitro and in-vivo investigation of the biological response to radiation and allowing direct
comparison of different ion species;

e The advanced automation required for the study of complex biological endpoints and pro-
cesses, such as the triggering of the immune system and normal-tissue sparing in FLASH
and spatially-fractionated radiation therapy (SFRT);

e The nowvel instrumentation required to study the time evolution of the biochemical pro-
cesses that determine the therapeutic effect; and

e The capability to support pre-clinical and biomed-tech Ré€D, directly through the experi-
mental programme, and indirectly through the deployment of prototype pre-clinical sys-

tems that will enhance the clinical impact of particle beam therapy.

The conceptual design presented here builds on a concept presented in an earlier study [29].
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11 Background

Cancer affects 1 in 2 people in the developed world, and its prevalence is increasing; CRUK
estimates a 30% increase in cases in the UK by 2040. Across the world, cancer is the second
most common cause of death, with 17 million new cases diagnosed each year; it is anticipated
that this rate will increase to 27.5 million new cases per year by 2040 [30]. RT is used in ~ 50%
of all cancer treatments [6] and is instrumental in 40% of cancer cures. The global demand
for radiotherapy is projected to rise sharply by 2050, with GLOBOCAN 2022 estimating 33.1
million new cancer cases and 16.5-21.2 million patients needing radiotherapy [31]. Expanding
access to radiotherapy by 2050 has the potential to save millions of lives, particularly in low-
and middle-income countries. Meeting this projected treatment need requires the development
of new radiotherapy modalities that expand efficient and cost-effective treatment options.

Today, radiotherapy is most often provided using X-ray or electron beams. For such beams,
the peak dose is deposited close at the surface, after which the dose falls exponentially with
depth. This results in a limit on the maximum dose that can be delivered to a deep-seated
tumour without delivering an unacceptably large dose to overlying (proximal) healthy tissue.
X-rays or electrons that pass through the tumour will also deliver a dose to the tissues that
lie behind it. Modern X-ray treatment machines mitigate these effects by delivering the beam
from a variety of directions (‘fields’) to spread the unwanted proximal dose. However, in some
cases, this technique still deposits an unwanted dose in sensitive organs close to the tumour.
Such unwanted dose can be an issue, for example, in children, where it can produce acute side
effects or late effects such as the induction of malignancies later in life [32].

Particle therapy (proton and ion beams) is also used for radiotherapy. Unlike X-rays, which
deposit dose continuously as they pass through the body, charged particles gradually lose energy
as they travel through tissue. This deceleration produces a pronounced Bragg peak, where the
particles release most of their dose at a well-defined depth. That depth (the range of the particle)
is determined by the kinetic energy at which the particle enters the patient, allowing for highly
targeted dose delivery beyond that which may be achieved with conventional X-rays.

The therapeutic dose can be localised in the tumour by positioning the Bragg peak at the
depth of the tumour. Almost no energy is deposited beyond the Bragg peak; therefore, tissues
that lie behind the Bragg peak receive almost no dose. This allows a dose to be delivered to the
tumour while sparing sensitive organs and substantially reducing the dose to healthy tissue in
many treatments [33]. Tons more massive than protons show an enhanced radiobiological effec-
tiveness (RBE) for a given dose [34]. The use of ion beam therapy in combination with emerging
immunotherapy techniques has the potential to enhance the effectiveness of radiotherapy [35].

The Particle Therapy Co-Operative Group (PTCOG) lists 146 particle beam therapy facili-
ties worldwide today, of which 17 are capable of delivering carbon ions [36]. Figure 1.1 shows
that these facilities are located predominantly in high-income countries; low- and middle-income
countries (LMIC) are relatively poorly served. It is estimated that 70% of cancer patients world-
wide have limited access to radiotherapy [6] and that 26.9 million life-years could be saved in
LMICs if access to RT were improved [37]. This presents both a challenge and an opportunity:
developing the necessary techniques and scaling up radiotherapy provision will require signifi-
cant investment, but experimental platforms such as LhARA can support the investigation of
new technologies and approaches that may improve treatment outcomes, enable more effective
and potentially more accessible radiotherapy in the future, create new markets, drive economic
growth through new skills and technologies, and deliver impact through improvements in health
and well-being.

The beams used in particle therapy today provide relatively low dose rates (around 1 Gy/min)
with a limited range of temporal and spatial distributions. Recent studies have shown that the
efficacy of particle-beam therapy can be substantially improved if the dose is delivered at much
higher, ultra-high dose rates (“FLASH” therapy) [38] and/or in multiple spatially distinct beams
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Figure 1.1: Location and number of proton (red) and carbon (blue) ion therapy facilities world-
wide. Carbon facilities are available mainly in Germany, Italy and Japan. This figure contains
data up to February 2025 and was sourced, with permission, from the PTCOG website [36] in
May 2025.

(spatially-fractionated radiotherapy, SFRT) [39]. These results indicate that a new facility in-
corporating a highly flexible, multiple-ion source is required to enable the fundamental research
needed to fully understand the biological effects induced by proton and ion beams and to realise
the full potential of particle-beam therapy. This facility will open up key new areas of biological
and biomedical research, including the influence of the immune system on the cellular response
to radiation, and will allow investigation of the personalisation of particle-beam therapy for the
particular patient.

1.2 The case for a systematic study of the radiobiology of
proton and ion beams

The nature of the interactions between protons or ions with tissue confers on particle beam
therapy (PBT) the advantage that the dose can be precisely controlled and closely conformed
to the tumour volume. However, there are significant biological uncertainties in the impact
of ionising radiation on living tissue. The flexibility of the LhARA facility allows beams to
be delivered in a controlled and varied manner, enabling investigations into these biological
effects and supporting the development of new treatment approaches. The efficacy of proton
and ion beams is characterised by their relative biological effectiveness (RBE) in comparison
to reference photon beams. The treatment-planning software in use today assumes a constant
RBE for protons of 1.1 [40]; this means that a somewhat lower proton-delivered dose is needed
to produce the same therapeutic effect as would be obtained using X-rays. It is known that
RBE depends strongly on many factors, including particle energy, dose, dose rate, the degree
of hypoxia, and tissue type [41], but the radiobiology that determines these dependencies is not
fully understood. The rapid rise in the rate of energy deposition at the Bragg peak is expected
to make the biological effectiveness depend on depth. A number of studies have shown that
there can be significant variation in RBE [42-44]. Indeed, RBE values from 1.1 to over 3 have
been derived from in vitro clonogenic survival assay data following proton irradiation of cultured
cell lines derived from different tumours [41, 45, 46]. Some of this variation may be due to the
positioning of the cells during irradiation relative to the Bragg peak. RBE values of ~ 3 are
accepted for high-LET carbon-ion irradiation, although higher values have been reported [47];
RBE uncertainties for carbon and other ion species are at least as large as they are for protons.
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Uncertainties in RBE can lead to incorrect estimation of the dose required to treat a par-
ticular tumour. Radiotherapy causes cell death by causing irreparable damage to the cell’s
DNA. Hence, differences in RBE can also affect the spectrum of DNA damage induced within
tumour cells. The larger RBE values, corresponding to higher LET, can cause increases in the
frequency and complexity of DNA damage, particularly DNA double-strand breaks (DSB) and
complex DNA damage (CDD) where multiple DNA lesions are induced in close proximity [48,
49]. These DNA lesions are a major contributor to radiation-induced cell death as they rep-
resent a significant barrier to the cellular DNA repair machinery. Furthermore, the specific
nature of the DNA damage induced by ions determines the principal DNA repair pathways
employed to effect repair; base excision repair is employed in response to DNA-base damage
and single-strand breaks, while non-homologous end-joining and homologous recombination are
employed in response to DSBs [48]. Consequently, there is significant uncertainty in the precise
radiobiological mechanisms that arise in PBT, and a more detailed and precise understanding is
required for optimal patient-treatment strategies to be devised. Detailed systematic studies of
the biophysical effects of the interaction of protons and ions, under different physical conditions
and with different tissue types, would provide important information on RBE variation and
could enable enhanced treatment-planning algorithms to be devised. In addition, studies exam-
ining the impact of combination therapies with PBT (e.g. targeting the DNA damage response,
but also the tumour microenvironment) are currently sparse, and performing such studies is
vital in devising future personalised patient therapy strategies using PBT. Such studies are
needed, especially in the case of ion-beam radiotherapy.

1.3 The case for novel beams for radiobiology

In a typical treatment regimen today, the therapeutic dose is provided in a series of daily
sessions delivered over a period of several weeks. A session might consist of the delivery of
a single fraction of ~ 2Gy delivered at a rate of <5Gy/minute, the dose in each fraction
transversely distributed uniformly over an area conforming to the tumour volume and depth.
Passive scattering techniques have given way to active proton scanning, which allows better
conformation of the dose to the treatment volume.

Exciting evidence of therapeutic benefit has recently been reported when dose is delivered
at high “FLASH” dose rates 2 40 Gy/s [9, 50-52]. Early studies indicated significantly reduced
lung fibrosis in mice, reduced skin toxicity in mini-pigs, and reduced side-effects in cats with
nasal squamous cell carcinoma. Similarly, therapeutic benefit has been demonstrated in the
use of multiple beam segments (with micrometre or submicrometre (< 100 pm, typically 25-
100pm) width beams for MRT or beam widths ranging between 500 and 700pum for MBRT [53]).
However, whether the FLASH effect is exhibited above a particular dose-rate threshold and what
that threshold might be, if it exists, is still a matter of debate. Further, the radiobiological
mechanisms by which therapeutic benefit is generated in FLASH and SFRT are not known and
extensive further study both in vitro and in appropriate in vivo models is required.

LhARA is conceived as a highly flexible facility that is required to elucidate the mechanisms
that underlie the biological efficacy of proton and ion beams, and to explore the vast “terra
incognita” of the mechanisms by which the biological response to ionising radiation is modulated
by the physical characteristics of the beam [54]. Estimates of the doses and dose rates that can
be delivered by LhARA were determined using the simulations reported in [29]. These doses
and dose rates are presented in table 1.1 and have been adopted as the baseline specification
for the LhARA facility presented here.
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Table 1.1: Summary of the expected dose per pulse and dose rate that LhARA can deliver,
based on Monte Carlo simulations using a bunch length appropriate for the particular energy,
particle species and instantaneous dose rate; the average dose rate assumes a 10 Hz repetition
rate of the LhARA accelerator source.

12 MeV Protons | 15MeV Protons | 127 MeV Protons | 33.4 MeV/u Carbon
Dose per pulse 7.1Gy 12.2 Gy 9.7Gy 83.8 Gy
Instantaneous dose rate | 0.7 x 10°Gy/s | 1.2 x 10°Gy/s 2.3 x 108 Gy/s 1.1 x 10? Gy/s
Average dose rate 71Gy/s 122 Gy/s 97 Gy/s 838 Gy/s

1.4 Laser-hybrid beams for radiobiology and clinical
application

High-power lasers have been proposed as an alternative to conventional proton and carbon-ion
facilities for radiotherapy [55-57]. The capability of laser-driven ion beams to generate protons
and high-LET carbon ions at FLASH dose rates is a significant step forward for the provision of
local tumour control whilst sparing normal tissue. High-power lasers have also been proposed
to serve as the basis of electron, proton and ion beams for radiobiology [58-63]. More recent
projects (e.g. A-SAIL [64], ELI [65] and SCAPA [66]) also investigated radiobiological effects
using laser-driven ion beams and addressed various technological issues [67-71].

The LhARA collaboration’s concept is to exploit a laser to drive the creation of a large flux
of protons or light ions, which are captured and formed into a beam by strong-focusing plasma
lenses. The laser-driven source allows protons and ions to be captured at energies significantly
above those that pertain in conventional facilities, thus evading the present space-charge limit
on the instantaneous dose rate that can be delivered. Rapid acceleration will be performed using
a fixed-field alternating gradient accelerator (FFA), thereby preserving the unique flexibility in
the time and spatial structure of the beam afforded by the laser-driven source.

Modern lasers are capable of delivering a joule of energy in pulses that are 10s of femtoseconds
in length, at repetition rates of 2 10Hz. Laser-driven proton and ion sources typically create
beams that are highly divergent, have a large energy spread, and an intensity that can vary by up
to 40% pulse-to-pulse; the predominant technique is TNSA (target normal sheath acceleration
[72]) in which a thin, typically plastic foil is illuminated at a small spot by the incoming laser
pulse. Multiple ion species, from proton to carbon, can in principle be produced with a single
laser by varying the target foil composition and particle-capture optics.

The LhARA collaboration’s vision is that LhARA will prove the principle of the novel tech-
nologies required for the development of future therapy facilities. The legacy of the LhARA
programme will therefore be: a unique facility dedicated to the development of a deep under-
standing of the radiobiology of proton and ion beams; and the demonstration in operation of
technologies that will allow particle beam therapy to be delivered in completely new regimes.

1.5 LhARA and the Conceptual Design Report

The LhARA facility shown schematically in figure 1.2 has been designed to serve two end stations
for in witro radiobiology and one end station for in vivo studies. The principal components of
Stage 1 of the LhARA accelerator are: the laser-driven proton and ion source; the matching
and energy-selection section; beam delivery to the low-energy in-vitro end station; and the
low-energy abort line, which delivers the beam to a beam dump.

Stage 2 is formed of: the injection line to the fixed-field alternating-gradient accelerator
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(FFA); the FFA; the extraction line; the high-energy abort line; beam delivery to the high-
energy in-vitro end station; and the transfer line to the in-vivo end station.

Proton beams with energies of between 10 and 15MeV will be delivered directly from the
Stage 1 laser-driven source to the low-energy in-vitro end station via a transfer line. The Stage
2 high-energy in-vitro end station and the in-vivo end station will be served by proton beams
with energy between 15 and 127 MeV and by ion beams, including C®* with energies up to
33.4 MeV /u.

The conceptual design of LhARA and its integration within the ITRF are presented in
Chapter 2. The subsequent chapters report on the status of the R&D work at the conclusion of
the ITRF Preliminary Activity in June 2025. Chapter 3 focuses on the laser-driven proton and
ion source. Chapter 4 describes the programme of measurements of trapped electron plasmas
of the type that will form the basis of the Gabor lens. Chapter 5 details the development
of the ion-acoustic dose-profile measurement technique. Chapter 6 outlines the considerations
relating to the in-vitro and in-vivo end stations, and provides a summary of the peer-group
consultation. The appendices provide additional supporting material: Appendix A summarises
the specifications of the alternative synchrotron and linac options, while Appendix B evaluates
the facility infrastructure requirements and projected costs.



CHAPTER 2
Facility design

2.1 Overview and key parameters

The LhARA facility, shown schematically in figure 1.2, has been designed to deliver proton
beams with energies of between 12MeV and 15MeV directly from the laser-driven source to
the low-energy in-vitro end station via a transfer line. The high-energy in-vitro end station
and the in-vivo end station will be served by proton beams with energy between 15MeV and
125 MeV and by ion beams (including C%*) with energies up to 33 MeV /u. This configuration
makes it natural to propose that LhARA be constructed in two stages: Stage 1 providing a
beam to the low-energy in-vitro end station; and Stage 2 delivering the full functionality of the
facility. The Stage 1 design is mature and includes proposed locations for the plasma (Gabor)
lenses, conventional magnets, and auxiliary systems, including RF, diagnostics, and shielding.
The concept for Stage 2 is complete and includes the injection line transferring the beam into
the fixed-field alternating-gradient accelerator (FFA), the FFA ring, the extraction line, and the
transfer lines to the high-energy in-vitro and in-vivo end stations.
The key sections of the LhARA accelerator facility are:

e Laser-driven proton and ion source: protons and light ions will be generated using laser-
driven acceleration via the target normal sheath acceleration (TNSA) mechanism [73];

o Proton and ion capture: Two strong focusing electron-plasma (Gabor) lenses in a single
module will capture the divergent flux of particles generated at the target;

o Matching and energy selection: Five more Gabor lenses will be used to transport and
match the beam into transfer lines that will take it either to the low-energy in-vitro
end station or to the injection line serving the FFA. Collimators will be used for energy
selection;

e Beam delivery to low energy in-vitro end station: A 90° vertical bend will transport beam
to the low energy in-vitro end station;

e Low-energy abort line: A transfer line through which the beam may be dumped safely
during commissioning, or in fault conditions, leads to a passive beam dump;

e Injection line for the FFA: The beam is transported and matched to the injection section
of the FFA using a series of dipole and quadrupole magnets;

o Fized-field alternating-gradient accelerator: A 10-cell, single spiral FFA will provide a
three-fold increase in beam momentum;

e Extraction line: The extraction line from the FFA, composed of dipole and quadrupole
magnets, will transport and match the beam into either the high-energy in-vitro end
station or the in-vivo beamline;

e High-energy abort line: A transfer line through which the beam may be dumped safely
during commissioning, or in fault conditions, leads to a passive beam dump;
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e Beam delivery to high-energy in-vitro end station: A 90° vertical arc by which beam is
delivered to the high-energy in-vitro end station; and

o Transfer line to the in-vivo end station: The transfer line that delivers beam to the in-
vivo end station includes a series of quadrupole magnets to match the beam into the end
station and RF cavities for longitudinal phase-space manipulation.

The LhARA beam transport systems are required to provide beam to the in-vitro and in-
vivo end stations that are each optimised for radiobiology experiments. This includes beam
delivery systems that will provide significant flexibility in the distribution of dose at the end
station, including its spatial profile, temporal structure, and energy spectrum. The spot size is
defined as the 20 diameter of the transverse beam profile. A spot size of between 1 and 3 cm is
required to achieve uniform irradiation of cell dishes. Magnetically focused minibeams will be
provided in both line-focused and spot-focused configurations.

The baseline Stage 1 beamline uses a series of Gabor lenses for beam capture and matching.
Gabor lenses offer simultaneous focusing in both transverse planes, much like a solenoid magnet.
Whilst Gabor lenses require a solenoid magnet for plasma confinement, the confining field
strength is approximately 1/40 of the solenoidal field required to deliver the equivalent focusing
strength. Since the strength of the equivalent solenoid often exceeds 1T, the use of plasma-lens
focusing will provide a significant reduction in capital cost and power consumption. The use of
conventional (either warm or superconducting) solenoids is retained as an option to mitigate the
risk that the Gabor lens development programme later encounters unforeseen complications.

2.2 Accelerator design tools

The accelerator lattices described here were initially designed and optimised in MAD-X [74]
and BeamOptics [75]. These codes were used to calculate the nominal beam envelope using
conventional transfer-matrix methods to determine the optical functions. Consequently, the
results obtained with the two codes agree very well. To assess the detailed beam transport
performance, Monte Carlo start-to-end simulations were performed with two particle tracking
codes: BDSIM [76] and GPT (General Particle Tracer) [77].

BDSIM is based on the Geant4 [78] toolkit, which makes it possible to track using full
electromagnetic field maps and simultaneously to take into account the interaction of particles
in material. BDSIM can therefore be used to estimate particle losses and the dose delivered
to the end station in a single calculation. For efficiency, conventional BDSIM tracking uses
a hybrid scheme in which particles that lie close to a nominal reference trajectory (paraxial
particles) are treated using linear transfer matrices. 4" order Runge-Kutta integration using
three-dimensional electromagnetic field maps is used to track non-paraxial particles. Field maps
were used to track particles through the Gabor lenses using the procedure described in [23].
Field maps were also used in BDSIM for tracking through the octupole magnets that are used
to improve the uniformity of the dose delivered to the end stations.

GPT is widely used for the modelling of space-charge forces, which increase the size of the
beam, leading to increased beam loss and reduced transmission. Lattices were optimised using
GDFSOLVE, a GPT utility that uses the multi-dimensional Newton-Raphson method to solve the
transport equations when space-charge forces are considered. The space-charge routine used in
all GPT simulations here was spacecharge3Dmesh using the Poisson solver method MGCG with
a fixed-sized mesh of 50 x 50 x 150 mesh lines in the orthogonal, x,y, coordinates transverse
to the beam and the z coordinate parallel to the beam, respectively. The Gabor lenses were
described in GPT using the equivalent solenoid model (see section 2.2.2).
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2.21 Particle tracking and model differences

Small differences can occasionally be observed when comparing the optical functions obtained
from MAD-X, BDSIM, and GPT. MAD-X calculates the evolution of the beam envelope using
matrices with no consideration of the actual bunch structure and its matching into the lattice,
whereas BDSIM and GPT are Monte Carlo codes that track particles according to a more
precise description of the beam line. The calculations of the optical functions in BDSIM and
GPT are therefore susceptible to statistical fluctuations that can be caused, for example, by
outlier particles either in the spatial or momentum distributions.

The methods used to record particles can also induce artefacts in the optics calculations.
MAD-X and BDSIM record the phase space coordinates of particles as they cross planes per-
pendicular to the beam axis. These planes are often chosen to be at the downstream end of
each beamline element. In GPT, however, the phase-space distributions are recorded at points
in time. GPT can also record the phase space at a given reference plane; however, this is known
occasionally to cause tracking errors that manifest as spurious apparent changes in emittance.
Therefore, the spatial recording of phase space was not used in the GPT studies of the LhARA
beamline. To make the model comparisons as accurate as possible, the phase space was recorded
at the points in time when a nominal 15 MeV proton, travelling along the reference trajectory,
would reach the end of each beamline element. This methodology can record the phase space
when the end of a bunch (head or tail) is within a magnetic field, whilst the rest of the bunch
is in a field-free region; the result is that the phase-space distribution is distorted compared to
what would be recorded at a given plane perpendicular to the beam axis.

The distortion of phase space is amplified in GPT when recording the beam at the entrance
or exit of a dipole. GPT models require the user to define the coordinate system at the entrance
and at the exit of each bending magnet. The beam can be recorded in these coordinate systems,
and therefore, no post-simulation transformations of particle coordinates are needed for the
calculation of the optical functions. When recording the phase space at these locations, however,
only half the bunch (either the head or the tail) is inside the field of the magnet, so the coordinate
system in which the head and tail of the bunch are expressed is different. The use of different
coordinate systems further distorts the phase-space distributions.

The final major source of difference between the various codes is in the treatment of fringe
fields. Both MAD-X and BDSIM calculate the effect of fringe fields in thin elements as an
integrated effect applied as a single kick; this is a conventional mathematical technique common
to such codes. Fringe fields are only available for dipoles, solenoids, and RF cavities. All
electromagnetic elements in MAD-X and BDSIM were therefore considered to have hard-edged
fields. GPT constructs the full fringe field that varies with distance from the magnet boundaries.

2.2.2 Simulation of Gabor lenses

A Gabor lens exploits an electron plasma to provide cylindrically-symmetric focusing of a pos-
itive ion beam [79]. As the ion beam passes through the electron plasma, it experiences a
focusing force directed towards the lens axis that is proportional to the displacement from the
centre of the electron plasma at the lens axis. The focusing effect is therefore similar to that
provided by a solenoid without introducing the strong coupling of the transverse phase space
coordinates that occurs in solenoid focusing.

Detailed theoretical and numerical studies of the focusing effect of the Gabor lens were
carried out in earlier work [12, 22, 23]. These studies showed that, for a given focal length, the
optical effect of a Gabor lens of uniform electron density, ne, is well described by a solenoid

with field strength given by:
2neyoma
Bsol = | —5—; 2.1
sol ZE() ) ( )
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where my is the ion mass, Z is the ion charge number, g is the permittivity of free space, and
Y0 = Ero/(mzc®) where Ejq is total energy of the reference particle. This result is important
as it allows the initial optimisation of the beamline to be carried out using the solenoid models
implemented in MAD-X, BeamOptics, BDSIM and GPT. The first-order transfer matrix for
the Gabor lens [23] is used to simulate the Stage 1 beamline both in the LhARAlinearOptics
package [80] and in BDSIM, while the full electrostatic field map may also be used in BDSIM.

2.2.3 Coordinate systems

The origin of the LhARA laboratory coordinate system, used to define component positions
both for physics calculations and for engineering design, is at the position of the laser focus at
the laser-target interaction point [81]. Laboratory coordinates are denoted here using upper-
case letters. The Z axis is horizontal and parallel to the nominal capture axis, pointing in the
downstream direction from the interaction point. The Y axis points vertically upwards, and
the X axis completes a right-handed orthogonal coordinate system. The position of a reference
particle originating from the interaction point, as well as its momentum (pg) and energy (FEj),
are described as functions of the distance, s, that the reference particle has travelled from the
origin of coordinates.

By convention, particle dynamics in a particle accelerator are described in a local coordi-
nate system defined relative to the position of the reference particle. Local coordinates will
be denoted by lower-case letters. The tangent to the reference particle trajectory at s defines
the z axis. Therefore, by definition, the reference particle always has z = 0. In the laboratory
coordinate system, the presence of local electric or magnetic fields may cause the reference par-
ticle’s trajectory to change. In the neighbourhood of the reference particle, a curved trajectory
may be described in terms of an arc of a circle; the local x axis is taken to be in the direction
pointing away from the centre of the circle. The third coordinate axis, y, is defined to complete
the right-handed orthogonal coordinate system. In local coordinates, the position and direction
of a particle in a bunch is expressed in trace space, defined by convention as:

SR
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where By = poc/FEp, ¢ is the speed of light, and As and AFE are the difference between the
reference-particle and test-particle position and energy, respectively.

In the following, subscripts will be used on the Twiss parameters and other optical quantities
to indicate the transverse coordinate x or y to which the parameter applies.

2.3 Stage 1 design and performance

Stage 1 of LhARA will transport the proton and ion beams generated at the laser-driven source
to the low-energy in-vitro end station. A schematic layout of Stage 1 of LhARA is shown
in figure 2.1 and the key parameters of the Stage 1 lattice are presented in table 2.1. The
ion flux emerging from the source enters the capture section, which brings the beam from
its initial divergent condition to near parallel. The capture section is followed by an energy
selection section in which the beam is focused into a collimator. The strength of the cylindrically
symmetric, electrostatic focusing provided by the Gabor lens is a function of particle energy.
Therefore, by varying the focusing strength, a chosen range of ion energies can be selected.
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The matching section brings the beam parallel once more and has the flexibility to produce
a range of spot sizes at the end station. The beam shaping section will include an octupole to
improve the uniformity of the beam transported to the low-energy in-vitro end station, and a
switching dipole to send the beam either to the FFA injection line or to the low-energy in-vitro
end station. If the switching dipole is not powered, the beam is sent to a beam dump. An
achromatic vertical arc is used to direct the beam vertically up to the low-energy in-vitro end
station.
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Figure 2.1: Schematic layout of the LhARA Stage 1 beamline. Stage 1 transports the proton
and ion beams produced at the laser-driven source to the low-energy in-vitro end station. The
layout illustrates, in sequence: (1) beam generation at the laser—target interaction point; (2)
capture section; (3) matching and energy-selection system; (4) beam-shaping and switching
dipole (enabling operation toward Stage 2); (5) vertical transport arc; and (6) delivery of the
beam to the low-energy in-vitro end station.

2.3.1 Lattice description

The LhARA Stage 1 lattice description starts 100 mm downstream of the target in the direction
of the vector normal to the rear surface of the target. The first 50 mm after the target foil
is empty. The second 50 mm contains a nozzle with a 2mm radius opening aperture and an
aperture of radius 2.87 mm at its exit. The nozzle is designed to maintain the vacuum gradient
between the target chamber and the first Gabor lens, whilst also acting as a collimator for the
off-axis ions and other contaminants produced in the laser-target interaction. This allows the
first Gabor lens to be positioned to the target, achieving a high capture efficiency.

The capture section immediately follows the vacuum nozzle and consists of two Gabor lenses.
Each Gabor lens in LhARA is assumed to contain an 857 mm long electron plasma contained
by a cathode voltage of 65kV. The inner radius of the central electrode is 36.5 mm. The first
lens will be operated at the highest possible plasma density to reduce the beam divergence.
The second lens will be set to bring the beam parallel with as small a transverse momentum as
possible. The physical Gabor lens is assumed to require a space of 150 mm beyond the plasma
at each end to accommodate vacuum components and injectors for the electron plasma. The
full physical length of a Gabor lens module is therefore considered to be 1157 mm.

The close proximity of the first lens to the target chamber introduces engineering challenges
for electron injection, especially if the first and second lenses are constructed as separate compo-
nents. The first two lenses will therefore be implemented as two separate plasma regions within
the same module. The two plasmas will be populated using a single injector, located at the
downstream end of the second lens.

A 1645 mm long straight section after the module containing the first two Gabor lenses
will contain a profile monitor, a corrector magnet, a wall current monitor, and a 500 mm long
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space for an RF cavity that permits control of the bunch length and manipulation of the
longitudinal phase space. The parallel beam allows the length of this section to be modified
without impacting the machine optics. A third Gabor lens then focuses the beam into an
energy-selection collimator at a distance 1771 mm downstream of the lens. Between the lens
and the collimator, space is reserved for two profile monitors, a vacuum valve, and a corrector
magnet. After the collimator, a second RF cavity will allow further longitudinal phase space
manipulation. A pair of Gabor lenses separated by 500 mm then focus the beam once more. The
location of the focal plane depends on the optics configuration required to produce the desired
spot size at the end station. The space between these two lenses accommodates a further profile
monitor and corrector magnet. A 2900 mm long drift section after the fifth Gabor lens allows
a 500 mm thick concrete wall to be installed along with a 460 mm long radiation shutter. This
arrangement is designed to enable the staged construction of the capture and energy-selection
sections whilst the remainder of Stage 1 is being installed. Profile monitors will be positioned
on each side of the shielding wall, with a corrector magnet installed downstream of the wall.
The remaining space is reserved for the installation of a Wien filter for velocity selection, should
the Gabor lenses be replaced by solenoids. A second pair of Gabor lenses, again separated by
500mm, then brings the beam parallel once more. A profile monitor and corrector magnet
will be placed between these lenses. The second parallel beam region allows flexibility in the
installation of a shielding wall and other equipment between the final lens and the vertical arc.
A profile monitor and corrector magnet will be placed after the final lens.

Radiobiological studies require a variety of dose distributions, ranging from a uniform dose
profile across a disc of radius ~ 20mm to spatially fractionated dose distributions in which
the dose is limited to lines or pixels of width < 1mm, the dose falling to zero in the valleys
between regions of peak dose. To facilitate the delivery of uniform dose distributions, the beam
passes through an octupole magnet before it enters the vertical arc. A magnetic approach to
flattening the dose distribution is appropriate for the low-energy beamline at LhARA because
the traditional passive scattering technique would be challenging given the low energy of the
beam and the potential shot-to-shot variations in flux. In addition, the flexibility to deliver a
variety of ion species would require a system capable of switching scattering material depending
on the particle species being delivered.

The use of octupole magnets for uniform dose generation exploits third-order focusing to
provide a perturbation to the first-order focusing provided by the linear elements upstream.
The method has been demonstrated in a number of facilities [82-84]. Non-linear magnets would
typically be located where the beam profile is large in one transverse axis and small in the
other to reduce aberrations and transverse coupling. The optimal number and location of these
magnets, as well as the suitability of using combined function magnets, are still under active
investigation.

A space approximately 1m long is reserved after the octupole for the installation of a
switching magnet to direct the beam into the transfer line to the FFA. A vacuum valve is
located after the switching dipole drift space. A collimator may be installed after the vacuum
valve to remove off-axis particles that received a large kick from the octupole field.

The vertical arc is an achromatic matching section, i.e. it has closed vertical dispersion.
Transparent optics are employed, such that the phase advances in both transverse planes are
a multiple of m, ensuring that the first-order transfer map through the arc is the identity
transformation. The arc consists of two identical, 800 mm-long dipoles and six 100 mm-long
quadrupoles. The dipole field required for a 15 MeV proton to bend through 7/4rad is ~ 0.55T.
The first of the arc magnets will be a switching dipole which, when powered off, will allow the
beam to pass into the Stage 1 abort line. The arc quadrupoles form two identical triplets, with a
maximum field gradient of 18 T /m. The field strength at the pole tip for a quadrupole aperture
of radius 36.5mm is = 0.66 T. A momentum-cleaning collimator is located at the centre of the
arc, where the vertical Twiss 8 function is small and vertical dispersion is large. Potential
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locations for profile monitors and corrector magnets in the arc have been identified. Further
efforts will determine whether additional space for diagnostics is required.

After the arc, a drift space of 2m is reserved for the installation of elements that will deliver
the beam to the in-vitro end station at bench height. A corrector magnet, profile monitor,
vacuum valve, and wall-current monitor are planned in this space. A 0.5 m-thick concrete wall
is included in this space, acting as both shielding and the floor of the end station. A radiation
shutter will be installed before the wall. To improve flexibility in the spot sizes that may be
delivered to the end station, schemes for producing mini-beams via magnetic focusing are being
investigated; this has proven to be challenging given the limited space. Therefore, the possibility
of modifying the optics of the arc as part of a mini-beam scheme is being considered. Combined-
function magnets incorporating non-linear field components are also being investigated to aid
the generation of uniform beams.

2.3.2 Optics and tracking performance

To assess the performance of the design, Stage 1 has been simulated with the codes outlined in
section 2.2. The LhARAlinearOptics [80] code was used to generate a beam distribution at the
source. Protons with a kinetic energy of 15+ 0.3 MeV (i.e. a 2% window around 15 MeV) were
selected and used for the design and optimisation of the Stage 1 lattice. MAD-X [74] was used
to find optical configurations which deliver beams to the end station. GPT [77] was then used
to assess the impact of space charge. Finally, BDSIM was used to validate the beam uniformity
that can be achieved using the octupole and to estimate the dose delivered to the end station.

2.3.2.1 Particle distributions at the source

The energy and angular distributions of the beam that enters the Stage 1 beamline are consid-
erably different from typical beams in modern particle accelerators, in that the beam originates
from a very small spot size at the target, with a significant divergence. The present assumed
source distribution, presented in [80], is superior to that used in previous LhARA design itera-
tions in that it does not suffer from unphysical artefacts that were present in previous iterations.
Considerable experimental and simulation effort has been expended to model the particle dis-
tributions generated via the TNSA mechanism.

Energy spectrum

The typical kinetic energy spectrum produced in target-normal sheath acceleration (TNSA) falls
exponentially with kinetic energy before dropping rapidly to zero at a maximum cut-off energy,
Kpnaz- The kinetic-energy spectrum of the TNSA model presented in [85] is given by:

AN N eXp(_ 2K>; 23

dK ~ \2KT, T.

where N is the number of protons or ions produced per unit solid angle, K is the ion kinetic
energy, T, is the hot electron temperature, and N is a normalisation constant that depends on
the laser-pulse duration, tj,ser-

Equation 2.3 is based on time-limited fluid-dynamical models, which are unable to predict
the cut-off kinetic energy accurately. The cut-off energy is taken to be that given by the model
described in [86], in which the time over which the laser pulse creates the conditions necessary
for acceleration is derived. The kinetic energy cut-off is given by:

Kmax = X2Ki,oo ; (24)



14 2 Facility design

where X is obtained by solving:

Haser 11 ) 1 <1+X>
Haser _ (142 = VyZp(——2). 2.
t (+21X2 tit\iox) (2.5)

Here, t( is the time over which the ion acceleration may be treated as ballistic and K  is the
maximum possible kinetic energy that could be imparted by the electric field strength of the
laser.

Angular distribution
The angular distribution of the flux of protons and ions produced by the TNSA mechanism has
been observed to be a cone centred on the normal to the foil surface [87]. This cone has an
opening angle 2« which varies as a function of energy, where the envelope angle, «, is defined
such that all particles are contained within +«(FE) of the z axis for a given energy. The opening
angle has been observed to decrease as the ion energy increases.

The distribution of the polar angle, fg, at which particles are produced at the laser-driven
source is generated by defining 7’ such that:

,  Or
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where r = sinfg. 2’ and y’ are sampled independently from the probability density function:
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where 7], = sina. At low kinetic energy (E ~ Epn), a(E) is taken to be ~ 20°. «(E) is
assumed to decrease linearly with energy such that:

E
a(E) = 20° — 15° ; (2.8)

max

i.e. a(F) decreases from 20° at E = 0 to 5° at Fj,q,. Finally, the azimuthal angle, ¢g, is chosen
from a uniform distribution over the range 0 < ¢g < 2.

Transverse spatial distribution

The x and y distributions that are produced are assumed to be independent and to have inverted
parabolic distributions with a maximum spread given by the radius of the laser spot that is
focused onto the TNSA target.

2.3.2.2 Start-to-end tracking

Nozzle region

The small laser spot size is anticipated to produce a small emitted ion spot size at the exit
surface of the target. Such a high density of positively charged ions would usually experience
strong space-charge forces. However, it is known that this region also contains large numbers of
electrons that are generated by, and are fundamental to, the TNSA mechanism. The electron
and ion distributions are expected to co-propagate over an appreciable distance, resulting in
overall charge neutralisation and diminished space-charge forces within the beam. The kinetic
energy spectrum of the electrons, however, is less well understood than that of the ions, so
that the understanding of the dynamics of the beam shortly after the target is limited. It has
therefore been assumed that the electrons and ions co-propagate such that the space-charge
forces are neutralised over the first 50 mm from the target. At this point, the ions enter the
nozzle that separates the target-chamber vacuum from the Gabor-lens vacuum. It is assumed
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Figure 2.2: Sample generated kinetic energy spectrum of the parameterised beam as a his-
togram, compared to the required distribution from equation 2.3, shown as a solid red line.
LhARA’s nominal proton energy band of 15MeV 2% is shown in blue.

that the electrons are separated from the ions at the entrance to the nozzle, and space-charge
forces must thereafter be considered.

The Stage 1 beamline is required to transport protons with a central energy of 15MeV.
Therefore, particles in a band of 15 + 0.3MeV (i.e. 15MeV £2%) were selected from the
generated TNSA kinetic-energy spectrum. One million simulated protons were generated and
tracked using GPT as macroparticles for 50 mm without space-charge forces. A 2mm radial
cut was then applied to represent the aperture of the entrance to the nozzle. Particles passing
into the nozzle were tracked for another 50 mm, taking space-charge forces into account; a total
bunch charge of 10? protons was assumed. A 2.87 mm radial cut was then applied, corresponding
to the aperture of the nozzle exit.

The predicted beam distributions and phase space at the exit of the nozzle are shown in
figure 2.3. The collimation provided by the nozzle plays a significant role in determining the
transverse phase space, since the solid angle subtended by the nozzle is small. The transmitted
beam profile exhibits a high degree of uniformity; the flat kinetic energy and temporal distri-
butions are highly correlated as anticipated. The temporal profile of the ion distribution at
the target exit is expected to be comparable to the duration of the laser pulse. This is small
compared to the time taken for ions to traverse the nozzle; therefore, any temporal structure
generated at the target is expected to be lost, given the comparatively broad kinetic energy
spread. Similarly, the small transverse spot size, coupled with the broad distribution of trans-
verse momenta, will result in any spatial structure produced at the target being lost.

The final predicted beam dimensions and optical functions are listed in table 2.2. The
predicted transmissions at the nozzle entrance and exit are listed in table 2.3. The transmitted
beam sample, composed of 41375 protons, is converted to BDSIM and GPT coordinates and
used in all subsequent simulations.

Impact of nozzle on beam phase space

The parameterised source simulation described above predicts that the angular divergence of
the 2% kinetic energy slice around 15 MeV is approximately a factor of 4 larger than the angular
divergence used in earlier simulations [12, 13]. The beam parameters at the exit from the nozzle
calculated using the source distributions presented in [12, 13] are summarised in table 2.4. Com-
paring the values of the beam parameters obtained with the two source simulations, presented
in tables 2.2 and 2.4, indicates that the beam parameters entering the Stage 1 beamline are
determined by the nozzle, giving confidence in the source term used to optimise the beamlines.
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Figure 2.3: Beam phase-space distributions at the nozzle exit, located 100 mm downstream of
the laser target. Subfigures (a) and (b) show the transverse phase space; X’ and Y’ represent
the slopes relative to the Z axis. Subfigure (c) shows the longitudinal distribution in kinetic
energy and time (7).
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At 15 MeV, the RMS angular divergence of the protons emitted from the source is expected
to be ~ 2.75° The transmission through the nozzle of protons emitted within the energy range
15 £ 0.3 MeV is presented in table 2.5. The maximum charge collected per pulse is therefore
determined by collimation at the nozzle. In order to increase the transmission, and thereby
increase the maximum dose per pulse that can be delivered to the end stations, schemes will be
explored in which focusing elements are used, such as permanent-magnet quadrupoles placed
within the target vacuum space.

Stage 1 nominal design performance
The constraints under which the Stage 1 lattice was derived are:

o Twiss a, and oy are zero between the second and third Gabor lenses to give a parallel
beam:;

o Twiss a; and «y are zero at the collimator location after the third Gabor lens to ensure
the correct focal length for efficient collimation;

o Twiss a; and o at the end of the seventh lens planes are again zero, and the Twiss 3
is constrained to yield the 1o beam radius for the desired spot size, given the emittance
values listed in table 2.2; and

o The field strength of the equivalent solenoids for all Gabor lenses was limited to a maxi-
mum of 1.4 T.

The last condition was imposed to ensure that the lattice could be implemented using solenoids,
should the risk that the Gabor lenses can not be delivered on the required timescale be realised.

Figure 2.4 shows the Twiss 3, and 3, and the dispersion, D,, for the configuration that
delivers a beam with a diameter of 30 mm at the Stage 1 end station. The beam behaves
identically in both transverse planes until the start of the vertical arc. The Twiss 3, has a
minimum at the location of the arc’s momentum-cleaning collimator, whilst the D, is large. 3,
is comparatively large, indicating that a wide aperture in x is required. Collimator settings and
cleaning efficiency will be studied in future work.

Solutions for the beam transport optics are shown in figure 2.5. The 1o beam size in x and
y (0, and oy) along the Stage 1 beam transport line from nozzle exit to Stage 1 end station
are shown for five separate spot size configurations ranging from 10 to 30 mm. The beam size
is calculated by evaluating:

Uazf,y = Boy€ay + D?g,y%% ; (2.9)

where the (5; are the Twiss beta functions, the ¢; are the 2D transverse emittances, the D; are
the dispersions in x and y, and o is the standard deviation of the relative proton-momentum
distribution. All subsequent figures that display a MAD-X beam size are calculated using this
equation. The beam in figure 2.5 remains symmetric until the vertical arc. The arc transports
all spot sizes identically, with a near-identical minimum in o, at the location of the momentum
cleaning collimator. Solutions for significantly smaller spot sizes could not be found in MAD-
X using the current field constraints. Significant modifications to the lattice are likely to be
required to achieve this. The use of additional magnets to produce mini-beams after the vertical
arc in a “beam-delivery section” is being investigated.

The electron densities that must be confined within each of the first three Gabor lenses,
constructed with carbon gas to enable formation of the electron plasma, to produce the desired
focusing effect, are listed in table 2.6. The magnetic field strength of the equivalent solenoids is
also given. The first three lenses are designed to focus the beam into the energy-selection colli-
mator. Therefore, the strength of these lenses is the same for each of the various configurations
described above. The electron densities required in Gabor lenses 4 to 7 to produce beams with
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Figure 2.4: Horizontal (8;, blue) and vertical (f,, red) Twiss § functions and vertical dis-
persion (black) along the Stage 1 beam transport line (s) from the nozzle exit to the in-vitro
end station for the 30 mm spot size configurations. The survey at the top of the plots shows
the locations of the Gabor lenses/solenoids (orange), RF cavities (grey), collimators (black),
octupole (green), dipoles (blue), and quadrupoles (red).

five different spot sizes at the Stage 1 end station are listed in table 2.7 along with the magnetic
field strength of the equivalent solenoids.

In the vertical matching arc, both dipoles have a length of 0.8 m and a deflection angle of

45°. All quadrupoles are 10 cm long, their field gradients are shown in table 2.8.

Model Validation

Figure 2.6 shows the evolution of the beam size in z and y is evaluated using the MAD-X,
BDSIM, and GPT models. Space charge was not modelled in the GPT simulation. Differences
are observed that originate in small differences in model construction and tracking procedures
described in section 2.2.1. The field strengths of the equivalent solenoids used to describe lenses
4-7 in the GPT simulation were adjusted by < 1% to achieve the agreement shown in the
figure. It is likely that differences in the algorithms used to transport particles through the
solenoids and their fringe fields is partially responsible for the differences observed. The large
jumps in o, in the GPT simulation around the arc dipoles are due to the recording of the beam
being partially in the dipole field at those locations, meaning that the local coordinate system
is not the same as in the other models. The remaining small differences can be attributed to
the partial capture of the bunch within the quadrupole magnets. The agreement of the beam
dimensions after the arc indicates that, overall, the various models agree well.

The emittance of a particle beam is usually considered to be conserved in accordance with
Liouville’s theorem. However, emittance is not conserved in the presence of non-linear terms
in the equations of motion or when the effect of collisions and dissipative forces, such as space
charge, is taken into account. Space-charge effects have not been included; however, when
tracking in the equivalent solenoid model, the presence of solenoid fringe fields can introduce
a non-linear component to the equations of motion. If the beam entering a solenoid is large
and strongly divergent, then its emittance will increase due to the coupling of the phase space
coordinates [88]. This condition is met in LhARA in the first solenoid downstream of the source.

To evaluate the impact of emittance growth due to solenoid fringe fields and the coupling
of the beam phase space in the two transverse planes, table 2.9 presents the emittance at the
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Figure 2.5: Horizontal (o, a) and vertical (oy, b) beam size along the Stage 1 beam transport
line from the nozzle exit to the in-vitro end station. The beam sizes are plotted as a function of
beamline length (s) for 5 spot size configurations from 10-30mm. The survey at the top of the
plots shows the locations of the Gabor lenses/solenoids (orange), RF cavities (grey), collimators
(black), octupole (green), dipoles (blue), and quadrupoles (red).

entrance to the switching dipole evaluated with MAX, BDSIM and GPT. Both BDSIM and
GPT integrate the equations of motion using magnetic field maps; the emittance evaluated
using these codes is observed to be in close agreement. MAD-X, which propagates the beam
using first-order transfer matrices, assumes a constant emittance, and it will therefore remain
significantly smaller. The full emittance evolution along the beamline is not shown here as the
GPT methodology distorts the optics at the boundaries of elements with external fields. The
mean transverse emittance has increased in the BDSIM and GPT simulations by nearly two
orders of magnitude compared to that at the nozzle exit (table 2.2).

In the baseline configuration for LhARA, beam transport in the Stage 1 beamline before
the vertical arc will exploit the electrostatic focusing provided by the Gabor lenses. The radial



20 2 Facility design

1.4 —— MADX
—— GPT

—e— BDSIM

—~
Y
S—
oy (cm)

s (m)

s (m)

Figure 2.6: Horizontal (o, a) and vertical (o, b) beam size along the Stage 1 beam transport
line (s) from the nozzle exit to the in-vitro end station. The beam sizes are plotted as a function
of beamline length (S) for three simulation models: MAD-X (black), BDSIM (blue), and GPT
(red). The survey above the plots show the locations of the model’s solenoids (orange), RF
cavities (grey), collimators (black), octupole (green), dipoles (blue), and quadrupoles (red).

focusing field produced by the confined electron plasma will be linear, assuming an axially
uniform plasma density. The fields in the entrance and exit regions, however, are not yet known
as the anode geometry that dictates the confining electric field has not been specified. It is
therefore not possible at present to evaluate the degree of emittance growth that will occur in
the baseline Stage 1 lattice. Should it be necessary to use the fallback solenoid-focusing lattice,
the results presented above indicate that the fringe fields and transverse phase-space coupling
will result in significant emittance growth.

The phase space distributions at the Stage 1 end station are shown in figure 2.7 for the
nominal optical configuration delivering a 30 mm diameter beam. The spatial distribution is
circular and symmetric, with the transverse profiles being approximately parabolic. The sharp
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peak in the transverse momentum distribution is characteristic of a parallel beam, with outliers
being limited to small angles with respect to the reference axis. The bow-tie-shaped transverse
phase-space is believed to be a result of the transverse coupling from the solenoidal field and
will be investigated further; however, this distribution is not believed to be detrimental to the
exploitation of the beam at the end station. The temporal distribution has naturally broadened
due to the energy spread; however, it remains uniform over the pulse duration. The energy
spread itself is unchanged.

Impact of space charge

The impact of space charge was evaluated using GPT. Figure 2.8 shows that the evolution of o
and o, along the Stage 1 lattice is broadly similar when evaluated with and without space-charge
forces. The impact of space charge is most noticeable at the nozzle exit as the beam propagates
towards the field region of the first Gabor lens. The effect is to increase the emittance such
that the beam is divergent as it exits the second Gabor lens. This impacts the downstream
optics, with the beam being divergent as it enters the arc, which subsequently does not deliver
a parallel beam to the end station. The focus of the third Gabor lens is also no longer at the
location of the collimator.

To mitigate the effect of space charge, the GPT model was optimised with GDFSOLVE. The
strength of the first three solenoids was adjusted to deliver a parallel beam between lenses 2 and
3 and to focus the beam into the collimator. The field strengths were constrained not to exceed
1.4'T. Figure 2.9 shows the evolution of the beam with the re-optimised field strengths. The
revised GPT model matches the nominal MAD-X model well. A small discrepancy is observed
around the focus after lens 3. This is due to the space-charge forces increasing as the beam is
brought to a focus and resulting in a larger focal spot than is possible in the absence of space
charge. The close agreement of the re-optimised GPT and nominal MAD-X models after the
focus at the collimator shows that the beam can successfully be captured and transported in the
presence of space-charge forces. The optimised strengths of the lenses are listed in table 2.10,
only small differences from the nominal parameters presented in table 2.6 are observed.

The strengths of the final four equivalent solenoids have also been optimised to mitigate
space charge when delivering a variety of spot sizes. The models were configured to deliver the
desired spot size in a parallel beam before the start of the vertical arc. The optimised field
strengths are then used in the full Stage 1 model with space charge to track from the nozzle to
the end station. Figure 2.10 shows the optics for the evolution of the beam size when the lattice
is set to deliver spot sizes of 30 mm and 25 mm. While the beam-size requirements are met at
the start of the vertical arc, the beam is divergent when it emerges from the vertical arc. This
behaviour intensifies with decreasing beam size and is present in the solutions obtained for the
20 mm and 15 mm configurations (not shown here). Solutions could not be found for the 10 mm
configuration. The investigation of the origin of this effect and its mitigation continues. It is
anticipated that solutions can be found that provide close-to-parallel beams in the final drift.

The phase space distributions at the Stage 1 end station are shown in figure 2.11 for the
30mm spot-size configuration after optimisation to mitigate space-charge effects. The trans-
verse distributions are in good agreement with those of the nominal design presented in figure
2.7. The energy spread has grown slightly beyond the 2% design target due to space-charge
forces. The momentum cleaning collimator, which has not been modelled here, is expected to
reduce the kinetic energy spread. Solutions have also been found for the 25, 20, and 15 mm
spot size configurations. Optimising the 10 mm beam remains challenging owing to the higher
charge density. However, we are confident that solutions will be found and, therefore, that
space-charge forces will not significantly impact LhARA’s beam-transport performance.

Stage 2 operation
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Figure 2.7: Beam phase-space distributions at the Stage 1 end station for the nominal solenoid
settings for delivering a 30 mm spot size when not considering space charge effects. Subfigures
(a) and (b) show the transverse phase space; X’ and Y’ represent the slopes relative to the
Z axis. Subfigure (c) shows the longitudinal distribution in kinetic energy and time (7).
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Figure 2.9: Horizontal (o, blue) and vertical (o, red) beam size along the Stage 1 beamline,
comparing the nominal MAD-X design (dashed lines) with the GPT model (solid lines). The
GPT model includes optimisations in the first three solenoids to mitigate space charge effects
between the nozzle exit and the energy selection collimator. The survey above the plot indicates
the locations of key beamline components: solenoids (orange) and RF cavities (grey).



24 2 Facility design

s (m)

Figure 2.10: Horizontal (o, blue) and vertical (o, red) beam size along the Stage 1 beamline
for two spot size configurations: 30 mm (solid lines) and 25 mm (dashed lines), both optimised
in GPT for space charge mitigation. The final four lenses are specifically optimised to miti-
gate space charge effects between the energy selection collimator and the start of the vertical
arc. The survey above the plot shows the locations of the model’s key beamline components:
solenoids (orange), RF cavities (grey), collimators (black), octupole (green), dipoles (blue), and
quadrupoles (red).

In Stage 2, the beam will be transported to the FFA via the switching dipole installed before
the vertical arc. The initial injection line design described in [12, 13] assumed a Twiss 3, of 50m
and Twiss o, of 0 at the start of the switching magnet. The assumed RMS emittance, however,
was approximately an order of magnitude larger than that listed in table 2.2. Simulations have
shown that the emittance grows as the beam is transported through the equivalent solenoids
(see table 2.9). The resulting emittance gives a beam size of 14.2mm at the switching dipole
entrance.

To optimise the model with space charge, only the strengths of the final four equivalent
solenoids were varied. The beam is constrained to have Twiss «,, = 0 at the entrance to the
switching dipole. The optimisation seeks to deliver Twiss 3, = 25m at the entrance to the
switching dipole. This condition is not enforced as strongly as the condition «, , = 0 since the
nominal FFA injection-line optics is sufficiently flexible to deliver the values of 3., required at
injection to the FFA. Two solutions were found, see figure 2.12, one in which all four lenses are
used and a second in which the fifth and sixth lenses are powered off. The required electron
plasma densities and the equivalent solenoid field strengths are listed in table 2.11.

2.3.2.3 Generation of a uniform beam profile at the end station

An octupole is used to generate a uniform transverse beam profile at the end station. As
GPT does not include a model of an octupole, octupole focusing will be implemented through
the importation of a magnetic field map. In the present study, the beam generated using the
space-charge optimised GPT model was used in BDSIM for the study of octupole focusing.

A reference plane transverse to the beam axis is placed 150 mm after the end of the final
plasma lens (or equivalent solenoid). The particle phase space from the space-charge optimised
GPT model recorded at this plane is sampled to restart beam propagation through the arc.
The analysis of the impact of space-charge forces presented in section 2.3.2.2 shows that the
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Figure 2.11: Beam phase-space distributions at the Stage 1 end station for the nominal
solenoid settings for delivering a 30mm spot size when not considering space charge effects.
Subfigures (a) and (b) show the transverse phase space; X’ and Y’ represent the slopes relative
to the Z axis. Subfigure (c) shows the longitudinal distribution in kinetic energy and time (7°).
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quadrupolar focusing in the arc is unaffected by space charge, making it possible to study the
effect of the octupole on the transverse distributions at the end station using BDSIM.
The normalised octupole strength, K3, is defined in BDSIM as:

_ 1 &Byy
~ Bspy dad

3 (2.10)

where Bg is the magnetic field strength, Bg,, is its component along the y axis, and Bgpg
is the nominal magnetic rigidity of the reference particle. Figure 2.13 shows the transverse
profiles obtained using K3 = 10,000m~*. The core of the beam is observed to be uniform,
but the particle density falls gradually to zero as the radial distance from the centre of the
beam increases. Overall, improved transverse uniformity has been demonstrated for a range of
octupole strengths. Work continues to obtain a set of parameters for the arc quadrupoles that,
together with the octupole, produce a fully uniform profile across the spot at the end station.

2.3.2.4 Modelling the dose delivered to the end station

Depth-dose simulation

To estimate the dose delivered to the end station, a BDSIM model has been developed containing
the materials through which the proton beam is expected to propagate, see table 2.12. The
air gap is included to provide clearance for the automated positioning of the cell samples. The
polystyrene sample container is typical of a cell culture plate. The cell layer is modelled using
the physical properties of water. A water layer follows the culture medium.

The dose delivered was evaluated for beams with energies of 10, 12, and 15 MeV. Simulations
were performed using a parallel beam with a transverse profile assumed to be Gaussian, with
a standard deviation of 0., = 2.5mm, representative of the 10mm spot size configuration.
Where beams for previous end station dose simulations have been mono-energetic, an energy
spread of 2% is now defined for all beams to represent the expected beam at the end station and
examine the effect on Bragg peak depth, dose, and range straggling. The per-event average dose
is recorded, integrated over the 0.1 x 0.1m transverse extent of the model in a 1 x 1 x 450 cell
scoring mesh. 10000 protons were simulated, and the scored dose was scaled to the full bunch
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Figure 2.12: Two optics solutions for the Stage 1 beam to meet the conditions at the entrance
to the Stage 2 FFA injection line. Solution 1, blue: all four lenses are used. Solution 2, red: the
fifth and sixth lenses are powered off. The survey at the top of the plots shows the locations of
the model’s solenoids (orange) and RF cavities (grey).
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Figure 2.13: Transverse beam profile at the Stage 1 end station for the nominal 30 mm spot
size configuration with the octupole field off (a) and on (b) for a normalised K3 strength of
10,000m~%. The red dashed lines indicate the number of particles per bin that would be required
for a perfectly uniform profile across the whole transverse distribution.

charge of 10° protons. The particle flux at the end of each model component is recorded in
BDSIM samplers. Figure 2.14 shows the depth-dose distributions of the three different energy
beams. The 10 MeV beam does not reach the cell layer, with the majority of the beams energy
lost in the base of the sample container. The 12 MeV beam has the Bragg peak located close to
the cell layer. The Bragg peak at this location would result in a significant dose variation across
the depth of the cell layer, contributing significant experimental uncertainties. The 15MeV
beam, by comparison, has the cell layer on the proximal slope of the depth dose curve, offering
a much shallower dose gradient in the volume. The Bragg peak is contained within the water
volume after the cell layer, indicating that a beam stop will not be needed when irradiating cell
samples.

The kinetic energy distribution after each model component is shown in figure 2.15 for the
12MeV and 15 MeV beams. The component causing the largest energy degradation before the
cell layer is the sample container, resulting in protons entering the cells at energies of approx-
imately 2.75MeV and 8.75 MeV for the 12MeV and 15MeV beams, respectively. Scattering
within the model components results in an increased energy spread that will further contribute
to experimental uncertainties.

Dose rate estimations

The dose delivered was estimated by calculating the energy deposited in a single cell scoring-
mesh equal in volume to the sensitive volume of a PTW 23343 Markus ion chamber [89]. The
cylindrical chamber has a radius of 2.65 mm and a depth of 2mm, giving a volume of approx-
imately 4.4 x 1078 m?. We remove the cell layer from the end station model and position the
scoring mesh such that the flat entrance surface of the volume is co-planar with the boundary
of the sample container and water volumes. The dose deposited in water is modelled to avoid
the need to consider the response rate of the detector. The dose recorded for a single proton
bunch was 12.20 Gy. Using a bunch length of 9.83 ns from figure 2.11 yields an instantaneous
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Figure 2.14: Depth dose curves for 10, 12, and 15 MeV proton beams in a BDSIM model of
the LhARA Stage 1 in-vitro end station. The model includes a vacuum window, scintillation
fibres, air gap, sample container, cell layer, and water. 10,000 protons are simulated, and the
average dose per proton is scaled to the LhARA total bunch charge of 1 x 10 protons.

dose rate of 1.3 x 10° Gy/s. The average dose rate, assuming a laser repetition rate of 10 Hz, is
therefore 124.0 Gy/s. These end-station dose values are summarised in table 1.1.

2.3.2.5 Gabor lens tracking

A confined electron-plasma (Gabor) lens element has been added to BDSIM [90]. The focusing
effect of the electron-plasma space charge is simulated without taking into account the small
perturbations on the beam produced by the electric and magnetic fields that form the Penning-
Malmberg trap. Figure 2.16 shows a comparison of the Twiss 3, and dispersion functions in
Stage 1 configuration that delivers a 30 mm beam. The evolution of the beam focused using
Gabor lenses is in good agreement with the evolution obtained using the nominal MAD-X model
and using solenoid focusing in BDSIM. The figure demonstrates that Gabor lenses are able to
deliver a beam that meets the LhARA requirements. Minor alterations (< 1%) of the Gabor
lens field strengths were required to match the optical performance of the solenoid models. The
perturbation to plasma focusing arising from the confining electric and magnetic fields remains
to be evaluated.
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2.4 Stage 2 design and performance

2.41 Post-acceleration and beam delivery to the in-vitro and in-vivo
end stations

An FFA based on the spiral scaling principle [91-94] is proposed to boost the ion-beam energy in
LhARA in Stage 2. The system is designed to deliver proton beam energies of between 15 MeV
and 125 MeV and ion beams, for example C, from 4 MeV /u to 33 MeV /u, to the in-vitro and
in-vivo end stations. The FFA is ideal for acceleration in LhARA and for a future clinical system
because it has the capability to:

e Operate at arbitrarily large repetition rates; and

e Deliver beams of arbitrary energy between the injection energy and the maximum specified
energy.

The first of these capabilities is made possible by the fact that the magnetic field is not ramped
during acceleration. The FFA is compact when compared to a synchrotron due to the use of
combined function magnets. The large dynamic aperture of an FFA makes the acceleration of
multiple ion species straightforward when compared to a cyclotron; the acceleration of a range
of ion species from proton to carbon is an essential requirement for LhARA. The structure of
the FFA provides the possibility to implement multiple extraction ports.

A typical FFA is able to increase the beam momentum by a factor of three, though a greater
factor is achievable. For LhARA, the threefold increase in momentum translates to a maximum
proton-beam energy of 127 MeV from an injected 15 MeV beam. For carbon ions (C®*) with
the same rigidity, the maximum energy is approximately 33.4 MeV /u. The energy at injection
into the FFA determines the beam energy at extraction. The injection energy will be changed
by varying the focusing strengths in the Stage 1 beam line from the capture section through
to the extraction line and the FFA ring. This will allow the appropriate energy slice from the
broad energy spectrum produced at the laser-driven source to be captured and transported to
the FFA. The FFA will then accelerate the beam, acting as a three-fold momentum multiplier,
which will allow the extraction energy to be varied. This scheme simplifies the injection and
extraction systems since their geometry and location can be kept constant.

To provide the capability to perform cell irradiation using protons with a kinetic energy of
15-127 MeV and carbon ions, the extraction line from the FFA leads to a 90° vertical arc that
sends the beam to the high energy in-vitro end station. If the first dipole of the arc is not
energised, beam will be sent to the in-vivo end station. The extraction line of the FFA includes
a switching dipole that will send the beam to the high-energy beam dump if it is not energised.
The key parameters of the Stage 2 lattice are presented in table 2.13. The layout of the FFA,
the injection line, and a section of the extraction line are shown in Figure 2.17.

2.4.2 FFA injection line

The FFA injection line begins at a switching dipole after Gabor lens 7. To inject on the inside of
the FFA, the injection line crosses the FFA ring between the magnets of two adjacent FFA cells.
Modifications to the FFA ring from the design presented in [12] resulted in an increase of the
orbit excursions, increasing the required magnet aperture. The engineering design of the beam
line as it crosses the FFA is challenging, as it must accommodate not only the injection line
itself, but all necessary infrastructure, including shielding, radiation shutters, vacuum pumps,
diagnostics, and corrector magnets.

The FFA injection line includes two straight sections. The first, 2.2m long, accommodates
a 0.5m thick concrete shielding wall, radiation shutter, and all other necessary devices. The
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Figure 2.17: Layout of the LhARA FFA ring, including injection and extraction systems,
together with the injection line geometry, assuming the FFA magnet shapes corresponding to
the design presented here.

second straight section is 1.85m long to accommodate the FFA crossing. Eleven identical
quadrupoles and six dipoles are required. The specifications of the transfer-line magnets are
presented in table 2.13 along with the parameters of the switching dipole and injection septum.
The total length of the injection line is 17.6 m.

The baseline configuration of the Stage 1 beam line delivers Twiss parameters of 3, , = 50 m
and oz, = 0 downstream at the switching dipole. These values of 3, , yield a beam size of
0zy = 14 mm due to the emittance growth observed in the evaluation of beam transport
through Stage 1. The aperture of the switching dipole would therefore need to be large to avoid
unacceptable beam loss.

To address this, the Gabor lenses in Stage 1 were re-optimised using GPT’s optimisation util-
ity GDFSOLVE to reduce 3, , at the switching dipole whilst preserving o, = 0. The normalised
quadrupole strengths were varied with the constraint that the quadrupole strength parameters
satisfy |K1| < 17m~2. A solution meeting this constraint was found for which 8, , ~ 27m at
the switching dipole.

The FFA injection line was optimised using a beam with a,, = 0 and 3, , = 27m at the
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entrance to the switching dipole. The resulting beta functions and dispersion are shown in
figure 2.18. The conditions at the end of the injection septum, shown in table 2.14, have been
achieved whilst preserving the region of low beta and high dispersion at s =~ 8 m for installation
of a momentum cleaning collimator.

Engineering designs are being developed for the FFA ring and injection line. Space con-
straints make the design of the region in which the injection line crosses the FFA challenging.
Providing sufficient space for personnel to install and maintain the injection line also remains a
concern as the last of the injection-line magnets before the injection septum are close to the FFA
magnets. Therefore, the possibility of reducing the severity of these pressures by allowing the
transfer line to cross the FFA at an oblique angle was considered. The crossing angle was chosen
to be closer to the spiral angle of the FFA magnets, offering greater flexibility for positioning
injection-line components. A solution was found that provides the required beam parameters at
injection to the FFA whilst also improving access between the line and FFA ring. However, the
revised injection-line optics yield large beam sizes at some locations. Work continues to ensure
that these excursions do not cause unacceptably large beam loss.

243 FFA

A spiral FFA scaling ring has been designed for post-acceleration in Stage 2. The spiral scaling
principle defines the field profile in the median plane, given as a function of radius measured
from the centre of the ring, r, by [91]:

k
B, = By [r} F (9 —In [R] tan g) : (2.11)
7o 7o
where By is the magnetic field at radius rg, k is the field index, ( is the spiral angle and F' is the
flutter function. This field law defines a zero-chromaticity condition, which means the working
point of the machine is independent of energy up to field errors and alignment imperfections
and avoids the crossing of resonances that would reduce the beam quality and may lead to beam
loss. The ring consists of ten symmetric cells, each containing a single combined-function spiral
magnet. The choice of the number of cells is a compromise between the size of the orbit excursion,
which dictates the radial extent of the magnet, and the length of the straight section, which
is required to accommodate injection and extraction. Fach of the magnets provides bending,
horizontal focusing, and vertical defocusing, while the field at the magnet edges contributes
to both horizontal and vertical focusing. These effects allow a stable beam to be obtained in

Figure 2.18: Horizontal (f3,, blue) and vertical (8, red) Twiss /3, functions, and horizontal
dispersion function (D,, black) along the Stage 2 FFA injection line (s).
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both transverse planes using only a single magnet per cell without requiring a negative bend,
as is necessary for radial FFA machines, and which significantly reduces the size of the spiral
machine. Table 2.13 presents the main design parameters of the FFA ring for LhARA. The
betatron functions and dispersion in one lattice cell at injection are shown in figure 2.19.

Normal conducting spiral scaling FFA magnets, similar to the ones needed for LhARA, have
been constructed successfully using two different techniques [94, 95]. The first technique used
a set of coils distributed along the surface of a flat pole to meet the scaling-field requirement.
In the second technique, the scaling-field requirement was achieved by shaping the gap between
the poles. The first technique, in which the scaling parameter, k, can be tuned by applying
different currents in each coil, was chosen for LhARA as it allows the working point to be kept
constant over a variety of modes of operation and allows the extraction energy to be varied.
Since the magnetic field of the FFA ring needs to be adjusted to allow the extraction energy to
be varied, the use of a laminated magnet design will be considered to allow the time required
for the field to be changed to be reduced. The flexibility provided by the distributed coils will
also allow k to be changed. Such flexibility will be important if it becomes necessary to move
away from a particular resonance or to tune the lattice to a different working point to generate
a long pulse using resonant slow extraction [96].

An alternative design based on a double-spiral FFA was proposed in [97]. However, this
design would correspond to a larger ring with larger orbit excursion and would require two
magnets per cell. Although this design would be very flexible in tuning, it is not considered
necessary for LhARA and the single spiral FFA design is retained as the baseline.

2.4.4 Extraction line

Material described in this section corresponds to the design presented in [12].

[ )
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Figure 2.19: Horizontal (red) and vertical (blue) Twiss beta functions (3, and 3, respectively),
and horizontal dispersion (D, green) in one FFA cell at injection calculated using hard-edge
approximation in [75].
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2.4.41 Upstream part of the extraction Line

The extraction line design was obtained on the assumption that the emittance of the 127 MeV
beam at extraction will be determined by the nominal emittance of the 15 MeV beam at injection,
i.e. an initial emittance of 2.8 ¥ mm mrad was assumed. However, it may be necessary for the
extraction line to accept a higher emittance to accommodate space-charge induced emittance
growth, see table 2.9. Acceleration in the FFA ring shrinks the emittance by a factor of three
due to adiabatic damping. In this scenario, the normalised emittance is assumed to be conserved
from the start of the injection line to the end of the extraction septum. This implies that the
physical emittance at extraction from the FFA is 0.93 7 mm mrad (RMS).

For the extraction of a variety of beam energies, the injection energy will be varied and the
ring will always increase the beam momentum by a factor of three. This means the adiabatic
damping factor will be the same for each setting and therefore that the emittance at 40 MeV will
be the same as at 127 MeV. The assumption that the emittance at extraction is the same for all
momenta is valid so long as the optics and apertures that define the beam size are the same for
all energies. Space-charge forces will result in an energy-dependent growth of emittance. The
size of the space-charge emittance growth in the FFA is yet to be estimated.

The first part of the extraction line collects the beam coming out of the extraction septum of
the FFA, which has the optical parameters given in table 2.15. The description of the extraction
septum has yet to be updated; therefore, the septum parameters were taken from [12]. The beam
then passes through two dipoles of different lengths and four quadrupoles, each of length 0.3 m.
The beam propagates antiparallel to the low-energy beam line, which ensures that dispersion
is closed. It is important that the dispersion is closed as off-momentum particles will otherwise
follow trajectories different to those followed by particles with the design momentum and lead
to a significant increase in beam size and beam loss.

The second part of the extraction line consists of four quadrupoles, each of length 0.3 m,
which transport the beam to the first dipole of the vertical arc that serves the high-energy in-
vitro end station. These quadrupoles are used to produce a beam that is close to round and has
a size close to that required at the end station. The last four quadrupoles are flexible enough
to allow a variety of values of 3, , to be accommodated. Figure 2.20 shows the Twiss beta
functions for five quadrupole settings that can match beams with 3, , = 410m, £, , = 46m,
By =40m B, = 4.5m and 3, , = 0.46 m.

2.4.4.2 High-energy in-vitro beam line

The high-energy in-vitro beam line transports the beam from the exit of the extraction line to
the high-energy in-vitro end station. The 90° vertical arc is a scaled version of the low-energy
arc and consists of two dipoles and six quadrupole magnets. The lengths of the magnets were
scaled by a factor of 3 to accommodate the threefold increase in momentum while ensuring
that the magnetic fields remain below the saturation limits of normal conducting magnets. The
length of the dipoles is therefore 1.2 m and that of the quadrupoles is 0.3 m. The overall length
of the arc then becomes 6 m, compared to 4.6 m for the low-energy in-vitro arc. This difference
in arc length means the high-energy in-vitro arc is ~ 0.9 m taller than the low-energy arc.

The arc has been designed to fulfil the following criteria for the beam optics for the Twiss
a and ( functions, dispersion (D) and dispersion derivative (Dp), and phase advance (Ap):

ﬂx,y,in = 6x,y,out;
Qg y,in = Qg yout — 0;
b Dm,y,in = Dm,y,out = O;

e D! =D 05

z,y,in x,y,out —
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Figure 2.20: 3, and 3, functions for the full range of extraction beam line matching to 3, , =
410m (magenta), Bz, = 46m (red), B, = 40m (green), 5, = 4.5m (black) and 3, , = 0.46 m
(blue).

e Apu; = nm, where n is an integer; and
e A, = mm, where m is an integer.

The quadrupole strengths that meet these criteria were obtained using MAD-X. The results of
the MAD-X optimisation are compared with tracking simulations performed using BDSIM in
figure 2.21. The two calculations are in good agreement. The input beam Twiss parameters
were taken to be those delivered by the extraction line (see table 2.16), and the phase-space
distributions were assumed to be Gaussian. It is expected that the effect of space charge will
not be negligible, but that adjustments to quadrupole strengths can be made to compensate for
the effect, as was done for the low-energy arc.

2.4.4.3 In-vivo beam line

If the first dipole of the high-energy in-vitro arc is not energised, then the beam is sent to the in-
vivo end station. From the end of the extraction line, a 7.7 m drift is necessary to clear the first
bending dipole of the in-vitro arc, to provide space for the RF cavities needed for longitudinal
phase-space manipulation, and to allow space for diagnostic devices. Following this drift is a
further 6.6 m of beam line that includes four quadrupoles, each of length 0.4 m, which are used
to perform the final focusing adjustments of the beam delivered to the in-vivo end station. A
final 1.5 m drift is reserved for scanning magnets to be installed to perform spot scanning and
to accommodate the shielding of the in-vivo end station.

The optics required to match the input beam parameters are given in table 2.16. The
design required a compromise between the competing requirements of: flexibility to match
various values of /3, ,; minimisation of the number of magnetic elements in the beam line; and
minimisation of the overall length of the beam line. Quadrupole settings were obtained using
MAD-X; care was taken to avoid small 3., values throughout the beam line to try to limit
both space charge and kinematic effects.

Figure 2.22 shows five sets of quadrupole settings to match 3, , values from 410m to 0.46 m.
With the exception of the settings for 3, , = 410 m, for which the minimum g, , is approximately
0.08 m, all settings have a minimum £, , above 0.2m.



36 2 Facility design

50 ¥ ¥ X
WX X x _x v v
40 -
£ 30
(a) =
o
20 4
—— MADX
109 — mapx g,
¥ BDSIMBx: N = 10000
ol % BDSIMB,:N=10000
.
0 1 2 3 4 5 6 7 8
S/m
X X X x % x X x X
S P X
40 |
30 4
(b) =
£
=
a 204
101 — MADX B
—— MADX By
% BDSIM B, : N = 10000
o] % BDSIMB,: N=10000
0 1 2 3 4 5 6 7 8

Figure 2.21: Horizontal profile, s, of 3, (blue) and 3, (green) generated by MAD-X compared
to BDSIM for a 40 MeV (a) and nominal 127 MeV (b) proton beam passing through the high-
energy in-vitro arc simulated with 10* particles (in BDSIM).

Good agreement between the Twiss beta functions evaluated with BDSIM and MAD-X is
presented in figures 2.23 and 2.24. The quadrupoles have been matched to give 3, , = 0.46m,
Bzy = 46m and 3, , = 410m. It is expected that the effect of space charge can not be neglected,
but that adjustments to the quadrupole strengths can accommodate it. Additional magnets may
be required to deliver magnetically-focused minibeams.

2.4.5 Stage 2 dose estimation

To serve the high-energy in-vitro end station with proton beams of 127 MeV, we assume a similar
design to the low-energy in-vitro end station, but with the length of the air gap increased to
50mm. A water phantom, based upon the PTC T41023 water phantom [98] placed at the end
of the air gap, was simulated. The phantom is constructed from PMMA with a wall thickness
of 6.95mm and a beam-entrance window of thickness 3.05mm. 10° protons per bunch and
a minimum beam size of 1 mm were assumed. The dose was recorded using a model of the
ionisation chamber described in section 2.3.2.4. The volume is positioned such that the pristine
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Figure 2.22: 3, and 3, functions for the in-vivo beam line matching from initial 3, , = 46 m
to Byy = 410m (magenta), 8, = 46m (red), S, = 40m (green), B, = 4.5m (black) and
B2y = 0.46m (blue).

Bragg peak was in the centre of the chamber. The estimated dose rates are reported in table 1.1.
The energy deposited in the chamber is 4.25 x 10~% J corresponding to a dose of 9.7 Gy. Without
phase rotation in the in-vitro beam line, the estimated bunch length of a 127 MeV proton beam
is 41.5ns. Therefore, the instantaneous dose rate is 2.33 x 10® Gy/s, and the average dose rate
is 96.7 Gy/s when operating at a repetition rate of 10 Hz.

For 33.4 MeV /u carbon ion beams, the Bragg peak range is similar to that of the 15 MeV
proton beam in Stage 1. We therefore simulated ion-beam delivery using the Stage 1 end station
model. The incoherent space-charge tune shift is proportional to % and inversely proportional
to 4243, where ¢ is the ion charge, A, its mass number and f3,~ are the relativistic parameters.
As a result, the intensity of a bunch of carbon ions experiences a space-charge tune shift 12
times as large as that experienced by a proton bunch of the same geometrical size and containing
the same number of ions. It is therefore assumed that the maximum flux of carbon ions is a
factor of 12 lower than the maximum proton flux. A single pulse of 8.3 x 107 ions deposits
3.69 x 1073 J into the chamber, giving an instantaneous dose rate of 1.1 x 10° Gy/s for a bunch
length of 75.2ns and a corresponding maximum average dose rate of 838 Gy/s.

2.5 Technical Systems

2.51 FFA Magnet Design

The FFA ring consists of ten cells, each containing a single combined-function spiral magnet
with parameters given in table 2.13. To achieve zero chromaticity during acceleration, the
beam has to experience constant focusing independent of radius. To achieve this, the integrated
magnetic field in the median plane is constrained to follow the scaling law, equation 2.11, i.e.:

r

(BL) = (BL)o ()kH ; (2.12)

To

where (BL) is the field integral for an obit of radius r and (BL)y is the field integral for an orbit
with radius 9. (BL) may then be written in terms of the angle, A0 = 6;,ax — Omin, sSubtended
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Figure 2.23: Comparison between MAD-X and BDSIM simulations of the Twiss £ functions for
the in-vivo beamline with a 40 MeV proton beam. The quadrupoles are matched to 3, = 0.46 m
(a), Buy = 46m (b), and B, = 410m (c), for 10* simulated particles.



2.5 Technical Systems 39

100 — MADX Sy
—— MADX B,
X BDSIMf,; N= 10000
80 1 ¥ BDSIMB,; N= 10000
e 60
(@) =
;
& 3 e
40 -
201
0 -
0 2 4 6 8 10 12 14
s/im
—— MADX B x
140 | — MADX By, A
¥ BDSIM By : N = 10000
1201 g BDSIMB,; N= 10000
100
£
(b) 5 801
B
g
60 -
S 5 S
40 -
201
0 B
. . . ‘ ‘ ‘ . .
0 2 4 6 8 10 12 14
sim
—— MADX By
1000 { — MADX By
¥ BDSIM By : N = 10000
¥ BDSIM B, ; N = 10000
800 -

(C) E; 600
&

400 1
200+
04
T T T T T T T T
0 2 4 6 8 10 12 14
S/m

Figure 2.24: Comparison between MAD-X and BDSIM simulations of the Twiss § functions
for the in-vivo beamline with a 127 MeV proton beam. The quadrupoles are matched to £, =
0.46m (a), By, = 46m (b), and B, = 410m (c), for 10* simulated particles.
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by the magnet at radius 7:

(BL) = r / fes Bydo: (2.13)
where B, is the vertical magnetic field. Since the field at r is constant, (BL) becomes:
(BL) =rBAb; (2.14)
and:
(BL)p = roByAb; (2.15)

where 7¢ is the radius at which B, = By, the main dipole field.
The field index, k, may be obtained by evaluating:

o [fmax B dp
k= —— Join By : (2.16)
f max Byd@ 8Ir

emin

The FFA is required to deliver beams over a range of energies; this can be done by adjusting
the value of By. Power and tune calculations were performed for acceleration of proton beams
from 15 MeV to 127 MeV and from 6 MeV to 57 MeV.

The scaling magnetic field is generated using a main coil wrapped around the flat pole and
18 trim coils. A main coil generates the constant dipole field. The trim coils cross the pole face
and return towards the outer radius. Powered with different currents, the trim coils generate
the required field shape. The trim coil parameters are presented in table 2.17 together with an
estimate of the total power required to deliver the various currents.

The configuration of the conductors surrounding the pole can be found in figure 2.25. The
trim coils are wrapped in two different vertical layers, with a “0.5-coil” offset between the two
layers; this has been shown to improve the field quality in studies conducted for the FFA magnet
of the Front End Test Stand (FETS), which has similar properties [99]. The main coil is labelled
“0” and has transverse dimensions 75 x 95mm?. The trim coils are labelled 1-18; each coil has

transverse dimensions 10 x 92.5 mm?2.

3D model

A 3D model was created in OPERA3D (see figure 2.26) using the specifications given in table 2.13.
The magnet is required to create the field profile that delivers a k-index value of 5.23. The
OPERA3D model was used to optimise the currents in the main and trim coils and to evaluate
the field quality. The result is shown in figure 2.27. The deviation of the field on the median

600
970

Figure 2.25: Schematic diagram of the cross-section of the FFA magnet. The dimensions of
the magnet are labelled in millimetres, and the conductors are labelled from 0-18.
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plane computed using OPERA3D from that obtained from the scaling law is within £0.02% while
the difference between the k-index derived from the OPERA3D field map lies within +£1% of the
desired value. Field clamps were added to either side of the magnet to ensure that the extent
of the fringe field scales with radius and the vertical tune, 3, is controlled.

The 3D magnetic field map shown in figure 2.28 was used in the tracking code Fixfield [100]
to evaluate the horizontal and vertical tunes. The vertical apertures of the clamps were then
adjusted to minimise the vertical tune variation; the results are shown in figure 2.29.

The FFA is required to be capable of delivering beams over the energy range specified
above. Therefore, the currents have also been optimised for 0.937 x By T. This setting allows
the acceleration of protons from 6 MeV to 57 MeV. The vertical aperture of the clamps was not
changed since the aperture cannot be changed once the clamps have been manufactured. The
tune of the beam over this energy range can be found in figure 2.30.

The crossing of low-order resonances during acceleration must be avoided to prevent un-
controlled beam loss. The evolution of the tunes was studied for both ranges of acceleration
(15-127MeV and 6-57 MeV). Figure 2.31 shows the evolution of the tunes in relation to the
resonances up to fourth order; the results indicate that the tunes are sufficiently far away from
the resonances. Further investigations are underway to decrease the tune spread in case it is
necessary to allow a bigger margin of misalignment when manufacturing the magnets.

The dynamic aperture (DA) was determined by tracking through 100 turns at 25 MeV using
the 3D field map. A kinetic energy of 25 MeV was chosen as the good field region of the magnets
needs to be increased to incorporate the 15 MeV beam. This issue will be addressed. The results
presented in figure 2.32 demonstrate that the DA is larger than the physical acceptance of the
ring in both the horizontal and vertical plane.

2.5.2 Radio-frequency cavities for FFA

The fixed-field accelerator conceived for Stage 2 is required to deliver a momentum gain of a
factor of three. The design parameters of the RF cavities for the acceleration of proton beams
are given in table 2.18. The principal parameters are the frequency range of 2.89-6.48 MHz
and the voltage-gain per turn of 4 kV. The frequency range will be adjusted for ion beams.
Ferrite-loaded and magnetic-alloy-loaded cavities are being considered for the FFA cavity.

The RF cavity for the FETS-FFA [101], which has similar requirements to the LhARA FFA
cavity, is being developed by the ISIS synchrotron RF group. Both ferrite cores and magnetic
alloy cores are being considered, and measurements of material properties of prototype cores

o
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Figure 2.26: A OPERA3D model of the FFA magnet; only the top half of the magnet is shown.
The conductors are shown in red with the iron in green. Left: View from above the magnet.
Right: View of the magnet from the side. Axis dimensions are in mm.
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Figure 2.27: Field quality obtained from the OPERA3D model. Left: Difference between the
integrated By in the model compared to the scaling law. Right: Difference between the k-index,

calculated from the integrated B field obtained from the model, compared to the designed value
of k =5.23.

are in progress.

Ferrite-loaded cavity
Figure 2.33 shows a schematic diagram of a ferrite-loaded cavity. Details of the analysis of this
device can be found in [102]. The bias current, Iye,, induces a magnetic field in the ferrite discs
and is used to modulate the effective permeability, u;. Variation of Iy, allows the resonant
frequency to be swept over the required range.

The shunt impedance, R, of a ferrite cavity is given by [102]:

R,= Nu,QfIn (;) T (2.17)
where N is the number of core rings, @Q is the quality factor of the ring-core material, f is the
frequency, T is the ring-core thickness, and r; and r, are the inner and outer radii of the ring
cores, respectively. The term M;)Q f is often quoted by manufacturers and is presented for a
variety of materials in figure 2.34. The cavity design requires that y;,Qf be measured over the
required frequency range and under the anticipated range of operating conditions.

The operation of a ferrite-loaded cavity requires a bias-current power supply, an RF power-
amplifier chain, and a low-level RF control system. The bias power supply must be capable of
ramping the required current within the period of one acceleration cycle, thereby varying ,u;.

Magnetic-alloy loaded cavity

Magnetic-alloy (MA) loaded cavities are similar to ferrite-loaded cavities in that they use an
inductive core to give a relatively low resonant frequency. In the case of the MA cavity, the
permeability and the saturation magnetic field are much higher than for the ferrite cores. This
gives the cavity such a large bandwidth that there is no requirement to use a bias current to
sweep the resonant frequency. This simplifies the power amplifier and low-level RF systems.
However, since the cavity has a low () value, the power dissipated in the cores will be higher,
which will have an impact on the running cost of the cavity.

The metallic ribbon that forms the magnetic-alloy core is wound onto a former that creates
the aperture of the cavity. An insulating layer is used to separate adjacent turns. After winding,
the core undergoes either an annealing or a nano-crystallisation process. Figure 2.35(a) shows
a schematic of the MA-core cavity for the FETS FFA, and figure 2.35(b) shows a photograph of
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Figure 2.28: Magnetic flux density at the iron surfaces as calculated by OPERA3D. Fields can
be seen to reach up to 2.66 T at larger radii, which is far into the saturation region. This has
an impact on the tune of the beam, which can be corrected by adjusting the vertical apertures
of the field clamps. The axis units are mm.

a prototype core purchased by the ISIS synchrotron group to measure the ,u;,Q f of the material.

Discussion
The ferrite-loaded option requires that the magnetic field in the cores stay below the saturation
limit. The addition of more cores will result in a lower magnetic field within each core, but will
also increase the length of the cavity. The space between the ring magnets, therefore, imposes
a constraint on the number of cores that may be used. The development of a cost model for
the cavities will require consideration of the bias power supply, the high-power RF system and
the low-level RF system, as well as the estimated running cost.

Magnetic-alloy cores are more complex to manufacture than the ferrite cores and will require
a specific QA procedure to ensure that the cores will maintain their performance over the
operational period of the facility. Deformation of the MA cores has been observed in cavities
operating at high power. This is not expected to be a problem for LhARA owing to the modest
cavity gradient required.
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Figure 2.29: Horizontal (left) and vertical (right) tune of the beam (unitless) plotted against
the kinetic energy after the currents and the aperture of the clamps have been separately
optimised.
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Figure 2.30: Horizontal (left) and vertical (right) tune of the beam (unitless) plotted against
the kinetic energy of a range 6-57 MeV. The variation in horizontal tune is smaller compared to
the previous case, as the magnet is no longer in the saturation region. However, the variation
in vertical tune is larger as the clamp aperture was optimised for the energy range 15-127 MeV.

The limited space between adjacent magnets may require the cavities to be placed parallel
to the spiral angle, see figure 2.17. The direction in which the beam crosses the gap between two
adjacent magnets in a spiral scaling FFA varies during the acceleration cycle. As a result, it is
not possible to arrange the cavity so that the electric field is parallel to the beam trajectory for
all energies. This affects the rate of acceleration and induces low-amplitude oscillations in the
beam trajectory in the transverse plane. As the rate of acceleration is very low in LhARA, and
since the working point is away from low-order resonances, these oscillations are not expected
to adversely impact beam quality.

2.5.3 Diagnostic systems

The laser-driven ion source creates a beam with short bunches, each containing a large instanta-
neous flux. The beam created at the target will have a large peak current, very low emittance,
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Figure 2.31: It can be seen that the tunes at different energy ranges overlap with one another.
The variations in tunes are different, but both are sufficiently far away from any resonance up
to the fourth order.
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Figure 2.32: Dynamical acceptance study using 3D field map by tracking 100 turns at 25 MeV
in [75]. 1o, 20, 30, and limits (DA) are shown in both transverse planes, horizontal (left) and
vertical (right). Some emittance growth in the vertical plane is visible and may be caused either
by inaccurate interpolation or the proximity of a resonance. Note that 1o emittance corresponds
to 2.8 m mm mrad.
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Figure 2.33: Simplified schematic diagram of a ferrite-loaded cavity, adapted from [102]. The
current, Iye,, is used to excite the ions. The inner radius, r;, outer radius, 7,, and thickness of
the cores, T, are indicated. The magnetic flux, ¢, runs through the cores as shown. The beam
propagates through the cavity from left to right. The capacitance, C', and current, Ic, with the
cavity indicated.
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Figure 2.34: ,u;Q f plotted as a function of frequency for three different types of ferrite material
(1: Ferroxcube 4A, 2: Ferrox-cube 4C, 3: Ferroxcube 4E), adapted from [102].
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(a) (b)

Figure 2.35: An example magnetic alloy core cavity: (a) is a cavity schematic with cores
shown in black and the vacuum flanges plates in yellow, (b) is a prototype core to be tested for
the FETS FFA RF cavity.

high brightness, and very short bunch length, but the average current will be low. Emittance
growth will occur as the beam propagates through the beamline, and some beam loss is expected.
In the absence of phase rotation, the bunch length will also increase, from < 1ns to the 7-10ns
range in Stage 1, and to tens of ns in Stage 2. The diagnostics required for commissioning and
operation of the accelerator facility are discussed below.

Stage 1, FFA injection line to FFA and high-energy-beam transport lines

In Stage 1, the key parameters to be measured are the size of the beam, the beam position,
and the beam current. The beam size and beam position can be measured using scintillating
screens or secondary electron emission (SEM) grids. In each case, the diagnostic will need
to be retracted when not in use. The beam current can be measured non-destructively using
wall-current monitors (WCMs). The short bunch makes it likely that passive devices will be
required. A similar set of devices will be needed in the FFA injection and extraction lines, and
in the transport lines serving the high-energy in-vitro and in-vivo end stations. Precise measure-
ment of bunch length will be challenging in Stage 1 due to the very short bunch. Bunch shape
monitors with sub-ns resolution have been demonstrated [103, 104]. In the extraction line and
the high-energy-beam transport lines, the bunch length will be longer, and it may be possible
to use WCMs to measure the length of the bunch. Beam loss can be measured using monitors
based on plastic scintillators. Such monitors will be placed in the vicinity of the beam pipe in
the areas where beam loss is expected.

FFA

An in-depth study is required of the diagnostics necessary to ensure beam parameters can be
measured accurately so that magnet, RF or other systems can be optimised and beam losses
minimised. The results of a preliminary study of key systems are presented below.

The diagnostic requirements of the FFA are similar to those of a synchrotron of similar size.
Synchrotrons are now sufficiently common that a common diagnostics toolkit exists [105]. Both
the transverse cross-section of the beam aperture (see table 2.18) and the transverse excursion
of the beam within that aperture are much larger in an FFA than in a comparable synchrotron.
Some key systems from the synchrotron toolkit that must be adapted for use in an FFA include:
beam-loss monitors, beam current monitors, and beam position monitors.

A primary beam particle is said to be lost when it is no longer contained within the ac-
ceptance region of either the longitudinal or transverse focusing system. Such a particle will
usually collide with the vacuum vessel, generating a secondary shower of particles that can be
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detected by a range of possible detectors [106]. Since beam losses in an FFA are not funda-
mentally different from beam losses in a synchrotron or a linac, detectors from these machines
can be used in an FFA without any major modifications. For LhARA, it is necessary to verify
that suitable detectors can be found for the low beam energy. Detection of beam losses from
a proton beam with an energy between 10 MeV and 20 MeV has been demonstrated at JPARC
with plastic scintillator and photomultiplier tubes [107]. This demonstrates that suitable de-
tectors are available and that an appropriate beam-loss monitoring system is feasible. Future
studies are needed to optimise the scintillator material and the placement of the monitors and
to investigate the signal levels that can be obtained [108].

Beam position can be measured by means of intercepting diagnostics. Such devices are in
use at accelerator facilities worldwide. Beam scrapers are fully destructive devices which can
provide a measure of a beam’s horizontal position when used in combination with a beam-loss
monitor or current-sensitive diagnostic [109]. Such scrapers have been demonstrated at the
KURRI proton FFA, with an injected beam energy of 11 MeV and an extraction energy of
between 100 MeV and 150 MeV. The intensity of the KURRI machine of ~ 3 x 10 protons [109]
is comparable to that specified for the LhARA FFA. Intercepting wires can also be used to
measure a beam’s horizontal position and charge distribution. The use of such wires has been
demonstrated using a 13.5 MeV proton beam on the KURRI FFA [108]. A peak signal amplitude
of ~ 60mV was obtained. The bunch charge of LhARA is expected to be lower than that of
KURRI, making it necessary to consider amplifiers with higher gain. Amplifiers with fifty times
the gain and a larger bandwidth than those used at KURRI are available commercially [110].
These observations indicate that intercepting-wire devices are also options for LhARA.

Beam current can be measured using fully destructive Faraday cups. These devices have
been demonstrated for bunch charges an order of magnitude below that of LhARA [111], and at
energies exceeding that of LhARA [112]. Beam current can also be measured using calibrated
non-interceptive, electromagnetic pickups [113]. In principle, these devices are capable of mea-
suring a range of beam parameters, including beam position and betatron tune. Such devices
have been demonstrated on accelerators with a wide rectangular aperture [113, 114]. Position-
sensitive variants are being investigated for the FETS-FFA [115]. The signal amplitude of a
20mm long electrostatic beam-position monitor (BPM) for LhARA has been estimated to be
~ 20mV before amplification. It is therefore reasonable to expect that electromagnetic pickups
could be developed for use in the LhARA FFA; position-sensitive variants would need further
development. This conclusion is supported by experimental measurements on the KURRI FFA,
where post-amplification signal levels on the order of 1V have been observed on a full-aperture
electrostatic pickup. The relatively short bunch length at LhARA would make it vital to assess
the impact of resonances on such devices; it is possible that technology such as button BPMs
could be adopted.

An RF knock-out method has been developed [116] to measure horizontal tune on any orbit.
This technique exploits the horizontal dispersion that causes oscillations to be induced when
the beam is accelerated as it passes through the RF cavity. Vertical tune measurements will
require a vertical exciter, which may be magnetic or electrostatic. The measurement of betatron
tunes may be made using the “Base-Band Q” (BBQ) technique with direct diode detection [117],
which allows the measurement of betatron tunes without any external excitation. This method
has not yet been demonstrated using an FFA.

2.5.4 Injection and extraction systems for FFA ring

A full aperture, fast injection of the beam will be performed using a magnetic septum, installed
on the inner radius of the ring. As shown in figure 2.17, the septum will be followed by a kicker
magnet situated in the next lattice cell.
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The specification requires that a flux of approximately 10 protons be accepted by the ring.
The beam at injection (see table 2.19) has a relatively small emittance and short bunch length.
Therefore, it is anticipated that space-charge effects will be severe immediately after injection,
but will become more relaxed quickly due to debunching during acceleration.

Fast extraction of the beam over the full aperture will be performed using a kicker magnet,
followed by a magnetic septum installed in the lattice cell immediately following the cell accom-
modating the extraction kicker. The extraction kicker will bend the beam outside of the ring
as shown in figure 2.17. Table 2.20 summarises the parameters of the injection and extraction
elements.

2.5.5 Control and Feedback Systems

The LhARA control system will be a facility-wide monitoring and control system integrating
the control of all parts of the facility. The control system will extend from the interface of
the equipment being controlled through to the operator, engineering expert, physicist and end-
station user. It will include all hardware and software between these bounds, including computer
systems, networking, hardware interfaces, programmable logic controllers (PLCs) and field-
buses.

The Personnel Safety System (PSS) will be interfaced to, and monitored by, the control
system. A separate event-synchronisation system will be implemented as part of the control
system to ensure synchronisation of technical sub-systems and critical control operations, and
will also provide a common high-resolution time-stamping and/or pulse-numbering capability.

The control system will benefit from existing control-system-equipment standards and knowl-
edge gained from recently implemented ASTeC Radiation Test Facilities, e.g. CLARA. Consid-
eration of technological advancement, e.g. new, more appropriate field-buses or protocols, will
continue.

Architecture

The control system will be implemented using the EPICS software toolkit. EPICS is a proven
software toolkit with well-defined interfaces at both the client and server and will enable fast
integration and development. The choice of EPICS enables the project to take advantage of work
done at other laboratories. EPICS has been successfully applied on previous projects at STFC,
including the ALICE, CLARA, EMMA, ISIS and VELA facilities and on many accelerator
projects worldwide. For previous projects, extensive use has been made of EPICS Version 3 and
more recently EPICS Version 7. For LhARA, it will be possible to deploy Version 7 or later
and to use the advanced features exposed via the process-variable access (pvAccess) protocol,
including manipulation and transport of structured data over the network.

The various components of the control system will be connected to a high-speed Ethernet
local area network. This will consist of several class C subnets connected to the main site
network. Access will be provided to the control system data via EPICS gateway systems running
access security.

The hardware interface layer of the control system will provide the connection to the under-
lying subsystems. This will consist of a modular hardware solution of commercial rack-mounted
PCs and embedded systems running the Linux operating system, connected to a range of I/O
types directly or via selected field buses.

Application software will be installed on central file servers to ensure consistent operation
from any console on the control-system network. The control system will be implemented in
such a way that it can be expanded and upgraded incrementally as the project proceeds. The
control system must be able to be extended to new hardware and software technology. A num-
ber of EPICS client interfaces will be supported for controls and user application development
in high-level languages. This is likely to include both Channel Access and pvAccess interfaces
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for languages such as C++/VB via .NET, Matlab, Mathematica and Python.

Controls hardware

The network hardware and commercial PC hardware of the control system will use standards
defined by the STFC Digital Infrastructure Department. As far as possible, controls hardware
used on recent ASTeC Radiation Test Facilities (RTFs) should be preferred to take advantage
of existing expertise and proven hardware standards. This hardware includes:

o Industrial rack mount PC systems running a Linuz operating system, with potential for
a real-time kernel, as required: Existing EPICS support is available for interfacing many
I/0O types, including analogue, digital and serial (RS232/422/485) along with status/in-
terlocking via Ethernet-connected Programmable Logic Controllers;

e Omron NJ series PLCs: Status and interlock systems for digital control and machine
protection of accelerator hardware and sub-systems. As a replacement for Omron CJ
series PLCs deployed on previous ASTeC RTFs, the NJ PLCs will either be integrated
directly into the EPICS control system using the CIP protocol, or indirectly via a data
aggregation tool with EPICS integration via OPC-UA or similar. This will allow PLC
data tags to be directly mapped to EPICS process variables and/or to pvAccess structured
data types; and

o Motion control systems: Field-bus based systems with remote I/O via EtherCAT. In com-
mon with CLARA and building on this experience, these will comprise Beckhoff TwinCAT
real-time controllers with EtherCAT-connected motion control and I/O modules. These
controllers interface with the EPICS control system via Modbus TCP.

Any specialist control requirements will be addressed using dedicated real-time controllers
(for example, embedded industrial or FPGA-based hardware). Examples of such systems could
include geographically isolated devices or systems that require the computing speed of a ded-
icated CPU. Any dedicated controllers would be integrated into the EPICS environment and
software-build processes.

Due to the pulsed nature of the facility, dedicated real-time systems will be required. Likely
applications include data acquisition for beam diagnostic measurements or RF system measure-
ments. For previous ASTeC RTF control systems, VMEbus processors and FPGA-based 1/0
carriers have been used. It is expected that the modular, open standard MicroT'CA protocol
will be adopted as a replacement for VMEbus. Options for embedded MicroTCA controllers
and FPGA carriers will be evaluated further in the Technical Design phase.

Virtualisation

Virtualisation technology will be used both in the server infrastructure layer and, where appropri-
ate, in the EPICS input/output controllers. This will increase flexibility, scalability, reliability
and efficiency of the control system by abstracting hardware specifics from the controls software.

Timing and synchronisation system

One of the principal challenges with a network-distributed control system is the synchronisation
and accurate time-stamping or pulse numbering of events spread across several physically and
logically separated systems. An example of this is the simultaneous measurement of beam diag-
nostic information along an entire beam transport system. This operation will typically involve
collecting beam-synchronous data simultaneously from a number of front-end server systems.
Commercially available synchronisation hardware, as used on CLARA, is available for a num-
ber of platforms and provides timing outputs for LhARA applications. It will be important to
ensure that the master clock used by the timing system is locked to the RF and laser systems.
GPS atomic clock synchronisation will be used to distribute an accurate time-stamp via the



2.5 Technical Systems 51

timing system, and can also be used to discipline the RF master oscillator.

Interlock systems

The control system will provide a comprehensive interlock and machine protection system rang-
ing from the enforcement of operating limits to the protection of the facility against potentially
dangerous operating conditions. The interlock system may be defined using two classes of
systems:

High Integrity system: will be used to provide high-speed and fail-safe local protection in
situations where serious damage to equipment is likely to occur if fault conditions are
allowed to develop. Embedded micro-controllers could be used for this purpose; and

Routine system: is intended to prevent faults causing minor damage to individual machine
components or sub-systems. An Omron PLC-based interlock system, based on experience
at other facilities, will be used for this purpose.

Both interlock systems will operate independently of EPICS with monitoring and control requests
marshalled to the interlock systems via EPICS for processing via programmed logic. There will
also be local systems that supervise individual components, such as RF structures. These sys-
tems are not described here.

Personnel Safety System

Personnel safety must be ensured using a Personnel Safety System (PSS). This section does not
cover details of the protection of personnel from facility hazards. In terms of logic implementa-
tion, the PSS would be implemented using Omron safety controllers. The NX controllers make
use of Ethernet-based safety protocols and are more suited to a new facility, easing installation
and enabling greater scalability and flexibility. Full monitoring of the PSS will be provided
through the control system.

Feedback systems

Digital feedback will be required in a number of places. The primary requirements include
closed-loop control of amplitude and phase in RF systems as well as water cooling for high-
power RF infrastructure and accelerating cavities.

Slow feedback and control, e.g. for water temperature stabilisation, can either be imple-
mented in the commercially-supplied system, or within the control system via PLC or EPICS
PID control. Ideally, the use of commercial systems should be limited to those that support
integration into the control system to allow remote monitoring and control.

For faster, lower-latency feedback and control, direct integration into the control system is
required. RF amplitude/phase control will be achieved either by embedding the control directly
into the FPGA of the low-level RF (LLRF) controller or using dedicated software directly on
the CPU of the LLRF controller. Options for embedded feedback control will be evaluated
further in the Technical Design phase.

High-level application software

During operation, high-level applications are required that will communicate via the control
system. A mid-level interface is required to abstract the detailed implementation of devices
in the control system. This will allow operators and users to interact with sub-systems and
devices in a consistent, structured and well-defined way. Options developed and used previously
include common C++/Python mid-level interfaces to the control system, CATAP: ‘Controls
Abstraction To Accelerator Physics’. The pvAccess interface using EPICS Version 7 or higher
will be used to represent sub-systems and devices as consistent, structured data for direct
consumption by high-level application software.
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2.5.6 Vacuum system

The vacuum system will require several different vacuum regions with a variety of requirements
and specifications. The first key area is the target chamber where ions are produced, and
there is a significant gas load. This is then directly coupled into the low-energy beamline with
Gabor lenses, where performance needs to be optimised to avoid degrading the properties of the
plasmas. The high-energy line requires a similar level of vacuum to the low-energy line, whereas
the fixed-field accelerator, due to particles recirculating, will require a higher vacuum. The
laser system will have a vacuum requirement to maintain beam quality and reduce scattering.
The make-up of the end stations is currently unknown, but may require a vacuum. Finally, RF
waveguides may be needed where a vacuum system should be used over the more conventional
SFg gas-filled waveguides because of the negative environmental impact of SFg.

The currently -assumed vacuum levels are presented in table 2.21 and are based on accelerator-
design experience. These values need to be confirmed by simulating the effect of residual gas on
beam propagation. Vacuum modelling will then be required to ascertain where vacuum pumps
should be placed.

The vacuum system requirements fall comfortably in the ultra-high vacuum region, and
therefore, the general design principles for this vacuum regime will be adopted. The Vacuum
Quality Assurance Documents developed at Daresbury Laboratory, for modern accelerator ap-
plications, provide a good example of design principles that can be adopted.

Vacuum technology

In general, the vacuum system design of LhARA is based on well-tried and well-understood
design principles. The machine will be split into vacuum regions separated by gate valves for
practical reasons and for machine protection. Dividing the machine into discrete vacuum regions
makes it easier to install and commission, whilst at the same time simplifying maintenance and
breakdown interventions. In most circumstances, gate valves will be metal. Roughing valves
(right-angled valves) will be located in each vacuum region for ease of maintenance.

It is expected that the laser systems and transport lines up to the target chamber, where
there could be a gas load from ion production, will be at a lower vacuum specification of
1 x 10~ %mbar. This can use ISO-KF flanges pumped continuously by turbo pumps and dry
backing pumps to handle the gas load and achieve the desired working pressures.

It is assumed the beamline requires a higher vacuum specification to maintain beam quality,
with the FFA requiring the highest specification due to circulating particles. This area of the
accelerator will use ConFlat™ Flange (CF) as the most common type of flange connection
for ultra-high vacuum systems and the knife-edge principle to achieve an all-metal vacuum
seal. Vacuum will be achieved using pumping carts, a combination of turbo-molecular pumps
backed by scroll pumps, to remove gas quickly from the section. Ion pumps with optional NEG
(non-evaporable getter) cartridges will then be used for maintaining vacuum during normal
operations. Since ion pumps do not have moving parts, they do no introduce vibrations into
the system. NEG cartridge pumps, once activated, have the ability to pump without electrical
power and may be a useful addition to reduce energy demand.

All vacuum components will undergo a full UHV solvent cleaning procedure to remove con-
tamination before installation. The beamline components will also undergo an ex-situ vacuum
bake to 250 C for 24 hours before installation, with a residual gas analysis scan to verify vac-
uum cleanliness. This will reduce contaminants and surface outgassing and enabling the design
pressure of 1 x 10~® mbar to be reached. To reach the highest vacuum specification envisaged
for the FFA and the injection and extraction lines, an in-situ bake may be required to reduce
the outgassing further.

The low-energy beamline is approximately 26 m of beam pipe with a number of chambers
for screen diagnostics and Gabor lenses. Predominantly, this needs to be held at a base pressure
of 1 x 10~ mbar, and will need 19 ion pumps each with 5001/s pumping speed.
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The injection and extraction lines serving the FFA have a total length of 29 m and requiring
a further 13 ion pumps. The FFA itself requires a higher specification of vacuum down to
around 1 x 1072 mbar. To achieve such a low pressure with the vessel surface area prepared in
the same way as the other beamline sections, 120 ion pumps would be required. Therefore, the
FFA vacuum system needs to be baked in situ, ideally to over 150 C. This baking would drop
the outgassing of the surface considerably, and consequently, the required number of ion pumps
would fall to 10.

The high-energy line transfer line provides a further 20m of beamline, at a similar specifi-
cation to the low-energy line, and requires 10 ion pumps each of 5001/s pumping speed.

Vacuum will be achieved using pumping carts, a combination of turbo-molecular pumps
backed by scroll pumps, to remove gas quickly from the section. Ion pumps with optional NEG
(non-evaporable getter) cartridges will then be used for maintaining vacuum during normal
operations. The laser transport lines, target chamber and differential pumping will use turbo-
molecular pumps backed by scroll pumps to achieve the desired working pressures.

The vacuum system will be equipped with the relevant diagnostic instrumentation in each
section, vacuum gauges (Pirani and Inverted Magnetron) and residual gas analysis. This allows
the environment to be monitored, analysed and problem-solving to be carried out when required.
The vacuum system will be linked to the controls system for monitoring and to enable machine
protection. Interlocks between sections will be used to prevent accidental venting of the machine
or catastrophic failure; these will be driven by the diagnostic instrumentation. The control
system should have a ‘standby’ mode, that allows the controlled reduction of the number of
running pumps and controllers. In conjunction with the use of NEG pumps, this will allow the
electrical power demand to be reduced.

The control system should also be enabled with a ‘standby’ mode, allowing the controlled
reduction of running pumps and controllers. In conjunction with NEG this allows the electrical
power demand to be reduced, impacting the CO2 production and running costs.

Initial concept modelling

The mechanical layout and lattice of the accelerator were used to obtain an estimate of the
internal surface area of the vacuum vessel. This allows the pumping capacity to achieve the
specified vacuum to be calculated. It was assumed that the vessel will predominantly be made of
stainless steel and that the vessel will be processed ex-situ. Therefore, the material outgassing
figure for stainless steel was used in the vacuum calculations. The beam pipe was assumed to
be 100 mm in diameter and to include vessels for installation of diagnostic screens.

The diameter of the Gabor lenses are 250 mm, larger than the assumed beam pipe. The
cylindrical surface area of the internal electrodes increases the effective surface area. Each Ga-
bor lens vessel alone requires 10001/s of pumping to overcome the outgassing of the surfaces of
the lens. This is best achieved by 2 large (5001/s) ion pumps, one at each end. The first Gabor
lens, being twice as long, will require a special case with pumping in the centre to achieve the
vacuum specification.

Modelling

A number of iterations of machine layout and calculation of pressure distributions will be re-
quired before a satisfactory final scheme of vacuum pumping can be determined. Two areas have
been highlighted as challenging from a vacuum perspective and require further investigation to
understand whether the design concept will work.

The first is the vacuum connection of the target chamber to the low-energy beam line due
to different operating pressures of 107® and 10~ mbar. The calculation of the conductance
of the nozzle between the two will give an understanding of the impact on the vacuum from
connecting these two volumes. The nozzle diameter can be optimised between ion beam diameter
requirements and vacuum specification. The gas produced from the film target and its trajectory
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is unknown and could have an impact on the overall design due to the beaming effect.

The second challenge is the ability to pump the first Gabor lens, as there is a requirement
to site it as close to the ion source as possible, leaving little room for a vacuum pump. As the
target is a gas source, there will be a higher pressure at one end of the Gabor lens than the other,
potentially detrimental to the operation of the lens. Modelling needs to be done to understand
the pressure profile in this area. The mechanical design needs to be further understood in this
area to enable the inclusion of pumping ports to achieve the Gabor lens operating pressure.

Nozzle conductance

Initial modelling has been carried out on the nozzle between the target chamber and the first
Gabor lens. There is a requirement to have a minimum of 2 orders of magnitude pressure dif-
ference between the target chamber and the Gabor lens for successful operations. Figure 2.36
shows an engineering image of the Target Chamber and the Gabor Lens, whilst Figure 2.37 pro-
vides a closer look at the target and a restrictive nozzle aperture to help minimise the pressure
increase between the two chambers during ion beam generation.

Monte-Carlo modelling of target chamber and Gabor lens

The first two vacuum chambers of LhARA were modelled using the computer code Molflow+ [118—
120]. which is based on the Monte-Carlo method. Monte-Carlo simulations can be performed
only for a closed volume; therefore, the pumping ports are closed by virtual surfaces with the
following properties:

1. Gas desorption or gas injection is described by a desorption coefficient; and

2. Pumping is described in terms of the surface area, A, and a sticking probability (or capture
factor), a. a = 0 corresponds to no pumping speed and a = 1 corresponds to an ideal
pumping speed (a “black hole”).

Figure 2.38 and 2.39 show the vacuum model of the target chamber and Gabor Lens as set
up in the Molflow+ program. It consists of a closed vacuum system starting at the entrance
to the target chamber and finishing at the end of the Gabor lens. Figure 2.38 shows a number

;rag:ltber\ LhARA Target Chamber
and Gabor Lens

Figure 2.36: Layout of the LhARA target chamber and first Gabor lens.
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Figure 2.37: Close-up depiction of the target chamber, with restrictive aperture before the
Gabor lens.

of different views of the target chamber and Gabor lens in the Molflow+ program. Figure 2.39
shows a close-up image of how the restrictive aperture separates the target chamber from the
Gabor lens; it also shows a number of red facets along the structure. These facets were used
as a way to calculate the transmission probability of gas molecules along the structure. The
transmission probability is the probability of a gas molecule getting from position ‘A’ to position
‘B’, ‘C’ and so on along the structure.

Target Chamber P

= L L T R = e T

Gabor Lens

BRI | fon) e e

Figure 2.38: Target chamber and Gabor Lens in the Molflow+ program.
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Figure 2.39: Target chamber and Gabor lens in the Molflow+ program.

This study provided a first evalution of the suitability of the vacuum design. The vacuum
requirements for first two volumes of the LhARA vacuum system are:

1. Target chamber: 5 x 1075 mbar; and
2. Gabor lens: 5 x 1078 mbar.

One of the best ways to consider the effectiveness of a restrictive aperture or differential pumping
system is to consider the transmission probability in conjunction with a pressure profile along
the structure.

The transmission probability, w, was calculated using the equation:

MHit;

W=

MHit; is the number of hits on the j-th facet, and N is the number of generated molecules.
Pressure, P, is calculated by evaluating the expression:

(2.18)

= kT, (2.19)

where @ is the outgassing rate, A; is the area of the j-th facet, v is mean molecular velocity,
kp is Boltzman’s constant and T is the temperature. Pressure is directly proportional to
transmission probability. The results of the simulations for the transmission probability of
molecules generated at the target foil and propagated along the beam line and into the Gabor
Lens. Table 2.22 below shows the results of the transmission probability.
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he requirement of a pressure differential of two orders of magnitude between the target vessel
and the Gabor lens implies that the transmission probability must satisfy value of < 0.01 at
the exit of the restrictive aperture (the nozzle). There are four result columns in table 2.22.
The different columns present the transmission probabilities obtained using different desorption
profiles generated at the target foil. In Molflow+, the standard desorption profile from a surface
or facet has a cosine profile:

1. Cosine desorption: corresponds to a Lambertian radiator where the probability of the
angle of radiation is proportional to the cosine of that angle. This means that particles
are more prone to leave a facet perpendicular to the surface.

2. CosineN (CosN) desorption: The same as above, but, the probability is proportional to
a chosen power of the cosine of the angle; the higher the exponent is, the greater will be
the tendency for the net gas flow to be perpendicular to the surface.

Results are shown for cosine desorption (i.e. CosN=1) and CosN=2, 10, and 100. The transmis-
sion probability results meet the requirement w < 0.01 in the first three columns (CosN=1, 2
and 10). However, for CosN=100 the transmission probability does not meet the requirement.

The higher the exponent in the CosineN desoption, the greater the ‘beaming’ effect is in
the simulations. For LhARA, it is not anticipated that the ‘beaming’ effect will be dominant
because it is expected that the ion beam generated is likely to have a conventional expansion
profile typical of the Cosine desorption profile described above. Therefore, it is reasonable to
expect that the current restrictive aperture design that separates the target and Gabor lens will
be able to maintain the two orders of magnitude pressure differential the facility specification
requires.

To verify the transmission probability results, the Molflow+ program was used to generate
a pressure profile from the target to the Gabor lens. A CosN=2 desorption profile was used to
generate the pressure profile; the results are therefore expected to match the CosN=2 transmis-
sion probability results shown in table 2.22. Figure 2.40 shows the pressure profile facet in the
Molflow+ program, and figure 2.41 shows the pressure profile result along the target and Gabor
lens chambers. Figure 2.41 shows that the pressure differential between the target chamber and
the Gabor lens is more than two orders of magnitude as specified by the facility specification.

Figure 2.40: Pressure profile facet shown in the Molflow+ program.
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Target foil
Target chamber
Gabor lens

Figure 2.41: Pressure profile result.



2.5 Technical Systems 59

Table 2.1: Key parameters of LhARA Stage 1, depicted in figure 2.1. Parameters include the
capacities/quantities (with units) of the laser source, the capture section components and the
beam transport components.

Parameter Value / Range Unit
Laser Parameters
Central wavelength 800 nm
Energy after amplifier >18 J
Energy stability (shot to shot) <2 %
Energy stability (over 12 hours) <5 %
Pulse length (FWHM) <50 fs
Pulse length stability <5 %
Rep. rate 10 (100) Hz
Contrast at 5 ps 1078
Contrast at 10 ps 107?
Contrast at 100 ps 10-10
Laser Delivery Parameters
Peak power 100 ™
Energy on target > 10 J
Strehl ratio (measured) > 0.5
Angle of incidence 30 degrees
Focal intensity 9 x 108 W /mm >
Proton Energy 15 MeV
Ion Energy 4 MeV /u
Proton and Ion Capture
Beam divergence at design energy 11 degrees
Gabor lens effective length 857 mm
Gabor lens physical length 1157 mm
Cathode radius 36.5 mm
Maximum voltage 65 kV
Number of Gabor lenses 2
Alternative technologies: solenoid length 1157 mm
Alternative technologies: solenoid max field 14 T
Stage 1 Beam Transport
Number of Gabor lenses 5
Number of re-bunching cavities 2
Number of collimators 2
Arc total bending angle 90 degrees
Number of bending magnets 2
Maximum dipole field 0.55 T
Number of quadrupole magnets 6
Maximum quadrupole field 0.65 T
Number of octupole magnets 1
Beam pipe aperture radius 36.5 mm
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Table 2.2: Beam parameters at the nozzle exit, 100 mm downstream of the target. This
parameterised beam was modelled using one million protons with kinetic energies of 15 MeV
+2% and an envelope angular divergence of 11°.

Parameter Value Unit
Qi -355
Oy -356
B 35.35 m
By 35.51 m
€ 5.91 x 107® | m rad
€y 5.87 x 1078 | m rad

Table 2.3: Transmission efficiency of the parameterised beam through the target housing
vacuum nozzle. One million protons were simulated with kinetic energies of 15 MeV +2% and
an envelope angular divergence of 11°.

Location Transmission (%)
Target exit 100
Nozzle entrance 7.9
Nozzle exit 4.1

Table 2.4: Beam parameters at the nozzle exit, 100 mm downstream of the target, with an
envelope angular divergence reduced to 2.75°. This parameterised beam was modelled with one
million protons with kinetic energies of 15 MeV +2%.

Parameter Value Unit
Qy -342
Oy -342
B 33.89 m
By 33.93 m
€x 5.77 x 1078 | m rad
€y 5.75 x 107® | m rad

Table 2.5: Transmission efficiency of the parameterised beam through the target housing
vacuum nozzle. One million protons were simulated with kinetic energies of 15 MeV +2%.

Location Transmission (%)
Target exit 100
Nozzle entrance 87.5
Nozzle exit 55.9
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Table 2.6: Estimated electron plasma densities for the first three Gabor lenses for all spot size
configurations, and their equivalent solenoid magnetic field strength.

Gabor lens | e~ Density | Equivalent solenoid
(x10° m=3) | field strength (T)

1 5.188 1.400
2 0.864 0.571
3 1.753 0.814

Table 2.7: Estimated plasma densities for Gabor lenses 4 to 7 for all five spot size configurations,
and their equivalent solenoid magnetic field strengths.

Spot size configuration
20 diameter (cm) 1 1 2 2:5 3
Gabor lens | Strength Parameter
¢ plasma density 1.524 3.191 | 3.595 | 3.509 | 4.534
4 (x10°m™?)
Equiv. solenoid
magnetic field (T) 0.759 1.098 1.165 | 1.151 | 1.309
¢ plasma density | g1 1484 | 1.339 | 1.531 | 0.758
5 (x10°m™")
Equiv. solenoid
magnetic field (T) 0.827 0.749 0.711 | 0.761 | 0.535
¢ plasmadensity | o) qo-a | 3437 | 2511 | 2125 | 1.632
6 (x10° m™?)
Equiv. solenoid 9
magnetic field (T) 1.03x10 1.140 0.974 | 0.896 | 0.785
e plasma density |5 oz | 565 q0-4 | 0,031 | 0.183 | 0.011
. (x10°m™")
Equiv. solenoid 9
magnetic field (T) 1.385 1.45%x10 0.107 | 0.263 | 0.065

Table 2.8: Field gradients of the quadrupole magnets in the Stage 1 vertical matching arc for
a 15 MeV proton beam. Quadrupoles 4, 5, and 6 have the same strengths as quadrupoles 3, 2,
and 1, respectively.

Quadrupole dBy/dz (Tm™1)
1 -12.67
2 17.63
3 -17.71
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Table 2.9: Mean RMS transverse emittance at the location of the switching dipole using GPT
and BDSIM, which model particle transport in field maps with fringe field modelling.

Tracking Code | Mean RMS Emittance
(m rad)
GPT 4.02 x 1076
BDSIM 4.06 x 1076

Table 2.10: Estimated electron plasma densities for the first three Gabor lenses for all proton
spot size configurations, and their equivalent solenoid magnetic field strength when optimised
for mitigating space charge effects. The plasma densities will be adjusted accordingly for ion
transport.

Gabor lens | e~ Density | Equivalent solenoid
(x10'® m=3) | field strength (T)

1 5.188 1.400
2 0.890 0.580
3 1.765 0.817

Table 2.11: Estimated plasma densities for Gabor lenses 4 to 7 and the equivalent solenoid
field strengths for two solutions to meet the proton beam conditions at the entrance of the
switching dipole for transport through the Stage 2 FFA injection line. The plasma densities
will be adjusted accordingly for ion transport.

Gabor lens | Strength Parameter | Solution 1 | Solution 2
e~ plasma density
(x10%5 m=3) 3.041 3.341
4 Equiv. solenoid
magnetic field (T) 1.072 1.123
e~ plasma density
(x10%% m=3) 1.904 0
° Equiv. solenoid
magnetic field (T) | oW 0
e~ plasma density
(X1015 m—3) 1.468 0
6 Equiv. solenoid
magnetic field (T) 0.745 0
e~ plasma density
(10 m—3) 0.661 0.036
! Equiv. solenoid
magnetic field (T) 0.500 0.209
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Table 2.12: Lengths and materials of components in the BDSIM model of the LhARA Stage 1
end station.

Component Length (mm) | Material
Vacuum window 0.075 Mylar
Scintillating fibre 0.250 Polystyrene

Air Gap 5.0 Air
Sample Container 1.15 Polystyrene
Cell Layer 0.03 Water

Water 2.4 Water

Table 2.13: Key parameters of LhARA Stage 2.

Parameter Value / Range Unit
Injection Line
Number of bending magnets 7
Number of quadrupole magnets 11
FFA
Machine type single spiral scaling FFA
Number of cells 10
k 5.23
Spiral angle 53.9 degrees
Rip; 2.914 m
Reqy 3.477 m
Riaz 4.61064 m
Beat 1.405 T
Orbit excursion 0.56 m
Magnet packing factor 0.34
Magnet opening angle 12.24 degrees
Magnet gap - distance between flat poles (full) 95 mm
Max Bpin; 0.562 Tm
Max Bpegt 1.685 Tm
Ring tunes (2.79, 1.22)
YT 2.516
RF frequency 1.46-6.51 MHz
h 1,23 0r4
RF voltage 4 kV /turn
Extraction Line
Number of bending magnets 2
Number of quadrupole magnets 6
Number of vertical arc bending magnets 2
Number of vertical arc quadrupole magnets 6
Number of in vivo line quadrupole magnets 6
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Table 2.14: Beam parameters at the end of the FFA injection line.

Parameter | Value | Unit
Qe 0.074
ayy -0.963
B 0.622 m
By 1.819 m
D, 0.391 m
D!, -0.181 m

Table 2.15: Beam parameters at the exit of the extraction septum of the FFA, used as input

to the extraction line.

Be [m] By [m] Qg

D, [m]

D/

1.093 | 2.100 | 0.692

-0.930

0.551

-0.181

Table 2.16: Beam parameters at the end of the extraction line used to design the high-energy

in-vitro arc and the in-vivo beam line.

Bo [m] | By [m] | g

D, [m]

46 46 0

0

Table 2.17: Coil currents in the FFA preliminary design. The coil number corresponds to the
ones labelled in figure 2.25. The power requirement (for this configuration is 21.6 kW per half

magnet, or 43.2 kW total per dipole).

Ampere Turn

Power (W)

Coil Number | Length (m)
0 4.81
1 2.37
2 2.61
3 2.85
4 3.09
5 3.33
6 3.58
7 3.82
8 4.06
9 4.30
10 2.77
11 3.02
12 3.26
13 3.50
14 3.73
15 3.98
16 4.22
17 4.246
18 4.70

16545
6908
4795
3883
3184
2674
2250
1921
1653
1449
6908
4795
3883
3184
2674
2250
1921
1653
1449

3600
2930
1560
1120
814
618
470
366
288
234
3430
1800
1270
921
693
523
405
317
256
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Table 2.18: Principal parameters for the RF cavities to be used for baseline proton acceleration.

Parameter Value
Proton RF frequency 2.89-6.51 MHz
Voltage per cavity 4kV
Bunch intensity 102 protons/bunch
Harmonic number 1
Horizontal aperture 650-850 mm
Vertical aperture ~ 70 mm

Table 2.19: Summary of the main parameters for the proton beam at the injection to the
FFA ring. These parameters correspond to the nominal (maximum) kinetic energy mode of
operation.

Parameter Unit Value
Beam energy MeV 15
Total relative energy spread +2%
Nominal physical RMS emittance (both planes) | 7mrad | 2.8x107°
Incoherent space charge tune shift -0.14
Bunching factor 0.023
Total bunch length ns 8.1
Number of Protons 109
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Table 2.20: Summary of estimated parameters for the injection/extraction systems of the FFA

ring.

Parameter

Injection septum:
Nominal magnetic field

Magnetic length
Deflection angle
Thickness
Full gap
Pulsing rate

Extraction septum:
Nominal magnetic field

Magnetic length
Deflection angle
Thickness
Full gap
Pulsing rate

Injection kicker:

Magnetic length

Magnetic field at the flat top T

Deflection angle
Fall time
Flat top duration
Full gap

Extraction kicker:

Magnetic length

Magnetic field at the flat top T

Deflection angle
Rise time
Flat top duration
Full gap

Unit Value
T 0.53
m 0.9

degrees | 48.7
mimn 10
mm 31

Hz 10
T 0.93
m 0.9

degrees | 28.5
mim 10
mm 22

Hz 10
m 0.42
0.05
mrad 374
ns 320
ns 25

mm 31

m 0.65

0.05

mrad 19.3

ns 110
ns 40
mm 22

Table 2.21: Mean working pressures assumed for each vacuum region.

Subsystem

Mean working pressure (mbar)

Laser systems
Laser beam conditioning chamber
Target chamber
Gabor lenses
Low energy line
Low energy in-vitro end station
Fixed Field Accelerator
High energy line
RF Waveguide
High energy in-vitro end station
High energy in-vivo end station

TBC
TBC
1x10°6
1x1078
1x10°8
TBC
1x1079
1x10°8
1x10°8
TBC
TBC
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Table 2.22: Transmission probability results.

Probability (w).

Key: N- Number of hits, P;- Transmission

Cosine CosN = CosN = CosN =
Desorption 2 Desorption 10 Desorption | 100 Desorption
Position N P, N P, N P, N Py
along vessel
Number of
gas molecules 2,850,083 4,554,821 2,707,689 14,327,524
generated
Entrance to | o ze) | 553 | 31,061 | 6.82 x | 48,074 | 178 x | 1,701,677 1.19 x
nozzle (4 mm) 10-3 10-3 10-2 10-1
Bxitolnozzle |5 g65 | 724 x | 4,626 | 1.02 x | 9767 | 3.61 x | 449,590 | 3.14
(5.4 mm) 10-4 10-3 1073 102
1/4 way along | 277 x | 184 4.04 x | 383 141 x [ 17,535 | 1.22 x
Gabor Lens 10-5 10-5 10-4 10-3
1/2 way along | o 9.82 x | 55 1.21 x | 120 443 x | 5,120 3.57 x
Gabor Lens 10-6 10-5 10~° 1074
End of Ist 6.32 x | 47 1.03 x | 79 292 x | 3613 | 252 x
Gabor Lens 10-6 10-5 10-5 10-4
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CHAPTER 3
Laser-Driven lon Source

3.1 Laser-driven ion source

3.1.1 Introduction to laser-driven ion source

The LhARA facility is required to provide an arbitrary bunch structure and variable intensity,
including ultra-high instantaneous dose rates for the study of the FLASH effect. It is challenging
to deliver such a range of requirements using conventional ion sources, which typically extract
ions with energies E; < 100keV. At such a low energy, the ions move slowly and therefore
the mutual repulsion of the ions causes the beam to diverge rapidly. This “space-charge” effect
significantly reduces the charge that can be captured in the first focusing element. The maximum
dose rate that can be delivered is therefore limited by the space-charge effect at the very start
of the accelerator.

This limitation can be overcome by adopting a laser-driven ion source [121, 122]. Such a
source provides beams at much higher initial energies than a conventional source (E; > 10 MeV),
and with an initially co-moving electron population, which mitigates space-charge forces. Indeed,
the proton energy achieved by the source is already sufficient for some in wvitro applications,
without the need for any further acceleration. The initial bunch duration is short, on the same
order as the initial laser drive pulse, ~ 100fs. This ultrashort bunch duration is maintained
only very close to the source and increases with distance.

Ultrashort bunches open up the possibility of delivering ultra-high dose rates on the order of
10° Gy per second, a billion times higher than typically used in radiotherapy. Furthermore, the
source is fully triggerable, making it ‘on-demand’. The source has a low total power consumption,

< 100 kW. These properties make the laser-driven ion source an ideal technology for LhARA.

This chapter outlines the key system requirements for a laser-driven ion source, including
the specification of the laser needed to meet the LhARA requirements. The challenges that
remain to be addressed to realise a fully operational laser-driven ion source are discussed, along
with a proposed research and development programme by which to address these challenges.

3.1.2 Operation of laser-driven ion sources

The key components of a laser-driven ion source include:
e A high-power laser system and laser pulse characterisation system;
e A laser delivery vacuum chamber and associated laser beamline;
o A target replenishment system and interaction chamber; and
e A source and beam characterisation system.

A high-power laser meeting the LhARA requirements is available commercially. It will be
situated in a laser-safety-controlled clean room. The footprint of this room will be determined
by the laser specification. The high-power laser for LhARA will rely on the chirped pulse ampli-
fication scheme, where the pulse is stretched in time before being amplified and recompressed.
The recompression and all subsequent laser transport are done in vacuum to avoid nonlinear
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optical effects in air. Therefore, after the output of the final laser amplifier, the laser enters the
“compressor” vacuum chamber, which houses the large diffraction gratings used for pulse re-
compression. The compressed ultrashort laser pulse is transported into a conditioning chamber,
where the pulse undergoes adjustments such as wavefront optimisation using a deformable mir-
ror. Finally, the laser pulse is sent to the interaction chamber, which will be in a different room
from the high-power laser. Separating the laser and interaction area brings substantial benefits
in safety and the working environment. In the interaction chamber, the laser is reflectively
focused onto the target using an off-axis parabolic mirror. The focused laser pulse interacts
with the target, generating ions. For the case of relativistically-intense laser pulses, the ions are
emitted at high energy (> 1MeV), with a relatively high divergence (typically with cone angles
2 10°) and a quasi-thermal energy spectrum. The flux, along with the spatial, spectral and
dosimetric properties of the ions, will be measured to evaluate and optimise the performance of
the source.

The acceleration process most widely used for laser-driven ion production is Target Normal
Sheath Acceleration (TNSA) (figure 3.1). The intense fields of a focused high-power laser
overcome atomic potentials and ionise a thin, dense target. Target electrons are accelerated
to relativistic energies in micrometre distances [123] and rapidly leave the target at the rear
surface to form a strong electrostatic field of order TV/m which accelerates surface ions to
energies of tens of MeV or more. The effective accelerating gradients produced are far higher
than is possible in conventional accelerating cavities [124-126]. The energy and flux of the
accelerated ion beam depend on various laser parameters, such as the laser energy and focal
spot size (see section 3.4.3). For example, the ion energy typically increases with increased laser
energy and reduced spot size [127].

Development of this mechanism towards applications has made significant progress in re-
cent years [128, 129]. It is now known to be a robust and effective technique. Laser-driven
ion beams are fundamentally ultra-short (< 1ps) at the source, due to the pulse length of the
drive laser. The space-charge limitation of conventional sources is overcome due to the high
initial ion energies (> 1MeV/u) and inherent co-moving electron cloud created in the laser-
target interaction. This results in a flexible, on-demand high flux beam with a low transverse
normalised emittance [130]. Typically, accelerated ions originate from a thin (~ 1nm) layer of
hydrocarbon contaminants on the surface of the target, resulting, predominantly, in the accel-
eration of protons, carbon and oxygen. Applying established contaminant-removal techniques
enables acceleration of the ions in the target bulk material rather than the contaminant layer
[131, 132]. This provides a relatively simple way of generating high-energy ions of different

a) Target b)
. Laser electromagnetic fields

Energetic electrons

Sheath electrostatic fields
| High energy

: ions Accelerated surface ions
Plasma

Figure 3.1: a) 3D Particle-In-Cell simulation showing the Target Normal Sheath Acceleration
mechanism. A high-power laser is focused from the left onto a thin foil, forming a plasma and
heating electrons to relativistic energies. These electrons form a sheath on the surfaces of the
foil, rapidly accelerating surface ions. b) Flow diagram showing the transfer of energy from the
laser to the ions. Each stage of energy conversion results in energy loss, and maximising the
coupling into ions involves minimising this energy loss.
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species, increasing the flexibility of the source. It is only recently, however, that high-power
laser technology has developed to a stage where challenges related to continuous operation of
the source have been addressed [133].

3.1.3 UK expertise in laser-driven ion sources

The UK has an internationally recognised record of leadership in the development of laser-driven
ion sources, historically centred around the Central Laser Facility at the Rutherford Appleton
Laboratory. Currently, the UK is home to world-class research groups in laser-driven ion sources
at Strathclyde, Queen’s University Belfast, Imperial College London and the Central Laser
Facility. Each of these groups has a track record stretching back decades in performing seminal
experimental development in various aspects of the laser-driven ion source. To deliver the laser-
driven ion source for LhARA, all four groups are working together to perform critical research
and development to de-risk the source, building on a longstanding collaboration in this area.
They have previously spearheaded research into the underpinning physics of this technology
through research programmes including A-SAIL (EP/K022415/1) and LIBRA (EP/E035728/1),
establishing the UK as a world-leader in the field.

Much of this development work requires world-class laser systems for testing purposes. As
well as the facilities at the Central Laser Facility, including the Gemini laser and the upcom-
ing Extreme Photon Application Centre (EPAC), recent years have seen the development of
significant university-scale laser infrastructure. Strathclyde hosts the Scottish Centre for the
Application of Plasma-Based Accelerators (SCAPA) 350 TW laser system, which, in many ways,
is a prototype of the laser which will be implemented for LhARA. Smaller facilities at Impe-
rial (Zhi laser) and Queen’s (Taranis laser) have lower laser-pulse energy and repetition rate,
respectively, but are also able to support critical development work.

Beyond experiments, the ultra-small spatial and temporal scales of the laser-driven ion source
necessitate numerical modelling for the behaviour to be understood fully and for the source to
be optimised. These plasma simulations require sophisticated codes and large-scale computing
resources. The LhARA laser-driven source team has extensive experience in performing state-
of-the-art high-fidelity simulations of laser-driven ion sources. These simulations are run on
both university-scale high-performance computing clusters and the ARCHER2 UK National
Computing Service.

3.1.4 Specification of the laser-driven ion source

The baseline specifications of the laser-driven ion source for LhARA are:
e 10 Hz repetition rate;
« 10Y protons at 12-15MeV +2% at 15 msr divergence;
« 10® carbon ions at 4 MeV /u £2% at 15 msr divergence; and
e Production of other ion species, at energies and fluxes yet to be specified.

These parameters have been demonstrated at multiple laboratories on a single-shot basis and
at reduced energies and fluxes at repetition rates up to 1 kHz. The parameters that defined the
baseline specification of the LhARA source have never been delivered at 10 Hz. A key challenge
is the development of a solution for achieving the required beam parameters at 10 Hz with
a scheme compatible with long-term operation without significant downtime or maintenance.
There are a number of potential issues that must be addressed to de-risk the facility. These are
detailed in the next section.
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3.2 Design recommendations

The following section describes the conceptual design of the laser-driven ion source. Further
details of how these parameters were chosen are presented in sections 3.4.1 and 3.4.3.

3.2.1 High power laser and laser delivery specification

The high-power laser sets the limit of the ion beam parameters that can be generated. The
parameters that specify the laser system and the laser beam delivery are shown in table 3.1.
The parameter that has the greatest impact on proton and ion production is the laser energy on
target; the number of particles produced will scale linearly (or more quickly) with this parameter.

The conditioning of the laser pulse and the diagnostics required to monitor the beam pa-
rameters must also be specified. Firstly, a full-aperture deformable mirror system is required
to allow the wavefront to be flattened and to enable the focal spot to reach high Strehl ratios.
At the entrance of the interaction chamber, it will be necessary to “pick off” samples of the
laser beam. One pick-off will be used as an optical probe, measuring the front surface plasma
expansion from the target. A second will be focused down onto the front of the target, arriving
before the main pulse to control the plasma-density profile on the front surface. As shown in
the modelling presented in section 3.4.3, this scale length is key in extracting the most particles
from the source. The specification for this prepulser is still under investigation. The laser also
needs to be complemented by a full diagnostic suite, at multiple points in the system. This
suite will be used to maintain stable conditions over long time periods, facilitate rapid fault
detection and minimise downtime.

Table 3.1: Specifications of the laser system for LhARA.

Parameter Value | Unit
Laser Parameters:
Central wavelength 800 nm
Energy before compressor > 18 J
Energy stability (RMS) <2 %
Energy stability (RMS over 12 hours) | <5 %
Pulse length (FWHM) < 50 fs
Pulse length stability (RMS) <5 %
Rep. rate 10 Hz
Temporal contrast at 5 ps 1078
Temporal contrast at 10 ps 1079
Temporal contrast at 100 ps 10-10
Laser delivery parameters:
Energy on target > 10 J
Focal spot size (FWHM) <3 | pum
Strehl ratio (Measured) > 0.5
Angle of incidence 30 ©
Pointing stability <5 | prad
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3.2.2 Target system requirements

Resources have not yet allowed a full evaluation of all target options. However, a significant
period of testing a tape drive target has been possible. Development of other target technologies
is taking place at other laboratories. There are still significant unknowns regarding the target
selection. It is therefore important to maintain flexibility in both the target-chamber design and
the laboratory environment to allow the target system to be updated at a later stage. Moreover,
it is likely that a number of different target options will eventually be required depending on
the beam delivery requirements. Ideally, the various target options will be arranged on a linear
drive to allow switching between targets without the need to open up the interaction vacuum
chamber.

Tape targets

As shown in section 3.4.1, tapes are an effective target for proton generation, albeit with out-
standing issues in debris production that need to be addressed. Although it is yet to be demon-
strated, it is likely that tape-drive targets will be suitable for the generation of oxygen and
carbon ions. The production of other ions, for example, aluminium and iron, will require fur-
ther technical development.

The current specifications of the tape-drive target are shown in table 3.2. A variety of tape
materials will allow different ions to be accelerated. Generation of ions other than protons
will require an external heating system to remove water or hydrocarbon surface contamination.
This may be an external 1 W scale continuous wave laser, a pulsed laser, or some other active
heating element. Although these techniques have all been tested at low repetition rate, further
research needs to be performed to confirm the viability of these contaminant-removal techniques
at 10 Hz.

Liquid jet targets

Liquid jets are currently undergoing rapid development for deployment in laser-driven ion
sources. Liquid-jet targets offer numerous advantages over tape targets. These include:

e A thinner target, resulting in a higher flux of high-energy ions;
e The target material is easily replenished; and

e Reduced debris production.

Table 3.2: Envisioned specification for tape target.

Parameter Value Unit
Tape drive parameters:
Tape length 2 km
Shots per tape 200,000
Continuous operation 5 hours
Tape width >1 cm
Tape velocity 0.1 ms ™!
Tape stability at focus <5 pm
Tape material varied %
Tape thickness <5 pm
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Liquid jets are likely only to provide specific ion species. The generation of protons and
deuterium ions has already been demonstrated from water and heavy water jets [134, 135]. It
is likely that oxygen could also be accelerated from water targets. It is expected that other
organic liquids would result in carbon acceleration. Ion species with the highest charge-to-mass
ratio are preferentially accelerated, so to accelerate heavier ions, it is important to minimise
the percentage of hydrogen in the liquid. Quantitative predictions or measurements of the ion
yield are not yet available.

Other types of target

Other promising target types are being developed, such as:
e Cryogenic targets; and
o Gas targets.

Progress on the development of these techniques and their suitability for LhARA will continu-
ously be monitored.

Cryogenic targets have been shown to deliver performance comparable to that of solid targets
[136, 137]. Cryogenic hydrogen can be extruded through shaped apertures to create a flat ribbon
suitable for TNSA. The control of the ribbon as it is being extruded is technically challenging,
and the extrusion head has to be protected from the laser-plasma interaction. Cryogenic targets
would likely be suitable for proton acceleration. It should also be possible to freeze other gases
to generate different ion species, although this has not been demonstrated.

None of the targets outlined above can be used to generate helium ions, which are an
important ion species for radiobiology. It is possible to use a cryogenic jet to generate helium
droplets [138], but these have not yet been tested for use in a laser-driven ion source. It is
likely that the beam produced from droplets would be highly divergent and therefore have a
low acceptance into the beamline. Due to the difficulties of dealing with liquid helium, gas
jets have been considered as a candidate for helium acceleration [139-141]. However, it is hard
to generate the high gas densities required to form the critical-density surface that absorbs
the laser pulse, and that is needed for TNSA. Furthermore, it is challenging to make thin gas
targets. Various groups worldwide, including Imperial College, are investigating schemes to
compress gas plumes optically using secondary laser pulses to facilitate the acceleration of ions
by laser-plasma mechanisms other than TNSA. The discussion of such schemes, which currently
do not meet the LhARA requirements, is beyond the scope of this report.

3.2.3 Source characterisation and monitoring

The laser-driven ion source will require an extensive suite of diagnostics to be used for monitoring
and providing data to help stabilise the ion beam.

Laser diagnostics

There will be a suite of laser diagnostics placed just before the interaction chamber. The full
aperture laser leakage through a large aperture dielectric mirror will be transported out of the
vacuum chamber and onto a diagnostics bench, where the spectrum, energy, the unfocused laser
profile (the “near field”), and the focused laser profile (the “far field”) will be measured. A small
portion of the laser will also be sampled using a small “pick-off” mirror and sent through a thin
vacuum window to monitor the beam’s temporal characteristics (pulse length, spectral phase,
temporal-intensity contrast, etc.). It is essential that these diagnostics are used to provide
evaluation and feedback in real time.
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Target diagnostics

Variation in the laser focus on the target will cause a change in the generated ion beam properties.
Therefore, the position of the target with respect to the laser focus needs to be monitored
continuously to ensure there is no drift. This will be done by setting up a fixed imaging line
perpendicular to the laser axis and imaging the position of plasma emission. Alternatively,
monitoring could be performed using retro-reflection techniques.

Plasma diagnostics

Measuring the plasma parameters generated during the laser plasma interaction can give insight
into source performance and also help diagnose fault conditions. A laser optical probe will be
used to measure the plasma size and density profile just before the interaction point to ensure
the source is operating in an optimal regimen. We will also monitor the light emitted at the
rear of the target, which is generated by transition radiation from laser-accelerated electrons
passing through the rear target surface-vacuum interface. This process is a good proxy for laser
absorption.

Destructive ion diagnostics

When commissioning and testing the system, a suite of ion diagnostics will be implemented
to generate a spatio-spectral map of the generated ion emission. This will involve both ion-
beam profiler devices and high-resolution Thomson parabola energy spectrometers to monitor
the different ion species and their spectra. These diagnostics will be removed to enable the
injection of the ions into the downstream beamline.

Non destructive ion diagnostics

Due to the large divergence of the laser-generated ion beam, many ions will be emitted at angles
too large to be accepted by the Gabor lens. However, the properties of these ions are strongly
correlated to those that do go into the beamline. Therefore, measuring the ions on the periphery
of the nozzle connecting the source and the Gabor lens should give a strong predictor of the
useful source output. The design of this diagnostic will be revised as the source-lens interface
develops, but is likely to include measuring the light emission from scintillators placed around
the edge of the nozzle, which are differentially filtered.

These non-destructive diagnostics, together with the laser and plasma diagnostics, will be
used to provide synthetic profiles of the beam entering the beamline. This approach has already
been shown to be highly successful with laser-generated electron beams [142], and can combine
with other beam-line and end-station diagnostics to provide further confidence to the user in
the parameters of the ion beam.

3.3 Key challenges in source implementation

The main challenges that are still to be addressed to allow the extended operation at high
repetition rate of laser-driven ion sources are outlined below. The LhARA laser-driven source
R&D programme has been designed to investigate and identify solutions to these issues.

3.3.1 High power drive laser

A commercially developed high-power laser has been specified to drive the ion source. Over the
last decade, a number of industrial providers have started to offer lasers capable of driving ion
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production. Indeed, the SCAPA laser facility at Strathclyde, where much of the LhARA source
development has taken place, uses a commercial laser system. The key challenges affecting both
the specification of the laser system and its operation are discussed below.

There are numerous studies of the acceleration of protons from solid targets, which can
be used to predict the requirements of the laser system for LhARA. However, there are large
differences in performance even for apparently similar laser systems. The differences may have
a variety of causes, including diagnostic issues, hidden or undisclosed laser parameters, or lim-
itations in calibration. Furthermore, there are far fewer published studies available on the
production of ion species other than protons. Multi-species ion generation is a key requirement
for the LhARA source, and currently, there is insufficient data available to make quantitative
predictions of how the ion yield will be determined by the laser parameters.

Component failure is relatively common during the operation of high-power laser systems.
Failures typically involve damage to optical components or custom electrical devices, which then
require replacement. Such issues can prevent laser systems from running at full specification.
These risks can partially be mitigated by considering potential operational issues when specify-
ing the laser. For example, if the high-power laser system can provide more laser energy per shot
than required for the laser-driven ion source, then the system is robust to a single pump-laser
failure and can continue delivering the ion beam while the faulty pump laser is being repaired.

3.3.2 Targetry for ion source

The ion beam properties depend on the target size and density. Typically, sources driven by
TNSA have used thin (~ pm) solid foils. TNSA can only accelerate the ions on the surface of the
target, and therefore, without special treatment, the ions come from hydrocarbon contaminant
layers on the target surface. This results in protons dominating the emission, as their charge-to-
mass ratio is large compared to carbon and oxygen ions. Other ions from the bulk material of
the target can be generated instead by removing the contaminant prior to irradiation, typically
with a secondary laser or heating system [132, 143, 144].

LhARA will run for extended periods at 10 Hz. Although high repetition laser-driven ion
sources have been demonstrated at relatively low ~ 1MeV energies [134, 145], the 15MeV
required by LhARA has not been demonstrated in sustained operation. Previous work has
relied mainly on the use of individual targets. Tape drives are also being developed that are
capable of delivering targets at 10 Hz, to match the increasing repetition rate of high power
lasers [127, 146, 147]. However, they have a number of potential difficulties. Firstly, each laser
shot will create a damage spot > 1 mm in diameter, and therefore the tape needs to be moved
between shots. Assuming a 1 cm space between shots, the laser-driven ion source would use 6 m
of tape per minute, or ~ 1 km of tape in a 3-hour session of continuous ion generation. The reel
will therefore need to be regularly replaced, and material costs have to be considered. Secondly,
laser-driven ion sources typically work most effectively with target thicknesses of the same order
as the focal spot size, ~ 1 um. It is unclear whether it is possible to operate a tape drive with
such a thin foil that will tear easily when moved after being punctured by the laser interaction.
So far, tape drives have only been shown to be usable down to a thickness ~ 5 ym [127]. Finally,
debris production is a major unsolved problem. It is well known that debris is generated after
laser-solid interactions, and this debris coats and damages nearby equipment. Particularly
sensitive are the optical components, such as the off-axis parabolic mirror, which focuses the
laser. Debris will reduce the reflectivity and degrade the focal spot, resulting in continually
worsening performance. Replaceable debris shields can be used, but these have to be very thin
in order to minimise nonlinear effects, which would degrade the quality of the focal spot. This
means they are relatively fragile. Furthermore, to avoid laser energy loss, they should be treated
with an anti-reflection coating, increasing their cost. The optimal design of the debris shield
remains to be developed.
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There is considerable research effort worldwide on the development of different target-
delivery systems beyond foil targets. These include cryogenic ribbons, gas jets, and water-jet
sheets, which were discussed in more detail in section 3.2.2. It is hoped that these targets will
provide sustainable solutions to the issues with tape targets listed above. However, the target
systems are still relatively untested, and it is not yet clear whether they can be used to gener-
ate all the different ion species required by LhARA, or whether they are sufficiently stable for
routine operation.

3.3.3 lon beam delivery

LhARA requires high stability of the particle number in the selected energy band in order
to deliver a predictable dose to the radiobiological end stations. The stability of laser-driven
ion sources has not been greatly explored in the literature. However, long-term studies of
laser-driven electron accelerators [148] imply that laser stability is one of the key drivers of
instability in the source. Factors that affect stability include focal spot size, transverse jitter,
focal spot longitudinal jitter (i.e. defocus), and laser energy. In addition, laser-driven ion
sources are also likely to be sensitive to laser contrast and wavefront fluctuation, as well as
parameters such as target thickness and position. At the moment, it is challenging to predict
the sensitivity of ion source operation to fluctuations in these parameters. This adds uncertainty
to the component-stability specifications. As well as shot-to-shot instability, it is typical to
see long-term drift during extended operation, which could, for example, be due to long-term
alignment drift. Although sources can often be corrected manually, studies have not been carried
out on automated ion-source stabilisation to compensate for these effects.

Although the TNSA scheme is known to be a robust mechanism, it is possible there are
also inherent plasma or laser-plasma instabilities that may also contribute to output variation.
For example, if there is a significant low-density plasma plume on the front side of the target
generated by the prepulse, the likelihood of hosing instabilities or laser filamentation instabilities
will be increased. It is therefore possible that some working points for the source may have
different inherent stability due to plasma processes.

3.3.4 Beamline interface challenges

Laser-driven ion sources produce a variety of different unwanted radiation byproducts (partic-
ularly electrons and X-rays from keV up to tens of MeV) and copious electromagnetic noise
(i.e. EMP). These unwanted effects are sufficiently different to those that arise in the use of
conventional ion sources to cause concern about integration of the laser-driven ion source with
the subsequent beamline. The most affected components are likely to be those nearest the ion
source, particularly the first Gabor lens. For example, the lens uses electrodes to maintain
confinement; these could be affected by the secondary radiation or EMP. The confined single-
species electron plasma in the lens will be subject to large fluxes of charged particles, both
protons and electrons, that may cause plasma disruption. In recent years, there have been more
studies demonstrating laser-driven ion sources combined with various capturing and focusing
devices, including quadrupole magnets [149, 150] and pulsed solenoids [128], albeit generally at
relatively low repetition rate. Some risk nonetheless remains due to the novelty of the Gabor
lens system.

3.4 Current development activities

Work to date has focused on the:
e Demonstration of the LhARA test source at the SCAPA facility;
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e Development of source technology towards high repetition rate operation; and
e Prediction of source optimisation through numerical simulation.

These different activities present substantial cross-over and were made possible by a productive
collaboration between the University of Strathclyde, Queen’s University Belfast, Imperial Col-
lege London and Lancaster University. Some highlights of the activity are summarised here,
and are also covered in greater depth in two detailed milestone reports [151] and [152].

3.41 Demonstration of test source at the SCAPA facility

A series of experiments were performed on the SCAPA laser over the period July 2023 to July
2024 to optimise the laser-driven proton source and to develop the methodologies required to
characterise the proton source at repetition rates of up to 1Hz. SCAPA is a 350 TW laser
system capable of achieving a maximum of 6.5J on target in a 25fs pulse. The beamline
serving Bunker B is designed for dense plasma and ion acceleration experiments. The final
focus is performed using a short focal length off-axis parabola that enables peak intensities on
the order of 5x10%' W/cm? to be reached, and is thus ideal to investigate the requirements
of the LhARA source. The SCAPA 350 TW laser also has the potential to operate at up to
5 Hz repetition rate. In this section, the performance achieved on the SCAPA system to date
is reviewed.

The optimal source performance was found for the highest laser energy (F = 6.5 J), shortest
pulse (7 = 27fs) and best focus (¢ = 1.5pum). Variation in the target material between
Kapton and steel also proved to be an important factor. Despite similar target thicknesses
(Lsteel = 10 pm and Lgapton = 13 pum) there is a = 20% increase in the maximum proton energy
for the steel relative to the Kapton. A change in target thickness between Kapton of 25 ym and
13 pm did not produce a similar effect, and therefore the performance improvement is unlikely
to be due to the difference in target thickness alone. It is likely that the different densities of
target material result in a different degree of expansion of the front surface. Hydrodynamic
modelling, not shown here, supports this conclusion, indicating that the steel target expands
more than the Kapton. This larger expansion can lead to improved coupling of laser energy into
fast electrons, which then drives the acceleration of the protons and also indicates the utility of
using the preheater beam with the Kapton tape in future experiments.

After these initial data scans to optimise the proton source, a 50 x 50 mm? radiochromic
film (RCF) dosimetry stack was placed at a distance d = 45mm from the rear surface of a
L = 10 um steel tape target. From this measurement, it is possible to produce a calibrated,
spatially and spectrally resolved measurement of the proton beam. An example of the proton
beam profile measured with this detector is shown in figure 3.2. Here, the proton beam profile
for the layer measuring protons with energies of 1.2MeV and above is shown, as well as the
layer measuring protons with energies > 12.6 MeV. These beam profiles are notably different,
with the lower energy portion of the beam having a radial, ring-like profile and the higher
energy beam having a smooth, flat-top profile. The ring-like structure at low energies has been
observed many times in laser-driven proton acceleration and is indicative of electron transport
effects within the target, strong magnetic field formation at the rear surface or deformation of
the rear surface [153, 154].

For radiobiology experiments relevant for LhARA, protons with energies £, > 10MeV
will be selected; therefore, this low-energy structure will not affect the dose deposition profile.
Figure 3.2(c) shows a “lineout” through the middle of the beam shown in 3.2(b). The beam
profile is close to parabolic with relative symmetry in the z and y dimensions. The extent of the
beam as a function of depth within the RCF dosimetry stack is also shown in figure 3.2, allowing
the beam divergence to be determined as a function of proton energy. This measurement shows
that the divergence decreases monotonically with increasing energy. In the relevant band around
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10+ 1MeV, a divergence half-angle of ~ 11° is obtained. This relatively low angle of divergence
will allow a relatively high capture efficiency in the experiments at SCAPA and at LhARA.

Alongside the beam spatial profile measurement, the proton energy spectrum was also deter-
mined using the RCF dosimetry stack. Fig. 3.3 (a) shows the calibrated spectrum and indicates
the region of the spectrum to be used in the PoPLaR experiments for radiobiology tests. The
measured cutoff for the spectrum on this shot is F, = 14 & 1 MeV. This measurement comes
from a single laser shot and the spectrum, especially around the cutoff, is subject to shot-to-shot
variation. The integrated band around E, = 10 &1 MeV contains 7 x 10° protons.

Given the single-use, film-based nature of the RCF dosimetry stack, it is not possible to
build up detailed data scans or a statistical understanding of the performance of the proton
source using this approach. Figure 3.3 shows measurements made of the proton beam with a
Thomson parabola (TP) spectrometer [155]. The scaling of the proton spectrum accelerated
from a steel tape (L = 10 um) over a series of shots (N = 27) in which the laser energy was varied
between 0.72J and 5.75 J is shown in figure 3.3. A maximum proton energy of £, = 15.6 MeV is
observed at the highest laser energy on target. Shots where the laser energy measurement was
not available are shown as grey lines. The TP spectrometer data is not yet calibrated to yield
the number of protons striking the device. The signal is reported instead as counts measured
on the CCD camera. The measured maximum proton energy is higher than seen on the RCF
dosimetry stack, despite the TP spectrometer being further away from the target (=~ 1 m) than
the RCF dosimetry stack and samples a considerably smaller solid angle (0.8 usr compared to
4sr). The amplification provided by the micro-channel plate (MCP) detector used gives good
sensitivity at the proton cutoff energy, and given the capability to make repeated measurements,
a greater chance to observe the highest cutoff energies as the laser energy fluctuates slightly.
Figure 3.3 shows a series of direct repeat shots on a Kapton tape (N=23) taken during a scan to
measure the stability of the proton spectrum measured with the TP spectrometer. Kapton was
used during a series of stability scans since it produced significantly lower EMP, which made it
easier to operate at a higher repetition rate. The average maximum proton energy and standard
deviation over these repeat shots is found to be maxz(E,) = 12.9+£0.5 MeV. The average flux in
the £}, = 101 MeV band is found to have a coefficient of variation (CV) of %i = 8.4%. This

value is expressed here as the CV in percentage rather than the standard deviation in absolute

terms, given that the TP does not have a proton number calibration at present. The CV of

the laser energy during the same data scan was only % = 0.9% and thus does not explain the
L

variability seen in the integrated proton signal on its own (given our previously observed linear
scaling).

In addition to measuring the change in the proton spectrum as the laser energy is varied
(and its stability in direct repeat shots) it is important to consider the scaling of the flux within
the E, = 10 £ 1 MeV band as a function of laser energy. Figure 3.3(d) shows the scaling of
the number of protons measured on the TP as a function of laser energy. This data indicates
that, in order to reach the highest dose possible in this configuration, energy on target is the
key parameter. Optimisation of the laser during operation must consider both the laser energy
output, the throughput of the compressor, the transmission of the pellicle, and the encircled
energy in the focal spot. The results indicate that more than 4 J on target is required to produce
protons with energies around 10 MeV. Above this threshold, the flux in the £, = 10 £ 1 MeV
band scales linearly with energy. This insight provides a clear motivation to optimise the energy
on target in SCAPA for radiobiology experiments and in the design of the LhARA facility, and
the consideration the provision of a significant pulse-energy margin in the laser.
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Figure 3.2: Example images of proton beam profile measured using RCF dosimetry stack. (a)
Beam profile for 1.2 MeV protons measured on the first layer of RCF dosimetry stack. (b) Beam
profile for 12.6 MeV protons measured on the 7" layer of RCF dosimetry stack, also showing
the region of the line out in X- and Y- (c) X- and Y- lineouts of the proton profile measured at
12.6 MeV. (d) Beam divergence as a function of proton energy.

3.4.2 Development of source technology towards high repetition rate
operation

The development of instrumentation and diagnostics that are compatible with 10 Hz operation
is a key requirement for LhARA. Laser-driven ion sources delivering > 1 MeV /u ions have, up
until the last few years, typically been run in a low repetition rate, single-shot mode (typically
< 0.01 Hz). Over the past two years, significant progress has been made in the move towards
high repetition rate, through the experiments at SCAPA and elsewhere. Here, two examples
representative of the breadth of work being undertaken are described.

One challenge in developing the source technology is a lack of available beamtime at facilities
capable of delivering high-repetition laser-driven ion sources. For example, the SCAPA laser
facility is in high demand, and the beamtime available to LhARA is not sufficient for all com-
ponents to be tested. Therefore, the LhARA collaboration has been developing a new platform
for a > 10 Hz laser-driven ion source based at Imperial College London, using the Zhi laser. Zhi
is a Ti:Sapphire chirped pulse amplification system capable of delivering 100 mJ pulses with a
pulse length of 45fs at up to 100 Hz. Through the Preliminary Activity, a full laser diagnostic
suite has been implemented and tested at 100 Hz. Ion diagnostics include a Thomson parabola,
a scintillator-based beam profiler, and a time-of-flight ion spectrometer. The laser reflection
is monitored, as well as plasma emission, which is used to study the front surface interaction
conditions. The system has been used to irradiate a home-built tape target [147] at a low
energy level (3mJ), and experiments at the full 100mJ will start within the next few years.
Proton energies are expected to be accelerated up to 1 MeV, and the experiment will be used as
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Figure 3.3: (a) Example proton spectrum measured on RCF dosimetry stack with grey box
indicating 10 + 1 MeV region relevant for use in radiobiology experiments. This data was taken
with L = 10 um steel tape and laser energy E=6.5J. (b) Proton spectra measured for N=27
shots over an energy range of Fr, = 0.72 — 5.75J on Thomson parabola spectrometer. Energy
range is indicated by colour shade from purple to magenta (according to the scale bar), and grey
lines represent shots where no laser energy had been recorded. (c) Proton spectra measured
over N=23 repeat shots at maximum laser energy. (d) Scaling of the number of protons in an
E, =10+ 1 MeV band as a function of laser energy.

a test-bed for targetry, debris mitigation, diagnostics, real-time data analysis and automated
beam stabilisation.

In addition to the testing of high repetition-rate lasers, the development of a suite of detectors
capable of operating at high repetition rates is essential. Ionising radiation is typically measured
at high repetition rate using scintillators. The broadband source energy spectrum and the
fluctuating particle flux make it hard to characterise the source. Moreover, at large flux, the
effect of quenching of the scintillator response must be taken into account. Measurements
must be made in the presence of a large background from electrons and X-rays generated at
the target and the surrounding vacuum chamber. A series of studies have been performed at
the MC40 cyclotron at the University of Birmingham to inform the scintillator selection for
the LhARA diagnostic suite. A variety of different scintillators commonly used in the laser-
plasma community were irradiated and their response measured. Example results are shown in
figure 3.4. The response of the scintillators to different proton energies was studied, and the
high LET quenching was quantified by fitting a standard Birks response curve [156] to the data.
Fitting the Birks response facilitates the adaptation of the calibration to the different detector
and beam configurations that will be used at LhARA.
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Figure 3.4: (a) Photon emission as a function of energy for a variety of scintillator materials.
The photon number is normalised at 15 MeV for ease of comparison. (b) An example extraction
of the relationship between light emission and stopping power for one of the scintillators, EJ-440
(Eljen Technology). A Birks relationship is fitted to the curve, with a linear curve also shown as
an example of the importance of characterising the nonlinearity properly. Inset is an example
of the proton beam profile imaged from the scintillator.

3.4.3 Source optimisation through numerical simulation

To predict a set of optimised proton source parameters for a > 300 TW laser system, a com-
prehensive series of high-fidelity hydrodynamic and kinetic (particle-in-cell) simulations were
carried out. The impact of several laser and target parameters on the acceleration of protons
via TNSA from a solid target was investigated. The results predict lower or upper thresholds
for the source parameters that will ensure the acceleration of protons with the energy and flux
required for LhARA. As in experimental studies, the “cutoff energy” serves as a critical param-
eter to characterise the effectiveness of ion acceleration using the TNSA mechanism; it is also
used here as a principal figure of merit. The cutoff energy refers to the energy at which the
broad ion spectrum typical of TNSA begins to exhibit a precipitous decrease in particle number
or falls below a certain threshold.

Rationale

The parameters of interest were chosen from those that are known to play a role in the accelera-
tion of protons and ions via TNSA. These are: laser energy [157, 158], focal spot size [157-159],
angle of incidence [160], target thickness [161, 162], and pre-expansion of the target before the
arrival of the main laser pulse [163-167]. A well-known feature of laser-driven ion sources is
the sensitivity to the laser prepulse, which here refers to any laser energy arriving at the target
before the high-energy, high-intensity main pulse. Although modern laser systems use numer-
ous techniques to optimise the contrast [168], the wavelength-scale focal spot typically results
in significant target ionisation and heating picoseconds to nanoseconds before the main pulse.
The pre-pulse results in ablation of the front surface, causing a shock wave to be driven into
the target and a plasma plume to be ejected away from the target. When the high-intensity
main pulse arrives, it has to travel through the plasma plume up to the dense part of the target.
Therefore, the properties of the plasma plume, or “preplasma”, can often dominate the laser
absorption properties and so determine the characteristics of the ensuing laser-driven ions.
The interaction between the main laser pulse and a plasma is intrinsically non-linear, multi-
dimensional, and can be properly simulated only through the kinetic approach. Among the
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different possibilities, particle-in-cell (PIC) codes [169] represent the most suitable tool due to
the reduced number of physical approximations and the ability to take full advantage of high-
performance computing (HPC) resources. The PIC simulations presented here were carried out
using the OSIRIS code (version 4.4) [170] on two HPC systems: ARCHER2 (EPCC, UK) [171]
and SuperMUC-NG (LRZ, Germany) [172], with most of the simulations using up to 12,288
cores in parallel.

Main predictions

The key results of the campaign of simulations carried out to identify the optimal parameters
for the LhARA source are reported in figure 3.5. In summary, in the presence of optimal
laser contrast and sharp plasma-to-vacuum transition, very thin targets (< 2um) and laser
intensities > 10%! Wem™2 are required to extend the proton spectrum beyond 20 MeV and
accelerate sufficient protons to energies within the range of interest of (15 £ 0.5) MeV.

General trends and specific conditions which result in optimal acceleration of protons have
also been identified. Firstly, while the laser intensity can be increased by varying both the
laser energy on target and the focal spot size, the proton energy is observed to scale more
rapidly with the laser energy on target (see figure 3.5). Secondly, for fixed laser parameters,
a thinner target accompanied by a longer scale-length preplasma on the front surface favours
the acceleration of protons to higher energies. The proton cutoff energy is observed to increase
approximately linearly with larger preplasma scale length within the range that was tested.
Lastly, an incidence angle close to 30° is predicted to enhance the proton cutoff energy by
approximately 20% compared to that obtained in the case of normal incidence.

Impact of preplasma

Under all conditions investigated numerically, the presence of a preplasma was observed to yield
a harder proton spectrum. The possibility that a pre-pulse would generate the preplasma in
front of the target in a more controlled way was also investigated. Simulations of an idealised
preplasma (density profile modelled as a hyperbolic tangent function) in front of the target
indicate that proton spectra extending beyond 20 MeV can be achieved with targets > 2 um
thick and laser intensities < 1 x 102! Wem™2. In addition to pushing the energy spectrum to
higher values, a long-scale-length preplasma was found to be beneficial to achieve proton beams
with a smaller opening angle at the target.

Throughout the campaign of simulations for the LhARA source, the proper modelling of
the laser contrast and density profile of the target emerged as important factors which play
a significant role in obtaining realistic TNSA proton-energy spectra. Multi-scale simulations
which combine outputs from both hydrodynamic and particle-in-cell codes have been developed.
This multi-scale approach enables the modelling of the front-surface plasma expansion induced
by the laser temporal intensity contrast. Figure 3.5 shows the proton energy spectrum predicted
by such a multi-scale simulation, which used a measurement of the laser contrast at SCAPA as
an input to the model. These cutoff energies should be regarded as upper bounds, as the 2D
geometry used to simulate these results tends to overestimate the cutoff energies.

Given the potential enhancement of the proton energy predicted in the presence of a pre-
plasma, a study using 2-D PIC simulations and a differential evolution algorithm was performed
to find a preplasma density profile that maximises the proton cutoff energy for a fixed set of
laser and target parameters. The results of the study suggest that a foam-like preplasma with a
scale-length several micrometres long and with near-critical density can strongly enhance proton
acceleration even with the use of not-so-thin tape targets [151]. The formation of a preplasma
with an optimal density profile using a laser prepulse represents an alternative to using a laser
pulse of higher intensity or a thinner target to extend the proton cutoff energy and particle flux
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Figure 3.5: Cutoff proton energy, E,, predicted by particle-in-cell (PIC) simulations modelling
a 25 fs laser pulse incident on a tape-like aluminium target when varying: (a) the laser energy
on target, (b) the laser spot-size (laser waist, wg, in the focal plane), (c) the target thickness,
(d) the angle of incidence of the laser onto the target, (e) the scale length of the preplasma
present in front of the bulk of the target. (f) depicts the proton energy spectra predicted
by PIC simulations in the case of using a more realistic preplasma density profile modelled
with a separate hydrodynamic simulation versus using a preplasma profile that resulted in an
optimisation study aiming to maximise the cutoff proton energy achievable with fixed laser
and target parameters. Although Kapton and stainless-steel foils are often used experimentally,
aluminium was chosen here as a representative solid-density target with similar interaction
characteristics modelled in PIC simulations.
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beyond those required for LhARA. Even though a foam-like preplasma is difficult to achieve
on a solid target built for high repetition rate, future work will investigate whether similar den-
sity profiles can be produced by shaping the laser-contrast curve through the use of controlled
pre-pulses or separate laser pulses.

A more elaborate picture of the effect that the preplasma scale length has on the propagation
of the laser before it reaches the target is shown in figure 3.6. The two cases highlighted in
figure 3.6 correspond to the case of an optimal preplasma density profile and a more realistic
one. In each case, the laser-plasma interactions were simulated in three dimensions. The laser
considered here has an intensity of 1 x 102! Wem™2, a pulse duration of 25fs and a 1.5 um focal
spot size. The laser propagation through the preplasma in combination with the kinetic energy
density of the electrons originating in the preplasma region indicate part of the mechanism
that leads to higher proton cutoff energy in the case of longer scale-length preplasmas (see
figure 3.5). When a near-critical low-gradient long plasma is present in front of the target,
the laser penetrates through the under-dense plasma, where it undergoes self-focusing and
steepening (figure 3.6). When the laser reaches the region where the plasma density is close to
the critical density, it expels electrons forming semi-circular cavities (figure 3.6) [123, 164, 173].
The cavities are observed to be less well resolved in the case of the more realistic preplasma with
a shorter scale length. In the presence of an extended preplasma, a larger number of electrons
reach higher energies (figure 3.6).

Overall, these results indicate that the enhancement of the proton cutoff energy is due
to the interplay between the laser pulse self-focusing, pulse steepening, the stochastic heat-
ing of fast electrons, and the potential laser filamentation starting at longer preplasma scale
lengths [174]. However, further investigations are needed to understand the role of each pro-
cess in the overall laser-target interaction. Nonetheless, reliable experimental techniques that
modify the vacuum-target interface could offer control of these mechanisms and have a strong
impact on the effectiveness of accelerating proton beams via TNSA. Thus, one conclusion from
the simulations is that it will be important to control and measure the preplasma density profile
to create optimal conditions for proton and ion acceleration from solid targets via TNSA. In a
scenario in which the highest available laser intensity is used in combination with the thinnest
target, controlling the preplasma represents one of the few approaches to increase the maximum
achievable proton energy and to increase the accelerated proton flux.

Acceleration of carbon ions

An initial set of high-fidelity 3-D PIC simulations were performed to investigate the acceleration
of C%F jons from the back of a tape-like aluminium target. Aluminium is used, comparable to
commonly used Kapton or steel foils in PIC simulations. The results show that carbon ions can
be accelerated to a maximum energy of approximately half of the maximum energy obtained for
protons in units of MeV /u for identical laser and target conditions. This is consistent with the
assumption that identical laser and target parameters lead to acceleration fields with equivalent
strength, irrespective of the contaminant ion species present on the back surface of the target.

The PIC simulations also indicate that the presence of hydrogen ions in addition to carbon
ions on the back surface of the target leads to a lower cutoff energy for the heavier ion species
due to screening of the accelerating field. For example, an equal number density of hydrogen
and carbon ions on the back of the target was found to lead to a carbon cutoff energy three
times lower than that obtained in the case where no other species is present. Thus, a lack of
control of the composition of the contaminant layer on a tape target may prove to be a limiting
factor in achieving high carbon-ion energies.
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Figure 3.6: 3-D PIC simulations comparing the use of an aluminium target characterised by
two distinct preplasma density profiles: a realistic one obtained from a separate hydrodynamic
simulation (left column) and an ‘optimal’ one found as a result of a 2-D scan using a differential
evolution scheme (right column)—(a)-(b) electron density at the start of the simulation, (c¢)-(d)
electron density a short time before the laser reaches the bulk of the target, (e)-(f) longitudinal
electric field, (g)-(h) transverse electric field, and (i)-(j) electron kinetic energy density. The
laser pulse propagates from left to right and hits the bulk of the target at approximately 0.1 ps.
The black and red dashed lines in (a),(b) denote the position of the critical density and the
relativistic critical density, respectively. The orange lines in (a), (b) show the density lineout
along the propagation axis of the laser. The black solid lines in (e)-(h) represent the electric
field lineout in the middle of the simulation box.
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3.4.4 Near-term plan for laser-driven ion source development

As the previous sections have shown, significant progress has been made towards developing
and de-risking the laser-driven ion source for LhARA. The near-term development plan is to
continue to address these challenges and to begin to test the source that has been developed at
SCAPA to drive scaled-down radiobiology experiments. These are summarised in the following
planned milestones.

Demonstration of beam delivery to end station

A series of permanent quadrupole magnets have been installed in the existing target chamber
at the SCAPA laser facility downstream of the laser-driven proton source. This setup will be
used to demonstrate the transport of the proton beam and to allow measurements of the beam
properties at the end station to be performed. These measurements will be interpreted using
numerical simulations.

Assessment of beam performance during PoPLaR experiment on SCAPA

The performance of the laser-driven ion source will be diagnosed and monitored while providing
the beam for the PoPLaR experiment, and beam stability and integrated system operation will
be investigated. These measurements will inform the further development of facility specifica-
tions and operational procedures.

Investigation and demonstration of 10 Hz debris and damage challenges at Imperial

The Zhi laser at Imperial College London will be used to demonstrate a laser-driven ion source
running at a repetition rate of 10 Hz, matched to the baseline repetition rate of LhARA. Al-
though the source will be generating proton beams with a lower maximum energy than required
by LhARA, it will be possible to use the setup to perform studies of debris generation and to
evaluate damage to laser-beamline optics and other sensitive components critical to the laser
source.

3.5 Recommended future development programme

Section 3.3 summarises the key risks to the successful delivery of the proton and ion source
for LhARA. There are further technical challenges which must be addressed when the initial
risk-management programme is complete. These have been identified and a programme to solve
these challenges has been developed and costed.

3.5.1 Outstanding development requirements

Diagnostic and hardware development

A programme is required to develop instrumentation for the laser-driven ion source. Existing
laser, plasma and beam diagnostic techniques will need to be scaled to 10 Hz. This requires
implementation of high-throughput data transfer and real-time analysis, which will need to
be integrated into an appropriate control system and database. The control system must be
able to use the data in an automated feedback system to stabilise the laser-driven ion source.
The development of the diagnostic and feedback system for LhARA would be prototyped on
the SCAPA laser facility, which can provide laser pulses at 5 Hz, and the Zhi laser, which can
operate at 10 Hz.
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Novel targetry development

A dedicated target testing platform is required to investigate the stability and long-term oper-
ation of novel target types, such as liquid jets. This platform will be developed and operated
in collaboration with the Target Fabrication group at the STFC Central Laser Facility who
have decades of expertise in targetry for plasma accelerators. The programme will include a
test chamber and target diagnostic suite, as well as the construction of the liquid jet target
itself. Different designs will be evaluated to determine the best performance and longevity. A
portable version of the target will be developed to enable testing at the Zhi and SCAPA laser
facilities. The target development will also be supported by state-of-the-art hydrodynamic and
kinetic modelling of the target.

Heavy ion source development

A route to generating heavier ions (atomic number Z > 2) will be developed and tested. This
will include a test of contaminant removal from tape drives at high repetition rate to establish
whether bulk ion species or oxide layers can efficiently be accelerated at 10 Hz. This will be
supported by the development of heavy ion diagnostics, including calibration and construction of
a 2D scintillator-based beam profiler. The potential to use liquid or cryogenic targets for heavy
ion generation will be evaluated. This will be supported by kinetic particle-in-cell simulations.

High repetition rate operations at full specification

A demonstration experiment at the full LhARA laser will be performed at 5 Hz using the SCAPA
facility. This will include initial demonstration of a burst mode operation for up to 1hour of
continuous operation. Feedback from diagnostics will be used to stabilise the source.

Dedicated development beamline at SCAPA

To facilitate this proposed research and development programme, the construction of a new
dedicated LhARA ion source development beamline within the Bunker B area of SCAPA is
proposed. As shown in figure 3.7, a separate vacuum chamber, diagnostic system and radiobi-
ology end station could be constructed in the existing space. This new beamline would make
use of the same laser and many of the same subsystems as the current beamline. The laser
beam path can easily be switched between the two beamlines by the introduction of a movable
mirror, which would direct the laser in the direction of the new beamline. This new beamline
would act as a long-term and modular platform for the development of new targetry, beam
capture, ongoing radiobiology work and detector development. In the coming years, there will
be increasing pressure on the existing SCAPA beamline for research programmes with different
experimental setups. These pressures will make the kind of programmatic access required for
LhARA more challenging to sustain. Therefore, a dedicated beamline, enabling integration
tests for many of the key components of the LhARA Stage 1 beamline, at relatively low overall
cost to the project, would be of significant benefit in demonstrating the feasibility of Stage 1
and would be a substantial aid in addressing the research programme outlined above, which is
needed to help de-risk the overall project.

3.5.2 Alternative options

The recommendation for the laser-driven ion source above is configured to meet the baseline
demands in terms of particle number and energy. However, one benefit of the laser-driven ion
source is its scalability. The source could be reconfigured to provide different beam parameters
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Figure 3.7: Schematic of one possible configuration for a dedicated beamline for ITRF in
SCAPA. Shown here is an experimental arrangement in the Bunker B area of SCAPA where
the laser is directed to an available space on the other side of the laboratory from the exist-
ing beamline. The space enables a modular design which allows independent and long-term
development of the laser-driven ion source, capture beamline and the radiobiology end station.

depending on how the beamline demands develop during the project. Here, we give some
examples of potential development paths to provide boosted beam parameters from the source.

Higher single-shot yields by increasing laser energy

The baseline energy at which protons are to be captured at LhARA is 15 MeV. This is a useful
energy for in vitro studies as it is sufficient to allow the protons to penetrate a standard cell
dish. Therefore, it could be considered as a minimum value for LhARA Stage 1. The baseline
laser-driven ion source for LhARA described above will generate a proton spectrum with a
maximum energy significantly larger than 15 MeV, likely to be > 20 MeV. Capturing the beam
at an energy higher than 15MeV would give further flexibility for radiobiology studies. This
would include the possibility of controllably varying LET in cell irradiations with protons, or the
irradiation of more complex 3D models. The argument against increasing the capture energy is
that laser-driven ion sources exhibit a quasi-thermal energy spectrum such that there are fewer
particles at higher energy. This then reduces the delivered dose per shot, which both slows data
taking and could result in irradiation times exceeding the requirement for a time-averaged dose.

The proton yield of a laser-driven ion source could be increased by using a higher laser
energy. The maximum proton energy scales approximately as emq: o EY?, where Ey, is the
laser energy [146, 159]. At the same time, the particle flux also increases, typically near-linearly
with the laser energy. Therefore, changing the laser specification (table3.1) to use a higher laser
energy could enable a higher energy Stage 1 design. As an example, the DRACO laser at the
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Helmholtz Zentrum Dresden-Rossendorf can reliably generate protons with a maximum energy
in excess of 50 MeV using a laser energy of 18 J on target [175]. Fluxes of approximately 10°
protons have been delivered into a solid angle of 15 msr at 25 MeV with a bandwidth of +5 %.
The high energy of the DRACO laser allows therapeutic doses (= 10 Gy) to be delivered in a
single shot [176, 177], widening the options for investigating high dose rate and fractionation.

Potential downsides would be a modest increase in the cost of the laser, which would require
more amplification, and the laser optical beamline, which would use a larger beam diameter
and therefore require larger optics. For a significant increase in laser energy, there may also be
issues in designing a laser which can maintain a repetition rate of 10 Hz as thermal management
of laser components, such as amplifier crystals and diffraction gratings, becomes increasingly
difficult.

Using advanced acceleration mechanisms to boost beam parameters

Although the LhARA baseline design uses the Target Normal Sheath Acceleration method to
generate ions, there have been significant advances in recent years in developing new acceleration
strategies to improve the performance of the laser-driven ion source. In particular, there is
significant interest in targets with a sub-um thickness, lower than that optimal for TNSA.
Instead of accelerating only the surface ions, it has been found that the whole target bulk
can be accelerated to higher energies and with higher coupling efficiencies than TNSA. Record
maximum proton energies have been measured, first up to around =~ 100 MeV using a relatively
low repetition rate, high energy laser [178], and then up to ~ 150 MeV using higher repetition
rate, medium energy laser systems [179]. Also notable is the significant boost in carbon energies
observed in this regimen, up to 30 MeV /nucleon without any special target preparation [180],
which is indicative of bulk acceleration.

Challenges remain in harnessing these advanced acceleration mechanisms. Rapid replace-
ment of targets could be an issue, as it is not possible to use tapes with sub-pum thickness.
However, this acceleration method is likely to be amenable to liquid jet targets, which can be
generated naturally with sub-pum thicknesses. This could be used to generate protons, oxygen,
and/or carbon ions, depending on the choice of liquid. Of particular concern is shot-to-shot
stability [179], which can cause strong variations in the ion energy and flux. The source of the
poor stability is still under investigation, and it is not yet clear whether the interaction can be
controlled sufficiently to be usable for flux-sensitive applications, such as LhARA. Although the
development of these advanced regimens is beyond the scope of the activities associated with
the ITRF, progress in the field should be monitored to see if they should be adopted for LhLARA
in the future.



CHAPTER 4
Proton and ion capture

4.1 Introduction

The laser-driven proton and ion source produces a flux of particles with a broad energy spectrum
and a large angular divergence. Therefore, a large acceptance strong, cylindrically symmetric
focusing element is required to capture the beam efficiently. The use of an electron cloud
as a focusing element for charged particle beams was first proposed by Gabor in 1947 [79].
Gabor noted that a cloud of electrons uniformly distributed about the axis of a cylindrical
vessel would produce an ideal focusing force on a beam of positively charged particles. In the
original proposal, an axial magnetic field, produced using a solenoid, was proposed to provide
radial confinement while an axial electrostatic field was employed to confine the cloud in the
longitudinal direction. The solenoid field causes electrons to spiral around the central axis and
confines them in the radial direction. A potential well (trap) was created using a cylindrical
anode and grounded electrodes at the ends of the cylindrical volume to confine the electron
cloud in the longitudinal direction.

If the motion of electrons captured in the lens under the combined electric and magnetic
fields is considered using appropriate boundary conditions, the confinement conditions can be
determined [181]. In the radial direction, where there is magnetic confinement and Brillouin
flow, the number density of electrons, n., is given by:

2
ne = 605}?:* =5x 10" Bép;
where Bgpr, is the magnetic field, e the magnitude of the charge on the electron, m. the mass
of the electron, and ¢y the permittivity of free space. In the longitudinal direction, where there
is electrostatic confinement, n,. is given by:

_ 4deVa
Ne = eRZ
where R is the radius of the cylindrical anode, which is held at the positive potential V4. The
longitudinal confinement condition imposes a strict limitation on the electron density relative
to the anode voltage. In theory, the number density varies with the origin of the electrons;
those generated within the trap are better confined than those generated in regions outside
the magnetic field. In practice, the number density never reaches the theoretical limit, and an
‘efficiency factor’ is required to obtain agreement between theory and measurement. Eliminating
ne between the two expressions allows a relationship between the magnetic and electric field
strengths to be derived. The theoretical number density of confined electrons in the cloud is
then defined by the dimensions of the apparatus and the magnitude of the fields. In the thin lens
approximation, the focal length, f, of a Gabor lens can be expressed in terms of the magnetic
field and the particle velocity, vy:

26

where Z is the charge state of the ion and Ey and Py are the energy and momentum of the
reference particle. The focal length of the Gabor lens is therefore proportional to the kinetic

1 e [ZE,
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energy or, equivalently, the square of the momentum, of the incoming beam. By comparison,
the focal length for a solenoid is proportional to the square of the momentum, and that of
a quadrupole is proportional to the momentum. For a given focal length, the magnetic field
required in the Gabor lens is reduced compared to that of a solenoid that would give equivalent

focusing;:
m
Beapr = Bsoz\/ZEfe ; (4.2)
0

where Bapr, and By, are the magnetic fields in the Gabor lens and the equivalent solenoid,
respectively. In the case of a proton beam, the reduction factor is 43. So, for example, where
a 2T superconducting solenoid would be required, the magnetic field required for a Gabor lens
would only be 47mT. This means the cost of a Gabor lens can be significantly lower than
the cost of a solenoid of equivalent focusing strength. In addition, the electrostatic focusing
provided by the Gabor lens, combined with magnetic deflection in the arc, or the FFA injection
line, allows particle mass to be selected and makes it possible to deliver a beam containing a
single ion species.

The plasma-confinement system described above is commonly known as a ‘Penning trap’
and has found wide application in many fields [182]. Variations on the Penning trap where
axial apertures in the cathodes are introduced, such as the Penning-Malmberg trap [183, 184]
are attractive for beam-based applications due to the excellent access provided to the plasma
column; see figure 4.1. The properties of these particle traps are well described in the literature,
and a wealth of papers are available [185-187]. One feature of these types of Penning trap
is the simple harmonic motion of the trapped particles in the combined electric and magnetic
fields. This allows detailed investigation of the properties of the trapped particles through
their oscillation frequencies. In a lens application, oscillation of the trapped particles is not
problematic provided the electron oscillations do not introduce non-uniformity into the plasma
cloud, which would degrade the focusing performance. Magnetic confinement fusion provides
useful insight; the history of magnetically confined fusion is populated with the discovery and
suppression of plasma instabilities and this subject remains the object of much research effort.

As the number density of the trapped particles increases, the growth rate of instabilities
increases, and stability becomes more difficult to achieve. It might therefore be expected that
a reduction in electron number density would provide a useful means to stabilise the plasma

Solenoid coils
00000000000 00000

Electrodes

Figure 4.1: Schematic diagram of a Penning-Malmberg trap of the type proposed for use in
the Gabor lenses to be used in LhARA, sourced with permission [13]. The solenoid coils and the
direction of current flow are indicated by the red circles. The confining electrostatic potential
is provided using a central cylindrical anode and two cylindrical negative end electrodes. The
ion beam enters on-axis from the left, and the electron cloud is indicated by the green shaded
area.
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lens. However, the power of the focusing effect is linked to the number density, and so there is
a strong driver to maximise the number density. Thus, one design goal for the Gabor lens for
LhARA is to maximise the available electron density.

Plasma dynamics causes instabilities in a plasma to grow at characteristic rates. It may
therefore be expected that instabilities will appear after an initial stable period. As the beam
source proposed for LhARA produces a very short pulse of positively charged particles, it
is reasonable to propose a system that uses a transient electron cloud synchronised to the
beam source. Gabor lenses can also operate at appreciable vacuum pressures, opening up the
possibility of beam space-charge neutralisation, should the application require it.

The Stage 1 beam-transport system requires seven electron-plasma focusing elements, each
of length ~ 1 m. Gabor lenses have many attractive features for the LhARA project, including
the possibility of very strong focusing, simple construction, and a low magnetic field. These
attractive features come at the cost of vulnerability to electron-plasma instability and operation
at relatively high voltage (> 50kV).

The status of the research programme carried out using the Penning-Malmberg trap installed
in a beam line at Swansea University is described in the section that follows.

4.2 Overview of the Swansea Penning-Malmberg trap
beamline

The Swansea positron beamline has been in development since the early 2000s; its current con-
figuration is shown in figure 4.2. It was developed for the study of positron beamline techniques
and to facilitate the study of the electron-positron bound state: positronium. Such experiments
typically use clouds of positrons with densities orders of magnitude below those required for the
electron plasmas of the LhARA Gabor lenses. The most recent major addition to the beamline
was made in 2014, during which a Penning trap was added to the positron accumulation system
to serve as a third-stage accumulator to enable up to 108 positrons to be accumulated; it is this
trap which is used to facilitate the studies of electron plasma confinement for LhARA.

The main components of interest for the LhARA studies are shown in figure 4.3. Electrons
are confined axially in the central region by nine, cylindrical, gold-plated aluminium electrodes
and radially by a water-cooled solenoid that surrounds the vacuum tube and is designed to
produce a 400 G (Gauss) field. On either side of the storage trap are stainless steel six-way
vacuum crosses, each being evacuated to a base pressure of 10~ mbar by turbo-molecular pumps.
Upstream of the solenoid, an electron gun is mounted on a vertical linear manipulator inside the
vacuum cross. Downstream, the second cross houses an MCP /phosphor screen installed on an
independent linear manipulator. Large-diameter coils are placed on either side of the vacuum
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Figure 4.2: Schematic of the full positron beamline with vacuum components in black, pumps
in blue and magnetic coils in red. The region between X3 and X4 was used for the LhARA
studies and elucidated in figure 4.3.



94 4 Proton and ion capture

crosses, roughly in a Helmholtz configuration, to transport the particles. Detailed descriptions
of the electron source, storage trap, and detector assembly are provided in the following sections.

4.21 Electron source

The electron source is a thermionic electron gun, schematically shown in figure 4.4, mounted on
a linear manipulator that controls its vertical position. This allows off-axis electron injection
relative to the symmetry axis of the storage trap or injection, precisely aligned with the guiding
and trapping magnetic fields. Electrons are emitted from a linear tungsten wire. The emission
current can be adjusted by changing the current from the power supply unit (PSU) connected
to the filament. To avoid damaging the filament, the current supplied is kept below a maximum
value of 3.3 A. The electrons are extracted from the surface of the wire by a fine metallic grid
biased to a positive voltage and situated downstream of the filament. The grid bias voltage
also determines the ‘parallel energy’ of the electrons as they exit the source. The energy of the
electron beam is dictated by the positive voltage difference between the grid and the filament.
A voltage source provides an accelerating voltage of up to 30 V between the hot wire and the
grid.

4.211 Electron beam energy

The energy profile of the electron beam produced by the source is measured to assess the spread
of the parallel energy of the electrons that reach the trap. Here, parallel energy denotes the
kinetic energy that corresponds only to the axial component of the velocity of a single particle.
During a measurement of the beam energy, all but one of the electrodes of the trap are set to
ground voltage. The remaining electrode is set to a negative retarding potential that blocks

Vertical linear manipulators
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Figure 4.3: The main components of the particle trap of the Swansea positron beamline.
The six-way vacuum cross on the left houses an electron source mounted on a vertical linear
manipulator. Nine gold-plated aluminium electrodes used for axial trapping of particles are
covered by the central solenoid (gold) to confine particles axially. A phosphor screen is mounted
on a linear manipulator inside the vacuum cross on the right. Two pairs of Helmholtz coils
(labelled Black coils). Each cross is pumped by a turbo-molecular pump.
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Figure 4.4: Effective circuit diagram of the electron gun used to inject particles into the
trap (left). Image of the gun (right) dismounted from the beamline. The tungsten filament
is typically heated with 3 A and biased at 30 V. The gun produces an electron beam with an
emission current of several tens of pA with an upper limit of about 300 pA.

all the electrons with an energy lower than the equivalent decelerating voltage supplied by the
electrode. Measuring the current of the beam that passes the decelerating electrode by scanning
the magnitude of the voltage applied to the electrode results in a cumulative distribution of
the number of electrons as a function of the blocking voltage, as shown in figure 4.5. The
energy profile of the electron beam is then calculated from the cumulative energy distribution.
Figure 4.5 shows the energy distribution of the electrons produced by the source for two different
extraction voltages. Both measurements show the electron number peaking near the maximum
beam energy, which is determined by the acceleration voltage applied to the grid, followed by a
sharp drop-off. The electron beam typically has a wide energy spread of about 20 eV with lower
particle numbers towards the low-energy tail of the distribution.

4.2.2 Storage trap

The longitudinal and radial confinement of electrons is achieved using the typical Penning-
Malmberg trap configuration. The confining fields are generated by cylindrical electrodes sur-
rounded by a solenoid magnet. The gold-plated aluminium electrodes, with an inner diameter
of 41 mm, can be biased up to £140V and vary in length as shown in figure 4.6. Any two
electrodes can be used as end caps of the trap and the distance between the two electrodes
determines the length of the resulting electron column. The different lengths of the electrodes
allow the longitudinal extent of the volume in which the electrons are confined to be varied by
using different combinations of electrodes as the two end caps of the trap. Furthermore, the
length of the trapped electron column is influenced by the shape of the axial potential well and,
thus, by the voltage applied to the end-cap electrodes. The axial electrostatic potential well
is not quadratic, especially for the longer configurations of the trap. Thus, the motion of the
electrons is expected to show deviations from that of an ideal Penning trap.

Two of the electrodes have six azimuthal segments for implementing a rotating electric field,
known as the ‘rotating wall’ (RW) technique. This method allows for the radial compression
of electron columns by injecting angular momentum into the plasma at a rate that counteracts
outward expansion. To ensure electrical isolation, the electrodes are separated by sapphire
balls 2 mm in diameter, which are positioned in machined indents at the ends of each electrode,
creating a 1mm gap between adjacent electrodes. Each electrode is connected to a breakout
box outside the trap solenoid via a wire, secured by titanium screws to minimise interaction
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Figure 4.5: Top: The number of electrons measured downstream of the trap as a function of
the decelerating voltage applied to one of the cylindrical electrodes of the trap with respect to
the potential of the source. Each data point is the average of four separate measurements. The
extraction voltage at the source is 25V and 30V for the left and right columns, respectively.
Bottom: The axial-energy profile of the electrons emitted by the source for the two different
extraction voltages.

with the surrounding magnetic field.

4.2.3 Electron imaging assembly

The primary figure of merit for an electron trap is the total number of trapped electrons or the
corresponding particle density. In a single experimental sequence, electrons were released by
rapidly reducing the bias voltage on the downstream end-cap electrode. The number of electrons
ejected was determined by measuring the charge collected on a conductive surface downstream
of the trap. Further information on the position of the electrons and their transverse distribution
was obtained using a scintillating material coupled with a photo-sensitive detector to pick up the
photons produced by the electrons that hit the scintillating material. The principal components
of the assembly are the micro-channel plate (MCP) and the phosphor screen (P-screen).

The role of the MCP is to amplify the number of electrons ejected from the storage trap
by several orders of magnitude, as the typical number of trapped electrons is insufficient to
generate a photon shower large enough for imaging by a camera. The MCP consists of a highly
resistive plate, usually made of lead glass, with millions of microscopic channels running from
the entry to the exit face. These channels typically have a diameter of 10 um and are spaced
12 ym apart. An electric field to accelerate the electrons is established within each channel by
two conducting layers on the faces of the MCP, which are individually biased to high voltages.
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Figure 4.6: Top: Diagram of the electrodes of the electron trap. The electrodes are separated
by insulating sapphire spheres, and each has a hole for the electrical connection. Bottom:
Schematic of the electrode structure in the storage trap. The electrodes are numbered according
to the electrical connections to the external breakout box. Electrodes 4 to 9 and 12 to 17
represent azimuthal segments of two complete ring electrodes designed for the application of
rotating electric fields.

The channels are angled relative to the plate’s normal axis to maximise the probability of an
electron striking the channel walls, releasing secondary electrons in the process. As a result, the
MCP functions as millions of parallel continuous dynodes, multiplying the incoming electron
signal through successive collisions within each channel, leading to high-gain amplification.

In the LhARA project, the total number of trapped electrons is sufficiently high to be
detected by the P-screen alone. Therefore, the MCP and P-screen assembly has been replaced
with a P-screen. The holder for the P-screen is designed as illustrated in figure 4.7. The
holder is mounted on a vertical linear manipulator inside the vacuum cross downstream of the
electron trap (see figure 4.3). The P-screen used in the LhARA project is supplied by Analytical
Components and is made of P43 (GdO2S: Tb). This material emits light in the green part of
the visible spectrum when struck by a charged particle, due to the excitation and relaxation
of electron-hole pairs. The P-screen is biased with a voltage of 3kV to allow electrons to pass
through the aluminium overlay of the P-screen.

A schematic diagram of the imaging assembly and its functions is shown in figure 4.8. A
mirror mounted at a 45° angle behind the screen reflects the scintillation light through a window
out of the vacuum system. This light is then captured by a Hamamatsu Orca-R2 CCD camera,
processed, and recorded using LabVIEW [188]. The camera is housed in a light-tight box to
block ambient light. In front of the P-screen, there is an additional fine mesh grid that helps to
create a well-defined electric field in front of the P-screen and can be biased to act as an energy
filter. This grid can also be used to protect the P-screen from being damaged by a large number
or high density of electrons accidentally striking it (e.g. by allowing the direct transmission of
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Figure 4.7: The phosphor screen (P-screen) imaging detector: protective grid mount (blue),
P-screen holder (red), mirror (green), high voltage contacts (gold) and assembly rig (grey).

electrons from the electron source). Figure 4.9 shows the radial profile of the plasma captured
using the new P-screen and the plasma profile obtained with the MCP.

4.3 Modifications to the existing beamline

Upgrades to the existing apparatus to support the LhARA studies are described below. Several
components of the positron beamline have been updated, including replacing the MCP with
a phosphor screen as described in the previous section, installing a solenoid coil mount, and
integrating a high-voltage amplifier to supply the —400V trap potential.

4.31 Installation of solenoid coil mount

A manipulator capable of precisely positioning the solenoid coil used to produce the magnetic
field that traps particles radially was designed (see figure 4.10). The manipulator allows the coil
position to be adjusted in the transverse and longitudinal directions. The manipulator offers
fine-tuning capabilities and reproducible positioning, ensuring precise control over the solenoid
coil and will allow study of plasma confinement in precisely-aligned magnetic-field configurations.

With the new manipulator installed, the solenoid coil must be aligned such that its axis co-
incides with the axis of the trap to ensure that the generated magnetic field is uniform along the
length of the trap. Misalignment can introduce radial or transverse magnetic-field components,
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Figure 4.8: Schematic of the detector assembly. An incident electron is converted into a
photon signal upon striking the phosphor screen (P-screen). The P-screen typically operates

with a bias voltage of 3 kV and has a diameter of 40 mm. A fine mesh grid that helps to create a
well-defined electric field in front of the P-screen and can be biased to act as an energy filter. It

can also protect the P-screen from damage caused by a large number or high density of electrons
accidentally striking the screen.
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Figure 4.9: Radial profiles of plasma obtained with the new phosphor screen (a) and the
high-gain MCP (b).
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Figure 4.10: The solenoid coil manipulator (left) and the manipulator installed in the Swansea
positron beam line (right). The manipulator allows precise adjustments in both the transverse
and horizontal directions.

which degrade confinement and lead to electron loss. The solenoid coil is initially positioned
roughly to align with the trap axis. The performance was verified by measuring the lifetime of
the trapped electron plasma. To optimise the alignment, the solenoid position is adjusted to
optimise the electron-cloud lifetime. The optimal coil position results in a plasma lifetime of
2.28 s, as shown in figure 4.11. Details of this measurement are provided in Section 4.5.1.

4.3.2 Integration of high-voltage amplifier for —400 V trap potential

To increase the trapping potential and accommodate a larger electron population, high-voltage
amplifiers capable of delivering up to 4400V were installed. Prior to installation, a thorough
calibration of the amplifiers was performed to ensure accurate voltage output and reliable perfor-
mance. During the calibration process, the input signal to the amplifier was gradually adjusted
from -10V to 10V, and the corresponding output voltage was measured at each increment.
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Figure 4.11: A lifetime curve showing the charge within the trap as a function of time. The
red line is a fit of the form ae ¥/ + b with lifetime 7 = 2.28 +0.35s. The cluster of data points
at short hold times (near zero) corresponds to independent experimental runs taken on different
occasions and does not indicate repeatability or a systematic uncertainty.
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The recorded input and output voltages for each step are presented in figure 4.12. The fitted
curve indicates that the gain of the amplifiers is 39.64. Following this calibration, the amplifiers
were integrated into the experimental setup. The results of trapping electron plasmas under
high-voltage conditions are presented in Section 4.5.3.

4.4 Experimental procedure

This section outlines the capture-store-release cycle for measuring the parameters that char-
acterise the electron plasma and summarises the control and data collection systems. Key
methods, such as the use of LabVIEW for sequence automation and integration of data acquisi-
tion devices, are explained. Finally, the data processing techniques, which are used to analyse
the total number of trapped electrons, are described.

4.41 Experiment cycle

The capture-store-release sequence consists of three main stages:
e Capture of the electrons from the source into the confinement section;
e Storage and manipulation of the electrons within the trapping electrodes; and the
o Subsequent ejection of the electrons towards the imaging detector.

The experimental sequence is shown schematically in figure 4.13.

Initially, electrons from the source are loaded into the trap by grounding all electrodes except
for the electrode at the downstream end, which is raised well above the parallel energy of the
incoming electron beam such that the beam is reflected. Typically, the blocking potential is
raised to the maximum available voltage of -140 V, which was limited by the voltage amplifier.
Subsequently, the upstream end electrode, closer to the electron source, is raised to a potential
which is slightly lower than the beam’s maximum potential (-28 V), while the downstream end
electrode remains at a high potential to fully block the electrons. The most energetic electrons
enter the trapping volume and are reflected by the downstream barrier. These electrons lose

400
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Figure 4.12: A result of high-voltage amplifier calibration demonstrating the relationship
between the input signal to the amplifier, ranging from -10 V to 10 V, and the corresponding
output voltage. The red line represents a linear fit, indicating that the amplifier gain is 39.64 4+
0.04.
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Figure 4.13: A representation of a typical experimental sequence: (A) Reset of the trap poten-
tial (B) Electron capture or accumulation by raising the voltage on the upstream end electrodes
to a potential slightly lower than the beam’s maximum potential, while the downstream end
electrode remains at a high potential to block electrons (C) Electron cloud storage, manipula-
tion and study (D) Electron cloud release by lowering the voltage on the end of the trap closer
to the phosphor screen. Red arrows indicate electron streams. The blue line shows the on-axis
electric potential of the trap, and a drawing of the cylindrical trap electrodes is shown at the
top.
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energy through collisions with residual gas or via a two-stream instability. If they lose sufficient
energy, they cannot pass the entry barrier and become confined.

The axial potential well can be kept open for a long time, up to several seconds, to accumulate
electrons. However, as the space-charge density inside the trap increases and electrons that have
already been captured spend longer inside the trap, the rate of accumulation will be compensated
by the rate of loss of electrons due to radially outward motion. Long accumulation times also lead
to significant radial expansion of the trapped electron cloud. At the end of the accumulation
interval, the voltage on the upstream end electrode is raised to -140V to block any further
electrons from entering the trap. The space charge is confined in a symmetric potential well for
the desired storage time. Lastly, the electron cloud is released by lowering the voltage on the
downstream end electrode and travels to the P-screen for detection.

4.4.2 Experiment control and data collection

The study of electron and positron plasmas is carried out using the Swansea positron beamline.
Experiments are set up using LabVIEW “virtual instruments”, exploiting the graphical user
interfaces. The “Sequencer”, a key virtual instrument, manages the execution of the sequence
(see figure 4.13). The sequencer automates changes in the particle-trap potentials, timing steps,
and data acquisition. The Sequencer generates a file that sets variables, produces analogue and
digital outputs, and triggers data collection. Running this file operates the experimental setup,
allowing for flexible and efficient execution of complex and repetitive experiments.

Several data acquisition devices are integrated with the control system to record data au-
tomatically during each experimental sequence as configured by the user. The two primary
devices used in this work are:

« Digitiser: records the voltage response of the P-screen, which is converted into charge
to determine the total number of electrons in the trap. The apparatus can record voltage
readings at a maximum sample rate of two giga-samples per second across two separate
channels, with 8-bit resolution in a 100mV to 10V range. The recording of the data by
the digitiser is synchronised with the experimental sequence by a hardware trigger imple-
mented on an FPGA (field-programmable gate array). The digitiser card is configured
using LabVIEW, which extracts and saves the data onto disk storage. The resulting files
are structured to contain the timestamp of the run, any sequences within the run, and the
settings of the digitiser, such as sampling rate and voltage range. The files recorded can
subsequently be associated with a specific experimental run by their unique time identi-
fiers. A set of Mathematica scripts is used to extract the raw data from the structured
files, display the voltage-time traces, and process parts of the signal. Figure 4.15 shows an
example of a digitiser trace from the P-screen detector that resulted from the collection
of an electron cloud released from the storage trap.

e CCD camera: captures scintillation light from the P-screen. The resulting images are
processed to determine the distribution of the electrons. The camera is configured using
LabVIEW, which also extracts and saves the image data into a file structure consistent
with that produced by the data acquisition from the digitiser. A hardware trigger on
an FPGA ensures the synchronisation between the camera acquisition and the sequencer.
The stored images can then be paired with the corresponding voltage trace from the
digitiser by the unique time and sequence identifiers.

Both the digitiser and the camera can be triggered during a sequence at precise points that
are specified in the sequence-control software through individual digital outputs. In most of
this work, the camera and the digitiser were triggered when the axial potential barrier of the
storage trap was lowered, and the electrons were ejected from the confinement section of the
beamline towards the imaging detector.
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4.4.3 Data processing

The total number of electrons directly establishes the confinement capabilities of the trap and,
in part, determines whether the dynamics of the trapped-electron ensembles correspond to the
plasma or the non-interacting, single-particle regime.

To determine the total number of electrons, a digitiser is used to record the voltage-time
trace generated by electrons rapidly charging the P-screen. The voltage trace is processed to
extract the rapid voltage change when the electrons hit the detector. The change in voltage is
then converted into the total charge collected or the corresponding total number of electrons.
The total number of electrons is calculated via N = eV/C; where e is the electron charge, V'
is the change in voltage measured by the digitiser when the electrons hit the P-screen, and
C' is the capacitance of the P-screen and cable, which is calculated from a measurement of
the time constant of the resonant circuit. When the P-screen is hit by electrons, it acts as a
discharging RC circuit with a known resistance, R=1M{2. The exponential decay of the charge
in the P-screen circuit is equivalent to the exponential decay of the voltage recorded by the
digitiser. An example of the time dependence of the voltage recorded by the digitiser before
and after electrons hit the collector is shown in figure 4.14. As the discharge of the resonant
circuit corresponds to a voltage decay given by V = Vpexp(—t/Trc), the decaying part of the
signal recorded by the digitiser is fitted with the function aexp(—(t + to)/7rc) + b to extract
the capacitance C. The result shows that 7rc = RC = 0.69ms, and therefore the capacitance
is 0.69nF.

A typical voltage trace recorded by the digitiser is shown in figure 4.15. Typically, the
digitiser is configured to start recording the voltage before the electron signal, with at least
20% of the total acquisition time remaining. The flat trace before the electron signal is used to
calculate the average level of electronic noise. When the charged particles hit the P-screen, the
voltage drops rapidly. The change in voltage generated by the collected charge is calculated as
the difference between the mean value of the recorded signal before the first break point and
the mean value of the signal after the second break point.

The P-screen is used to measure the number of electrons that are ejected from the trap and
have travelled to the P-screen. For a large radius plasma, charge may not be detected on the
P-screen as the plasma radius may exceed the P-screen radius. There can also be losses due to
aperture along the beamline and due to magnetic field misalignments. Efficient transport of the
electrons is performed using the magnetic coils positioned along the beamline. The generated
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Figure 4.14: The voltage recorded by the digitiser when electrons are collected by the phosphor
screen. The electrons hit the screen at around 0.8 ms. The decaying part of the signal is fitted
with an exponentially decaying function to extract the time constant of the resonant circuit.
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Figure 4.15: An example of a voltage trace recorded by the digitiser when an electron cloud
hits the phosphor screen. The signal data recorded starts 20 us before the charge is collected.
The first break point is labelled A and the second B.

magnetic field, in turn, keeps the electrons away from the inner walls of the vacuum chambers.

4.5 Experimental results

This section presents experimental results related to the lifetime and temperature of the electron
plasma. The results of investigations into the rotating wall technique are also reported. Rotation
frequencies that significantly increase the number of trapped electrons and improve plasma
compression are identified.

4.51 Electron plasma lifetime

For an electron plasma to work as a focusing lens for ion beams, the lifetime of the electrons
must be significantly larger than the transit time of the ions through the plasma. To avoid
refilling a plasma lens after the passage of each ion bunch, it is desirable to maintain the plasma
at a constant density for time intervals at least on the order of seconds. Here, the lifetime of
the electrons was measured for the low-density electron columns.

The lifetime was measured using a large number of electrons trapped using the outermost
electrodes (E20 and E1) as end-caps. The electrons were accumulated for 1s, stored for a
certain length of time from microseconds to seconds, and then released towards the P-screen,
where the charge was collected and recorded. For each individual storage time, the sequence
was repeated five times to obtain the average number of electrons that had been confined. The
results, presented in figure 4.11, show that the initial number of electrons is approximately
3 x 10%. The plasma profile is illustrated in figure 4.16. The electrons start to be lost gradually,
the population being reduced to half the initial number after being confined for ~ 1s. The
plasma undergoes significant expansion (figure 4.16), resulting in a reduced plasma density.
The decay of the total number of electrons is well described using an exponential function; a fit
to the data yields a lifetime of 2.28 + 0.35s. This lifetime was determined using data collected
without the use of any active method for reducing the radial loss of electrons, such as the RW
technique.



106 4 Proton and ion capture

Intensity 120
1000

Intensity
100

100
800 &0

80

= 600 ~—~
o o
B X 40
RS & 60
> 400 >
20
40
200 5
20
0 -20
0
0 50 100 150 0 50 100 150
x (pixel) x (pixel)

Figure 4.16: Plasma profiles for storage times of 3 us (left) and 1 s (right), illustrating the
evolution of the plasma structure and density.

4.5.2 Application of rotating wall technique

A stable plasma with a long lifetime is crucial for the electron plasma to be used as a focusing
element. Techniques such as the RW technique have been developed to enhance the stability
and to mitigate the expansion of trapped, non-neutral plasmas.

The RW technique has been instrumental in confining and controlling non-neutral plasma
densities since the late 1990s, the first example of which was demonstrated with a magnesium-
ion plasma [189]. A cylindrical electrode is subdivided azimuthally into a number of segments,
each of which has a sinusoidal voltage applied with matched frequency but different phase. This
produces a rotating dipole/quadrupole potential near the centre of the electrode. Two distinct
regimes exist depending on the amplitude of the RW and the available cooling mechanisms.
The first is the so-called weak drive regime [190] in which the rotating potential is coupled to
a plasma-wave (Trivelpiece-Gould mode). The second is the strong-drive regime in which the
plasma rotation frequency, which depends on the plasma density, matches the RW frequency,
providing control over the plasma density.

RW compression induces heating of the plasma, and the thermal pressure then counteracts
compression until equilibrium is reached. Inducing cooling mechanisms or reducing the heating
allows greater plasma retention. Cooling can be provided via inelastic collisions with a gas. In
general, cooling gases used on the Swansea beamline are CFy, SFg, or COs. For this work, a
supply of COy was connected to the electron-gun vacuum cross so that cooling gas could be
admitted into the trapping region. Control of the pressure is achieved using a piezoelectric
valve, which may be controlled by a PID controller. A function generator was acquired to drive
either of the 6-segmented RW electrodes (shown in figure 4.6 as E4-10 and E12-16).

To compress the electron plasma using the RW technique, the electrons were confined using
the outermost electrodes, E20 and E1. A cooling gas pressure of 8 x 10~7 mbar was identified
as the optimal condition for the compression experiments. After accumulating electrons for 1s,
a rotating electric field was applied via electrodes E4-10 for 1s, with frequencies ranging from
1 to 30 MHz and a peak-to-peak amplitude of 2.95V. Following this, the electron cloud was
ejected from the trap for detection.

In the absence of RW application, the electron clouds exhibited a large radius (figure 4.16)
with approximately 1.5 x 108 electrons. Figure 4.17 presents the number of electrons as a
function of RW frequency, with the optimal frequency, found to be 14 MHz, yielding the highest
electron count at 2.4 x 10% electrons and corresponding to a significant plasma compression. The
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increase in the number of electrons is attributed to ionisation events between the electrons and
the background gas during RW application. The plasma radius was reduced to approximately
1.6 mm, with a peak density of 2.3 x 10! m—3.

4.5.3 Measurement of electron plasma temperature

The plasma temperature can be used as a tool to quantify the heating and cooling processes
involved in manipulating an electron cloud [191-193]. To determine the temperature of an
electron cloud, it is first assumed that its parallel velocity distribution at equilibrium follows a
Maxwell distribution. By lowering the barrier potential, electrons are allowed to escape from
the trap. Consequently, all electrons with a parallel velocity v, such that mvﬁ /2+edp > eV,
overcome the potential energy barrier, eV}, and are collected on the P-screen. The remaining
parallel velocity distribution in the trap is:

mv? 2 (Vi —
f (vH) X exp <_2k3;|> if v < %; (4.3)

where 7| is the temperature of the electrons with a parallel velocity v, Vj is the potential
energy barrier, ¢ is the confinement potential, m is the mass of an electron, and e is the charge
of an electron.

At the point of escape from the trap, v = /2¢(V, — @) /m and the number of electrons
that escape as a function of barrier potential is:
Vi —
Ng (V) o< exp —M : (4.4)
kBTj)
d¢

We assume that the loss of electrons does not change the trapping potential, meaning v, = 0.
Consequently, the gradient obtained from a linear fit to a plot of the natural logarithm of the
number of escaped electrons against the barrier potential can be used to extract the temperature.
This is given by:
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Figure 4.17: (left) Number of trapped electrons as a function of RW frequency with cooling
gas. After a l-second accumulation, the RW is applied for 1 second at 2.95V peak-to-peak
before ejection. (right) Plasma profile at a RW frequency of 14 MHz, showing the high-density
region with increased plasma compression.
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To measure Tj|, the linear fit is applied to the most energetic tail of the Maxwell-Boltzmann
distribution. The uncertainty is estimated to be approximately 5%, which is sufficient to study
the cooling performance. For more details, see [192].

To measure the plasma temperature, the plasma was trapped using the experimental se-
quence described in Section 4.5.2. When the plasma was released by lowering E1, the escaping
electrons were detected by the P-screen. During this process, both the detected charge and
the voltage applied to E1, which is subsequently used to extract the plasma temperature, were
recorded. As the gradient of the detected charge plotted against potential is used to determine
the temperature of the plasma, the electrode voltage is not converted to the on-axis potential.
This is valid provided the voltage decrease during ejection is linear, as shown in figure 4.18, as
the electrode voltage is directly proportional to the potential. In this experiment, the detected
charge from the P-screen and the electrode voltage are measured simultaneously. The logarithm
of the detected charge is then plotted against the electrode voltage. The resulting data is fitted
with the function a + log(Q)/T to obtain the temperature, as shown in figure 4.19.

4.5.4 Trapping in high-voltage potential wells

From the temperature measurements shown in figures 4.18 and 4.19, it can be observed that
electrons begin to escape from the trap when the E1 electrode reaches a bias voltage of approx-
imately -116 V, which closely matches the trap potential depth. This indicates that the trap
is fully populated with electrons. To accommodate a larger electron population, the trapping
potential was increased using high-voltage amplifiers capable of delivering up to £400V.
Electrons were trapped and compressed using the RW technique, following the procedure
outlined in Section 4.5.2. Confinement was achieved using the outermost electrodes (E20 and
E1), with electrons accumulated for 1s. A rotating electric field (1-30 MHz, 2.95 V peak-to-peak)
was then applied via electrodes E4-10 for 1 s before ejecting the electron cloud for detection.
Figure 4.20 shows the number of trapped electrons as a function of RW frequency, with an
optimal frequency of 28 MHz yielding an electron number of 1.1 x 10°. The corresponding
plasma profile is also shown in figure 4.20. The increase in electron number is attributed
to enhanced trapping potential and ionisation between electrons and background gas during
RW application. The plasma exhibited a radius of 5mm and a peak density of 1.1 x 10® m~3.
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Figure 4.18: An example of the signals from a temperature measurement. The monitored
electrode voltage is plotted in blue, and the detected charge from the P-screen as a function of
time is plotted in red. As the electrode voltage is decreased, electrons begin to escape, and the
detected charge increases until a maximum, at which time all the electrons have been ejected
from the trap. The validity of this diagnostic depends on the plasma timescales.
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Figure 4.19: An example of the analysed signal from a temperature measurement. The natural
logarithm of detected charge from the phosphor screen is plotted as a function of the electrode
voltage. From equation 4.5, a linear fit over the region of interest, shown in red, allows the
temperature to be obtained.

Notably, a central hole in the plasma was observed, which may result from ions produced during
ionisation being trapped within the configuration. Further investigation into the presence of
ions in the trap is ongoing.
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Figure 4.20: (Left) Number of trapped electrons as a function of RW frequency under high-
voltage trap potential, with the presence of cooling gas. (Right) Plasma profile at an RW
frequency of 28 MHz, giving the high-density region and the central void observed within the
plasma.
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CHAPTER D

lon-acoustic dose-profile
measurement

5.1 Introduction

5.11 Motivation and concept of the SmartPhantom

The measurement of the dose profile delivered to the in vitro and in vivo experiments is essential
to allow quantitative studies of the biological effects. The dose profile must be measured for
each bunch to demonstrate the stability of the beam-delivery systems, to provide feedback to
the accelerator, and to allow beam delivery to be terminated when the desired integrated dose
has been delivered.

The dose-profile measurement system is therefore required to operate at a repetition rate
of at least 10Hz, i.e. to provide a measurement of the dose profile in less than 100 ms. For
LhARA to exploit lasers capable of operating at repetition rates greater than the current baseline
of 10 Hz, requires that the dose-profile measurement be completed between laser shots. The
ultrasonic, acoustic pressure wave created by the transient pressure increase generated by an
ion beam as its energy is transferred to the sample [194] provides a mechanism by which the
dose-deposition profile can be measured in real time.

Ultrasound waves are usually detected by transducers that provide a relative, rather than
an absolute determination of the delivered dose. Therefore, a novel detector, the SmartPhan-
tom, was designed to measure the three-dimensional dose profile delivered by the passage of
nanosecond-scale pulsed ion beams. To calibrate the acoustic response, a liquid scintillator
was used as the propagating medium. By detecting the scintillation light and exploiting its
known photon yield, an independent measurement of the effective beam range, energy, width
and correlation to the particle number was obtained, allowing these optical measurements to
be correlated with the acoustic signals and used to determine the absolute three-dimensional
deposited dose profile. The detection of the scintillation light emitted during ion beam propa-
gation, combined with the known photon yield, enables the calibration of the acoustic response
and the absolute three-dimensional deposited dose profile to be determined.

The performance of the SmartPhantom was evaluated at the Laser-driven Ion (LION) ac-
celerator at the Center for Advanced Laser Applications (CALA) at the Ludwig Maximillian
Universitdt in Munich, Germany [195].

5.1.2 The ion-acoustic effect

As an ion beam traverses a medium, it interacts via Coulomb scattering, transferring its ki-
netic energy to the atoms in the form of heat. If the duration of the ion pulse is significantly
shorter than the stress relaxation time of the medium, the energy remains confined within the
system [196]. This condition, commonly known as the stress-confinement criterion, leads to a
rapid increase in temperature. Assuming that the temperature rise is short enough to neglect
thermal diffusion, the energy is converted into mechanical stress and is released in the form of
an acoustic wave. Figure 5.1 illustrates the generation and detection of ion-acoustic waves.
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Figure 5.1: Schematic diagram of ion-acoustic-wave generation and detection.

The source pressure distribution at position r and temperature 7', denoted po(r,T), is di-
rectly related to the local energy-deposition distribution, E(r,T), by [197]:

po(r,T) =T(r,T)E(r,T); (5.1)

where, I'(r, T') represents the dimensionless Griineisen parameter, which gives a measure of the
efficiency of converting the heat energy into induced pressure. The Griineisen parameter is
given by:

_ vbr

F(r7T) C ﬂ
p

(5.2)
where vy is the speed of sound in the medium, Br is the thermal expansion coefficient, and C),
is the specific heat capacity at constant pressure.

The time evolution of the pressure field is described by the inhomogeneous wave equation:

2
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where ¢t denotes time, and p(r,T') is the mass density of the target material at position r and
temperature 7' [198]. The analytical solution to equation 5.3, which describes the pressure
amplitude of the wave at position r and time ¢, is given by [198]:
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These expressions suggest that the relative dose distribution can be determined by reconstruct-
ing the initial pressure distribution py(r,T"), provided that the thermophysical properties of the
medium are known.

The very short pulses delivered by LhARA (10-40 ns) satisfy the stress-confinement criterion,
enabling the generation of ion-acoustic waves. Consequently, the ion-acoustic approach was
identified as the most suitable method for real-time monitoring.

5.2 The SmartPhantom

5.2.1 Mechanical design

The computer-aided design (CAD) of the SmartPhantom is illustrated in figure 5.2. The Smart-
Phantom has a cuboid structure and is made of 5 mm thick aluminium, with the inner volume
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measuring 100 mm on each side. The interior is filled with a commercially available liquid scin-
tillator that acts as a beam-energy absorber and is the medium through which the acoustic wave
propagates. The beam enters through an air-filled, 15 mm diameter, cylindrical tube sealed with
a 50 pm Kapton® (polyimide) foil entrance window. The Kapton foil has a dual role; it acts
as both a boundary to avoid spillage of the liquid and removes protons with energies less than
2.1 MeV.

Several acoustic and optical windows are incorporated into the design to allow the detection
of various types of signal. The design features four windows: two for mounting optical systems
and two for mounting acoustic transducers. Each optical window consists of a 5 mm thick BK7
glass window and a flange to secure the optical components.

The optical windows are positioned perpendicular to one another to image two orthogonal
planes; one capturing the scintillation light from the top and the other from the side. The two
transducer windows are also positioned orthogonal to one another; one directly opposite to the
entrance window, the other opposite to the side optical-glass window. Notably, the transducer
windows are significantly larger than those designed for the optical systems. The large size is
specified to accommodate matrix transducers not used in the results reported here. In addition,
the transducer windows are sealed with black Kapton foils to minimise any internal reflections
of scintillation light, and, for the same reason, the entire aluminium detector body was anodised
black.

A drip tray was incorporated into the design to collect any liquid scintillator that might leak
from the detector, a possible scenario as the transducers would push hard against the Kapton
foil. The capacity of the tray was over 11 to ensure that all the liquid would be collected in
the case of a major leak. Lastly, the top lid features two vertical tubes that enable the liquid
scintillator to be inserted into the detector and the air to be vented during filling. These tubes
enable the entire volume to be completely filled, preventing any air gaps between the liquid
scintillator and the glass window, which could introduce reflections or refraction issues.

In addition, custom-designed transducer housings were 3D-printed to hold and secure the
transducers perpendicular to the surface of the detector wall on which they were mounted. Two
separate housings were made, one for each transducer, their inner surface shaped to match
the transducers’ contours, which were obtained from 3D scans. The external mounting of the
transducers enabled the transducers to be used on either acoustic window as required. Moreover,
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Figure 5.2: Computer-Aided Design rendering of the SmartPhantom, featuring four windows
for mounting the optical and acoustic systems. Left: front view. Right: rear view.
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the screws within the housings allow the transducers to be fixed firmly in all degrees of freedom,
ensuring a precise fit. This arrangement minimised transducer movement, thereby reducing the
risk of damage. Lastly, a hole was introduced at the bottom of the SmartPhantom to mount
one of the transducers, allowing it to be immersed in the liquid scintillator and used to provide
a reference signal. Figure 5.3 shows the CAD model of the SmartPhantom, with the integrated
optical systems, transducer housings and immersed transducer.

5.2.2 Ultrasound transducers

Spatial averaging, in addition to temporal averaging, usually improves the signal-to-noise ra-
tio (SNR) in acoustic systems. For this reason, it is proposed that multichannel sensors be
employed in the SmartPhantom to record the acoustic signals. The design described below
accommodates such sensors. However, the test exposure of the SmartPhantom on the LION
beam line employed single-element sensors. A further exposure using the matrix array sensors
to allow 3D reconstruction will be carried out in due course.

5.2.21 Vantage matrix array ultrasound transducer

To capture signals and reconstruct the pressure distribution in both the axial and radial direc-
tions, it is proposed that a Vantage matrix array ultrasound transducer be used. The response
of the sensor has a central frequency of 3.5 MHz and a frequency bandwidth of 60% [199]. The
array consists of 1024 elements arranged in a 32 x 32 configuration. For efficient data acquisition,
the array is divided into 4 banks, each with 32 x 8 elements, forming smaller 256-element arrays.
The division enables 4:1 multiplexing, allowing the 256 channels of the Vantage system to ac-
quire data from all 1024 elements by switching to different subsets of elements across the banks.
Synchronised, real-time, three-dimensional ultrasound data acquisition from all elements can be
achieved through this multiplexing scheme in combination with the Vantage system software.
Due to the two-dimensional shape of the array, three-dimensional data can be acquired (two
spatial and one temporal), and therefore, the transducer is placed on axis with the beam to
reconstruct the pressure distribution in all three dimensions.

Camera 1l
| D

Optical Tubes Transducer Housings
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Figure 5.3: Computer-Aided Design rendering of the final version of the SmartPhantom,
featuring the optical systems and the transducer housings attached onto the designated windows,
along with the Olympus V303 transducer secured at the bottom.
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5.2.2.2 GE 9L-D linear array ultrasound transducer

The GE 9L-D linear array transducer is an array of 192 elements, with a centre-to-centre pitch of
0.23 mm [200]. Each element measures 5 mm in length and 0.205 mm in width. The transducer
has a field of view of 43.0 mm, making it able to capture ultrasound waves across a wide area.
In addition, this transducer has a centre frequency of 5.3 MHz and a frequency bandwidth of
75%. The broadband feature is advantageous as it enables a wide range of frequencies to be
recorded. The linear array is placed parallel to the beam axis to reconstruct the plateau region
of the energy distribution by capturing the lateral waves. However, the radial dimensions may
be more challenging to reconstruct due to the sensor’s limited cross-section.

5.2.2.3 Olympus V303 Immersion Transducer

The Olympus V303 immersion transducer is a narrow-band piezoelectric ceramic transducer
that can be immersed in water [201]. It consists of a single flat circular element, approximately
13 mm in diameter with an acoustic matching layer for maximum ultrasound transmission. The
transducer has a centre frequency of 1 MHz and a frequency bandwidth of 60%, making it suit-
able for detecting the low-frequency spectrum of the signals. The housing is made of stainless
steel, and the transducer’s flat surface is placed 24.9 mm from the centre of the SmartPhantom’s
inner volume, positioned perpendicular to the beam axis. Due to the single-element configura-
tion, this transducer cannot be used to reconstruct an image because it records a single time
series.

5.2.2.4 Precision Acoustics ML4X50 piston hydrophone

The Precision Acoustics ML4X50 piston hydrophone is a high-sensitivity, broadband, single-
element transducer that has a circular aperture of 23 mm [202]. The hydrophone is a piezoelec-
tric polyvinylidene fluoride (PVDF) foil with gold electrodes, offering a broad and flat frequency
response from 300kHz to 1 MHz, a feature that minimises signal distortion. Due to its ability
to detect the low-frequency spectrum of the acoustic signals, this transducer can be used down-
stream of the Bragg peak, looking up the beam axis, as an alternative to the matrix array but
with the expectation of detecting a signal from parts of the plateau region. Furthermore, the
ML4X50 piston hydrophone is calibrated, enabling the conversion of voltage to pressure as a
function of frequency. This feature makes it ideal for precise dose mapping.

5.2.2.5 Summary

The specifications for the Vantage matrix array, GE 9L-D linear array, Olympus V303 trans-
ducer and Precision Acoustics ML4X50 piston hydrophone are tabulated in table 5.1. The
specifications include the transducers’ centre frequency, bandwidth, number of elements and
element-to-element pitch.

5.2.3 Liquid scintillator

Scintillators are materials commonly used in radiation detection and measurement applications
due to their ability to emit visible light or other detectable photons when exposed to ionising
radiation [203]. When radiation interacts with a scintillator, it transfers energy to the atoms
within the material, exciting them to higher energy states. As these excited atoms return to
their ground state, they release the excess energy in the form of photons, where the number
of photons is proportional to energy deposited. The protons can be detected and counted to
quantify the intensity and nature of the incident radiation. Scintillators are available in various
forms, including solids and liquids, and come in both organic and inorganic varieties.
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Table 5.1: Summary of the key specifications of the ultrasound transducers mentioned in the
text. [199-202].

Parameter Matrix Array Linear Array | Olympus Transducer | Piston Hydrophone
o %\ \ /’ ?’
Image \ / \ >
Centre Frequency 3.5 MHz 5.3 MHz 1 MHz 0.3-1 MHz
Bandwidth 60% 75% 80% n/a
Elements 1024 (32x32) 192 (192x1) 1 1
Pitch 0.3 mm 0.23 mm - -

Liquid scintillators play an important role in large-scale neutrino experiments due to their
efficiency in converting kinetic energy into detectable light with a high yield [204]. These
liquids typically consist of three components: a solvent and two fluors. One fluor acts as a light
absorber, and the other serves as a wavelength shifter to maximise the fraction of emissions that
fall within the detector’s sensitivity range. The fluorescent intensity, I, decays exponentially
over time, t, as described by:

I=1Ipe /7, (5.5)

where Ij is the maximum intensity and 7 is the fluorescence decay time constant [205].
The density-normalised scintillation photon yield, L, per unit path length, z, of an ion
traversing a scintillating material, is described by:

dL S4E
dL _ .
dx 1+k3%+0(%)

(5.6)

where S is the scintillation efficiency (i.e., the conversion factor between energy deposition and
light production), kB is Birks’ constant (a material-dependent quenching parameter), dE/dx is
the stopping power, and C' is a second-order quenching coefficient [206]. Knowing the stopping
power, the total photon yield can be determined through numerical integration.

5.2.3.1 Ultima Gold XR

The liquid scintillator was carefully selected to have a density (1.005 g/cm?) close to that of water
while exhibiting similar acoustic properties, such as sound speed and signal attenuation. For
these reasons, the Ultima Gold XR cocktail was chosen to fill the SmartPhantom volume [207].
The solution has a high flash point (~ 150° C) and low toxicity and corrosiveness, making it
well-suited for the intended use. Table 5.2 provides the chemical composition of Ultima Gold
XR [208], showing that it consists primarily of di-isopropyl naphthalene (DIPN). The scintillator
has a refractive index of around 1.54 (15% greater than water), a peak emission wavelength of
427nm and a light yield of approximately 11200 photons per MeV [209, 210]. The acoustic
properties of the scintillator were determined experimentally [211].
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Table 5.2: Ultima Gold XR chemical composition [208].

Name Solvent | Scintillator | Composition [%]
Di-isopropyl naphthalene v 40 - 60
Ethoxylated alkylphenol v 20 - 40
Bis(2-ethylhexyl) hydrogen phosphate v 2.5-10
Triethyl phosphate v 2.5-10
Sodium di-octylsulphosuccinate v 2.5-10
3,6-dimethyl-4octyne-3,6-diol v 1.0-2.5
2,5 diphenyloxazole v 0-1.0
1,4-bis (2-methylstyryl)-benzene v 0-1.0

5.2.3.2 Imaging Optics

Imaging of scintillation light produced by the proton beam in the liquid scintillator is provided
by two identical optical systems which are orthogonal to each other and aligned with the centre
of the volume. Each optical system relays the light to the CMOS sensor in a FLIR CM3-U3-
31S4M-CS monochrome camera (2048 x 1536 3.45 yum square pixels).

Figure 5.4 shows the system used to capture and image the emitted scintillation light. A
5mm thick N-BK7 glass flat separates the interior volume of the SmartPhantom from the
outside air, as indicated in Figure 5.2. Following this is a lens assembled from two identical
achromatic lenses (Edmund Optics #47-638), each with a focal length of 60 mm and an outside
diameter of 25 mm. These were inserted as a back-to-back pair to provide an approximate 1:1
conjugate system with symmetry about the central stop of 6 mm diameter. Using a symmetric
configuration corrects for coma, distortion and lateral colour. In addition, using achromatic
doublets provides correction for axial chromatic and spherical aberrations. To ensure that the
images are not saturated, a thin Neutral Density (ND) filter is positioned right after the doublet,
before focusing onto the CMOS sensor.

——————————50mm

Figure 5.4: The imaging optical system layout. The first volume is the liquid scintillator, then
the N-BK7 window. A thin ND filter is shown located just to the right of the second achromatic
doublet. The fields shown are at 0°, 1.5° and 3°.

Lastly, the encircled energy for three point sources located at field positions (0°, 1.5° and
3°) is shown in figure 5.5. The system performs best on axis (0.0mm), with energy tightly
concentrated in a small radius, while performance decreases toward the edge of the field, where
the image is more spread out due to off-axis aberrations. This indicates increasing image blur
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at larger field angles; however, even at 3.0 mm radius, the encircled energy reaches nearly 100%
at a radius of around 100 ym and is not a limitation.

5.2.3.3 Optical absorption and acoustic properties

The optical absorption properties of Ultima Gold XR were studied to understand the efficiency
at which light is absorbed as it travels through the solution. This property was quantified
by measuring the attenuation length, which is the distance over which the intensity of light
decreases to approximately 1/e, i.e. about 36.8%, of its initial value [212].

The optical absorption is typically measured using a spectrophotometer. A light source is
used to generate wavelengths within the visible spectrum, which are captured and focused into
a prism or grating. These components act as monochromators, dispersing light into different
wavelengths. A slit is used to select a specific wavelength, which passes through the sample
contained in a cuvette. The transmittance, T, is calculated by dividing the measured intensity
of the transmitted light, I;, by the intensity of the light before it passes through the sample, Ij.
The absorbance, A, is then calculated using [213]:

A= —log(1}) = ~log(T); (5.7

Given that absorbance is related to the absorption coefficient, €, the concentration of the sample,
C, and the path length, [, using the Beer-Lambert Law:

A =eCl; (5.8)
the attenuation length, Ly, is calculated using [214]:
1 l

Lot = — = — 5.9

"= T A (5.9)

For the optical absorption measurement, two samples were prepared and evaluated as potential
candidates for filling the inner volume of the SmartPhantom: a cuvette containing the Ultima
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Figure 5.5: Encircled energy for three field positions as a function of radius from the centroid.
All wavelengths, with appropriate weighting, are included.
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Gold XR cocktail and another containing a 50-50 mixture with distilled water. The optical
absorption of these solutions was measured using a spectrophotometer, with an air-filled cuvette
serving as a baseline. The cuvettes, each 10 mm wide, were sealed with 3D-printed lids and
double-sealed with tape to prevent any spillage. The prepared solutions are shown in figure 5.6.

A 1nm slit was used and the absorption measurement was performed across the 400 to
550 nm wavelength range at a scanning speed of 0.1 nm/s. Figure 5.7 shows the absorbance as
a function of wavelength for the 2 different samples. Both solutions show high absorbance at
short wavelengths, towards the UV range, which falls rapidly as the wavelength increases. In
addition, the absorbance of the Ultima Gold XR cocktail drops to zero at approximately 430 nm.
In contrast, the 50-50 mixture exhibits relatively high absorbance beyond 430 nm, extending
in the visible spectrum. This behaviour suggests significant light scattering in the presence of
water. Such scattering can interfere with the light emitted due to the energy depositions of the
incoming beam and can potentially lead to distorted images. To prevent this, a pure (100%)
Ultima Gold XR cocktail was chosen to fill the SmartPhantom. In addition, at 400 nm, the
attenuation length is calculated to be 2.96 mm, meaning that the intensity of the light will be
reduced by 36.8% after travelling 2.96 mm in the liquid scintillator. In contrast, the attenuation
length at wavelengths greater than 430nm is infinite, suggesting that light emitted at these
wavelengths will not be absorbed or scattered.

5.2.3.4 Response and saturation

The linearity of the response and the saturation behaviour of Ultima Gold XR were investigated
through a series of experiments conducted at the MC40 cyclotron in Birmingham [215]. Firstly,
a small quantity of the Ultima Gold XR cocktail was inserted in a custom-designed 3D-printed
cuvette, which was positioned at the cyclotron’s exit window. An optical system, comprising an
achromatic lens followed by a 1 mm aperture, was used to collimate the scintillation light and
focus it onto a PN diode, which generated a photocurrent that was measured using a multimeter.
The CAD model of the cuvette and images of the experimental set-up are shown in figure 5.8.
Figure 5.9 shows the measured PN diode current, corrected for dark current, against the
current at the Faraday cup for a design proton energy of 26.65 MeV. A straight line fit to the
data yielded a Pearson correlation coefficient of 0.991, indicating a strong linear correlation [216].

P ————1

Ultima Gold XR  50-50 mixture Distilled water Air

Figure 5.6: Image showing the four cuvettes prepared for measuring the absorbance of Ultima
Gold XR and a 50-50 mixture with distilled water using a spectrophotometer. The cuvette
containing air was used as a baseline for the measurements.
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Figure 5.7: Optical absorption spectra of the liquid scintillator (blue) and a 50-50 mixture
with distilled water (green), measured using a spectrophotometer. Baseline medium: air.
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Figure 5.8: Computer-aided design model of the cuvette designed to contain the liquid scintil-
lator (left) and images of the experimental set-up (middle and right) used to study the linearity
of the liquid scintillator’s response to absorbed dose and saturation behaviour. The experiment
was conducted at the MC40 cyclotron in Birmingham [215].
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The results demonstrate a linear response up to 1600 nA, suggesting that the liquid scintillator
remains unsaturated at this level, with no evidence of quenching.

A second experiment was conducted in which an imaging system, comprising an achromatic
lens (25.4mm diameter, 50.8 mm focal length) and a Chameleon3 CM3-U3-31S4M-CS camera,
was mounted on the side of the SmartPhantom through a glass window. To create a narrow
beam resembling the one expected at the LION beamline, a 2 mm circular collimator was placed
at the entrance window of the SmartPhantom. Moreover, the camera was connected to a laptop
operated remotely outside the concrete chamber, enabling real-time light acquisition. An image
of the experimental set-up is shown in figure 5.10.

The proton beam current in the cyclotron, and hence the number of particles in the beam,
was varied up to 1050 nA. Although the transmission current reached 1050 nA, the combination
of the system’s transmission ratio and the collimation reduces the delivered beam to an effective
flux of 6.6 x 107 protons/s, corresponding to ~ 9.6 x 107 protons incident on the sample.

To study different proton energies, the energy of the particles was degraded from an initial
energy of 26.65 MeV by placing Perspex sheets of varying thicknesses at the cyclotron’s exit
window. Specifically, 1, 2 and 3 mm Perspex sheets were used, resulting in proton beam energies
of 23.66, 21.25 and 18.59 MeV, respectively.

The camera orientation was adjusted until a clear image of scintillator light induced by the
proton beam was obtained. The average pixel intensity of the images was calculated, with
the results shown in figure 5.11. The background noise was kept constant by maintaining a
consistent camera exposure time of 0.2s across all runs. Lines of best fit were added to the
data to assess the linearity in the liquid scintillator’s response. The results confirm that the
liquid scintillator exhibits a linear response to the absorbed dose across the energies and particle
numbers investigated.

Figure 5.12 shows a colourmap of the pixel intensities of the image obtained with a 26.65 MeV
proton beam and 9.6 x 107 protons, corrected for background noise. The beam enters from the
left. From the image, it can be seen that the SmartPhantom’s entrance window is located at
approximately the 850" pixel on the x-axis due to the sudden increase in brightness observed
at that point. The pixel brightness appears low and uniform, gradually increasing towards the
right, consistent with the energy deposition curve expected for a proton beam. The brightest

920

e Data
—— Best Fit Line

PN Diode Current [pAl]
N w B w (=] ~ o]
o o o o o =1 (=]

=
o

o

0 200 400 600 800 1000 1200 1400 1600 1800
Faraday Cup Current [nA]

Figure 5.9: Plot of PN diode current against the current measured at the MC40 cyclotron’s
Faraday cup, using the experimental set-up depicted in figure 5.8 and a 26.65 MeV proton beam.
A line of best fit was added to the data and a regression coefficient of 0.991 was calculated,
indicating a strong linear correlation with no evidence of quenching in the liquid scintillator.
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Figure 5.10: Image of the experimental set-up used to capture the scintillation light caused
by the passage of the proton beam through the liquid scintillator inside the SmartPhantom at
the Birmingham MC40 cyclotron.
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Figure 5.11: Average pixel intensity of the images obtained using the experimental set-up
shown in figure 5.10, plotted against particle proton number at various proton energies.

region in the image corresponds to the Bragg peak, beyond which the brightness gradually drops
to zero. In addition, the colour scale on the right-hand side of the plot indicates a maximum
pixel intensity of approximately 250, suggesting that the image is unsaturated at the given
proton beam energy and particle count.

The SmartPhantom coordinate system is defined such that the z direction is parallel to
the beam propagation axis, the y direction is vertical and the z-direction completes a right-
handed coordinate system. The energy deposition profiles in the z direction and the z-direction
were plotted by averaging 60 pixels along the respective black axes. The profiles are shown
in figure 5.13, the bin height corresponding to the average pixel intensity. The shape of the
projection of the intensity along the z axis resembles the Bragg peak curve, while the transverse
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Figure 5.12: Colour map of the image captured with the experimental set-up depicted in
figure 5.10 when a 26.65 MeV proton beam of 9.6 x 107 particles propagates through the liquid
scintillator. The vertical and horizontal lines indicate the transverse and longitudinal directions,
respectively. The teh ADC value recorded by the camera is presented as the Pixel Intensity.

profile indicates that the beam is circular. The ability to extract these profiles from the images
obtained suggests that positioning an additional camera orthogonal to the existing setup could
provide the y-profile, enabling a three-dimensional reconstruction of the energy deposited by
the beam.

5.3 Simulation framework

The SmartPhantom’s design was optimised through a simulation pipeline that integrated a
parameterised description of the laser-driven source in Python [80] (see section 2.3.2.1), trans-
port through the LION beamline using BDSIM [76], the calculation of energy deposition in the
SmartPhantom using Geant4 [78], and acoustic wave generation, propagation, and simulation
of the response of the acoustic sensors in k-Wave, a Matlab toolbox [217].

5.3.1 LION beamline

Initially, the LION beamline was simulated using the Beam Delivery Simulation (BDSIM) soft-
ware [76]. The software tracks particles through the various beamline elements, extracting
valuable information about the beam’s properties. This information is useful for determining
the beam characteristics of particles reaching the detector, understanding the expected energy
depositions in the liquid scintillator and characterising the induced acoustic signal. Explor-
ing this information through simulation can help design and optimise the acoustic and optical
detection systems.

5.3.11 Particle source

A water-leaf target [218] was used to produce the protons for the exposure of the SmartPhantom
on the LION beamline at CALA. To simulate the particle production, the parameterisation
of the TNSA mechanism described in section 2.3.2.1 [80] was used. The particle source is
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Figure 5.13: Energy deposition profiles of a 26.65 MeV proton beam with 9.5 x 107 protons
propagating through the liquid scintillator in the SmartPhantom. Top: longitudinal profile,
obtained by averaging 60 pixels along the horizontal black line in figure 5.12. Bottom: transverse
profile, obtained from an average of 60 pixels along the vertical line.

driven by a high-intensity 2.5PW Ti:Sa ATLAS 3000 (Advanced Titanium-Sapphire Laser)
laser, operating at a maximum repetition rate of 1 Hz [219]. This laser can deliver pulses up to
28 fs in duration and 70J of energy. The values of the parameters used in the simulations are
given in table 5.3. The generated energy spectrum is shown in figure 5.14 and figure 5.15 shows
the generated distributions in spherical polar coordinates. The spatial distributions along the
x and y dimensions are assumed to be independent. A FWHM diameter of 10 ym was selected,
consistent with values reported in the literature [220].

Table 5.3: Values used in the simulation of the TNSA proton spectra using the algorithm
described in section 2.3.2.1.

Parameter Definition Value Unit
Eioser Laser energy 70 J
f Energy conversion efficiency | 1.2 x 107157197 max=0.5 -
1 Laser intensity 4 x 1020 W /cm?
A Laser wavelength 0.8 pm
tiaser Laser pulse duration 28 x 10715 S
d Target thickness (plastic foil) 400 — 600 x 1077 m
0 Electron half angle divergence 0.436 rad
Poser Laser power 2.5 x 101° W
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Figure 5.14: Parameterised energy distribution of the laser-driven protons generated at the
LION beamline source (blue), based on the specific laser and foil target parameters listed in
table 5.3, compared against that obtained using the analytical expression (black).
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Figure 5.15: Histograms of the divergence angle (left), generated from a Gaussian distribution,
and the azimuthal angle (right), uniformly distributed between 0 and 2w, representing the
parameterised angular distribution of 100000 particles at the LION beamline source.

5.3.2 Configuration

The LION beamline primarily consists of a quadrupole doublet made up of two permanent
magnet quadrupoles (PMQs). To focus a specific beam energy downstream, the quadrupole
drifts are adjusted using motorised stages. To achieve a proton beam with a modal energy of
20 MeV, the drift lengths were: 60 mm from the source to the first quadrupole, 56 mm between
the two quadrupoles, and 1729 mm from the last quadrupole to the focus. This combination of
drift lengths ensures the focal spot occurs inside the SmartPhantom.

Due to the limited aperture of the quadrupoles, not all particles generated at the source are
transported along the beamline. Particles that reach the bore of the magnets can cause damage.
To prevent this, an elliptical aluminium shielding plate was introduced at the upstream face of
the first quadrupole.

The beamline, extending from the source to the exit window, operates in a vacuum. After
the exit window, the particles travel through air towards the detector. The LION beamline exit
window consists of a 50 um Kapton foil. Since Kapton is partially transparent, an additional
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12 pm aluminium foil is placed behind it to stop electromagnetic radiation. This combination
of foils effectively stops protons with an energy below 2.1 MeV.

To decrease the transverse size of the beam and select a range of proton energies, a collimator
was placed after the exit window and before the SmartPhantom. An appropriate collimator was
selected, based on the modal energy to be focused. For the simulations, an aluminium collimator
with a 3mm circular aperture was chosen that is 5mm thick. The BDSIM simulation of the
LION beamline is shown in figure 5.16. The simulation has been split into two sections: the
vacuum section and the air section.

The BDSIM simulation was run multiple times to ensure that around a million protons
entered the SmartPhantom. The energy spectrum of the particles at the entrance to the Smart-
Phantom is shown in figure 5.17. As can be seen from the plot, the beam entering the Smart-
Phantom has a modal energy of 20.43 MeV and an energy spread of around 1.52 MeV.

Figure 5.18 shows a two-dimensional histogram of the spatial distribution of the particles,
with the colour bar indicating the particle count in each bin. There is a higher particle fluence
in the central region, which decreases towards the edges, as expected for a quadrupole-doublet-
focused beam. In addition, the shape of the beam is elliptical, with a FWHM of 0.77 mm and
0.39 mm along the x and y axes. The total diameter is around 2 mm.

5.3.3 Energy deposition modelling

A detailed simulation of the SmartPhantom was developed in Geant4, see figure 5.19. To
examine the impact of the liquid scintillator on the energy depositions, three simulations were
run: first with the entire volume filled with water; second with a 50-50 mixture of water and
liquid scintillator; and finally using undiluted liquid scintillator. Given the complexity of organic
molecules, the physical parameters of the dominant compound, 2,6-Diisopropylnaphthalene (2,6-
DIPN, Cy6Hgp), were used in the simulation.

The Geant4 simulation was split into 0.1 mm cubic voxels and the energy depositions of the
particles were written into a three-dimensional matrix. To ensure that the reconstruction of the
source from the acoustic signal is sufficiently accurate, the size of the voxels was chosen such
that the grid spacing was no more than 25% of the shortest acoustic wavelength generated by
the beam. Figure 5.20 shows a comparison of the energy depositions caused by 1 million protons
projected along the three orthogonal axes for each liquid. The figure shows that the choice of
filling for the SmartPhantom has a minimal impact on the deposited energy distribution, with
only around 1.5% variation in the range between water and the liquid scintillator. Figure 5.21

Vacuum Air
A —
’ 40 mm 20 mm 1728.59 mm 10 mm
60.34 mm 55,77 mm o™
>
Source SmartPhantom

/
]

10 mm bore
diameter
Kapton & /
aluminium foil
Collimator Quadrupoles Collimator
332 T/m 318.5 T/m Exit window

Figure 5.16: Annotated BDSIM diagram of the LION beamline, showing the accelerator
elements and drift lengths for focusing a ~ 20 MeV proton beam.
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Figure 5.17: Histogram of the simulated energy spectrum of the particles after passing through
the LION beamline and focused onto the SmartPhantom.
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Figure 5.18: The simulated spatial distribution of particles at the LION beamline focus for a
nominal beam energy of 20.43 MeV. The focused beam has a FWHM of 0.77 mm and 0.39 mm
along the z- and y axes. The total diameter of the beam is approximately 2 mm.
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Figure 5.19: Geant4 simulation of the SmartPhantom. Angled view (left), cross-section view
(right). The beam, given by the BDSIM simulation, is incident from the left.

shows the deposited energy distribution in the liquid scintillator projected onto each of three
orthogonal planes.

5.3.4 Acoustic signal

5.3.4.1 Pressure distribution

The three-dimensional energy depositions from Geantd were used as the source input for k-
Wave [217], which was used to simulate the ion-energy transfer to the medium, the generation
of the acoustic waves and their propagation in the three-dimensional space. The pressure value
at each voxel was calculated based on the energy deposited in the voxel using equation 5.1. The
resulting pressure distribution, in the three orthogonal planes, caused by the passage of the
beam in the SmartPhantom is shown in figure 5.22. The pressure distribution determines the
characteristics of the induced acoustic signals, which were generated and propagated through
space. To ensure that the signals are properly sampled and to prevent artefacts in the re-
constructed images, a sampling frequency of 90 MHz was selected as a compromise between
accuracy and computational speed.

5.3.4.2 Acoustic wave generation and propagation

Acoustic measurements of the liquid scintillator indicated a speed of sound of approximately
1474m/s, a 0.5% reduction compared to pure water [211]. Therefore, this value has been
used for the simulation. The generation and evolution of the ion-acoustic waves within the
SmartPhantom is illustrated in figure 5.23. The figure shows two pressure waves propagating
along the z-axis being generated: one arising from the Bragg peak due to the steep pressure
gradient and one created at the entrance window, where a boundary between the liquid and air
exists, due to the rapid change in the deposited energy density.

Both waves propagate outwards from the heated regions, with a portion of the acoustic
wave originating from the Bragg peak travelling towards the Kapton foil. The Kapton-liquid
boundary acts as an interface discontinuity due to the difference in acoustic impedance between
the two media. Since there is an acoustic mismatch, with the acoustic impedance of air being
much lower than that of the liquid, a larger fraction of the wave is reflected. Consequently,
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Figure 5.20: Simulated energy depositions, along the three orthogonal axes, caused by particles
emerging from the LION beamline and entering the SmartPhantom, for three cases: the entire
volume filled with water, a 50-50 mixture of water and liquid scintillator and 100% liquid
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Figure 5.21: Energy depositions in the liquid scintillator inside the SmartPhantom caused by
the passage of protons emerging from the LION beamline, as simulated with Geant4. Voxel

size: 0.1 mm.
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Figure 5.22: Simulated total pressure distribution of particles depositing energy as they prop-
agate through the SmartPhantom, shown in three orthogonal planes. Voxel size: 0.1 mm.

three distinct waves are detected by the transducers, explaining the peaks in the acoustic traces
discussed below.

As illustrated in figure 5.23, two different shapes of pressure waves are emitted: the a-wave,
a cylindrical wave emitted perpendicular to the beam axis before the Bragg peak, and the
~v-wave, a spherical wave emitted from the Bragg peak in all directions. The two waves are
highlighted in figure 5.24.

5.3.4.3 Detection and Signal Waveforms

Figure 5.25 illustrates the four transducers and their planned locations relative to the energy
depositions of the beam. The Vantage matrix array transducer, shown in the top left, is placed
on axis with the beam and the Olympus V303 transducer, shown in the top middle, is aligned
axially at the bottom of the SmartPhantom. Similarly, the GE 9L-D linear array transducer,
displayed in the top right, is placed axially but oriented parallel to the beam axis and the
Precision Acoustics ML4X50 piston hydrophone is used interchangeably with the matrix array,
positioned along the beam axis.

All transducers are oriented to face the centre of the SmartPhantom, ensuring that the waves
strike their surfaces perpendicularly. In the simulations, the transducers’ limited bandwidth has
been implemented by applying a Gaussian filter, the centre frequency and bandwidth of which
correspond to the transducers’ specifications given in Table 5.1.

5.3.5 Signal evaluation

5.3.5.1 Waveforms

The normalised simulated acoustic waveforms that would be recorded by each transducer, ac-
cording to the k-Wave simulation, are shown in figure 5.26. For the matrix and linear arrays, the
average of all the elements is presented. The shape of the traces is influenced by the incoming
beam’s radius, pulse duration, deposited dose, and the transducer’s orientation and depth of
detection.
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Figure 5.23: Simulated ion-acoustic signal generation and evolution within the SmartPhantom,
simulated using k-Wave. Two pressure waves are generated at ¢t = 0, originating from the Bragg
peak and the entrance window. Both waves propagate outwards, with the second one reflected
off the liquid-air interface at the Kapton foil due to acoustic impedance mismatch.
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Figure 5.24: An illustration of the two distinct waves emitted as the beam propagates through
the SmartPhantom. The a-wave is emitted laterally in the pre-Bragg-peak region, and the -
wave is emitted at the Bragg peak in all directions. The protons travel from left to right.

Figure 5.26 shows that the Olympus V303 transducer records a signal that starts at approx-
imately 16.6 us. This delay corresponds to the time required for the ultrasound wave to travel
approximately 2.49 cm (the distance between the transducer’s surface and the Bragg peak) at a
speed of 1474 m/s. The recorded signal shows a high-pressure positive peak, followed by a sud-
den negative pressure and a plateau. This pattern results from the ion-acoustic effect: the rapid
increase in temperature and pressure generates a compression wave, followed by rarefaction as
the pressure is released, leading to equilibrium. In addition, the transducer’s relatively large
cross-sectional area compared to the wavelength of the emitted wave makes it highly directional.
This results in a distinct signal originating from the Bragg peak being recorded, with reduced
sensitivity to the parts of the signal originating from the off-axis directions. The directional
effect and position of the transducer relative to the beam depositions also explain the absence
of any oscillations after the dominant peaks.

A similar acoustic time trace is recorded by the linear array, with the signal arriving at
approximately 36.7 us. This corresponds to the time required for the ultrasound wave to travel
approximately 5.5 cm at a speed of 1474 m/s. The greater number of elements, compared to the
Olympus transducer, enhances the spatial resolution, while the smaller element size eliminates
the directionality effect. This improves the detection efficiency of the off-axis signals, result-
ing in additional compression-rarefaction patterns being observed after the dominant peaks.
Furthermore, the improved spatial resolution sharpens the peaks, enabling the array to detect
finer variations in the acoustic field. Lastly, unlike the Olympus transducer, the positive signal
amplitude is more pronounced than the negative, due to the array’s greater sensitivity.

Figure 5.26 also presents the signal recorded by the matrix array, with the waveform display-
ing more intricate characteristics. Unlike the linear array, the two-dimensional configuration
of the matrix array elements enables efficient detection of radially propagating signals. This
results in enhanced resolution, evident from the finer peaks observed in the signal trace. In addi-
tion, positioning the array on axis relative to the beam enables detection of signals reflected off
the entrance window. In the acoustic waveform, this is observed as a spatially inverted signal
following the dominant signal from the Bragg peak, attributed to the phase inversion caused
by the reflection. Furthermore, the subsequent oscillations arise from waves arriving at various
angles and distances, giving rise to intricate patterns in the signal.

Lastly, a similar time trace is recorded by the piston hydrophone, albeit with slightly poorer
resolution due to its single-element configuration. This results in the waveform appearing
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Figure 5.25: k-Wave simulation illustrating the acoustic transducers and their location relative
to the beam energy depositions, indicated by the yellow region. The energy depositions depicted
are generated by a beam exiting the LION beamline, optimised for a modal energy of 20 MeV,
as it passes through the liquid scintillator.

smoother, as the acoustic pressure is averaged across the hydrophone’s surface.

5.3.6 Optical Simulation

The interior of the SmartPhantom and the imaging optics were simulated using non-sequential
ray-tracing in Ansys Zemax OpticStudio version 2025/R1 (Premium).

Non-sequential ray-tracing was used in a detailed model of the SmartPhantom in order to
determine the image of the scintillating volume, including diffuse reflectance from the nominally
absorbing surfaces such as the anodised aluminium and the black Kapton. The achromatic
doublet lenses had their proprietary anti-reflection coatings included; the BK7 window was
uncoated.

Key aspects of the SmartPhantom include the two optical windows, the proton beam en-
trance tube and the occluding ring that holds the Kapton in place and provides support for the
scintillating fibre planes. The imaging optics were discussed in Section 5.2.3.2, and figure 5.27
shows the volumes simulated.

A small sample of both the black Kapton film and the black anodised aluminium were
measured for both diffuse and specular reflectance using a PerkinElmer LAMBDA 1050+ spec-
trophotometer. The average reflectance of the diffuse sphere in the 1050+ spectrophotometer
was 98.7% over the range 350nm to 500 nm. Figure 5.28 shows the diffuse reflectance of our
sample of black Kapton. In our optical simulations, we used the value of 8.2% diffuse reflectance
(and thus 91.8% absorbance), which is the measured value at 427nm. The measured specular
reflectance at this wavelength was 2.7% and was not included in the simulation. The black
anodised aluminium had a maximum diffuse reflectance of 4.7% over the same range.
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Figure 5.26: Normalised simulated acoustic waveforms recorded by the four transducers: Van-
tage Matrix Array Ultrasound Transducer, GE 9L-D Linear Array Ultrasound Transducer,
Olympus V303 Immersion Transducer and Precision Acoustics ML4X50 Piston Hydrophone,
when positioned at the locations displayed in figure 5.25.
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Figure 5.27: Cut-away 3D volume of the SmartPhantom as simulated in Zemax OpticStudio.
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Figure 5.28: Diffuse reflectance of black Kapton (upper curve) and black anodised aluminium
(lower curve).
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Using non-sequential ray tracing, we simulated the response of a camera imaging an ideal
LION beam depositing energy at approximately 20 MeV into the liquid scintillator. All simu-
lations use non-sequential ray tracing with both ray splitting and scattering at every surface.
The optical sources represent the Monte Carlo predicted intensity of the light from the liquid
scintillator, modelled as fifteen elliptical elements each emitting isotropically with intensities
and number of photons weighted by the simulated deposited energy in the volume. Figure 5.29
shows the result of a simulation where each source has equal intensity.

The total number of primary rays traced was 300 million, and a simple Lambertian scattering
model was used with three scattered rays produced per scattering event. The minimum relative
ray intensity was 0.1%, and polarisation and ray splitting at dielectric boundaries were accounted
for.

Figure 5.30 shows the simulated image on the plane of the CMOS camera and a section of
the image along the midline. The gradient of the rising edge near the Kapton is clearly smaller
than that of the falling edge. This is due to the effect of the support ring, which partially
occludes the light collected from the first 1.5 mm of the emitting source.

5.4 |Initial detector evaluation

5.41 The LION beamline

The SmartPhantom was evaluated at the LION beamline. The liquid scintillator was inserted
through the tubes located on the top lid, shown in Figure 5.2. The detector was left undisturbed
for a few minutes to allow air bubbles to dissipate, as their presence could affect the acoustic
measurements.

Both imaging systems, each composed of two bi-convex lenses, were mounted on each of
the optical windows. The piston hydrophone was mounted on the Kapton window opposite the
entrance window, and the Olympus V303 transducer was attached inside the SmartPhantom at
the bottom. Acoustic matching gel was applied between the piston hydrophone and the black
Kapton foil to ensure effective coupling and maximise signal transfer. The SmartPhantom was

I

1 Y 0 O A

b

120 mm

Figure 5.29: View showing the proton beam pipe, the black Kapton film, the support ring and
the elliptical sources. The arrow points towards the imaging optics, and the circle represents
the second N-BK7 window with an orthogonal view of the sources.
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Figure 5.30: The 2D image and a section along the depth axis for a 0.1 mm diameter uniform
set of sources. The occluding effect of the ring supporting the black Kapton can be seen in the
region between y = —1.4 and y = —1.6 mm.

then mounted onto a motorised translation stage to enable horizontal and vertical movements
to align it with the beam axis. Images of the experimental set-up are shown in figure 5.31.

The transducer signals were recorded using a picoscope [221], while the cameras were read
out by the central computer. Three trigger signals were sent through the laser’s trigger box: one
to each camera via GPIO connectors and one to the picoscope to activate the two transducers
simultaneously.

To evaluate the effect of the beam width on the distribution of scintillation light and the
shape of the acoustic signals, collimators of various sizes were placed between the beam exit
window and the entrance window of the SmartPhantom. The collimators used are shown in
figure 5.32 and had circular apertures with diameters of 1, 2, 3 and 4 mm.

Camera 1 Camera 2

Piston
Hydrophone
Motorized
Olympus e 4 Stage
Hydrophone Ny : "

Figure 5.31: Experimental setup showing the SmartPhantom mounted on a motorised trans-
lation stage located at the LION beamline’s exit window. The piston hydrophone is aligned
with the beam axis, and the Olympus V303 transducer is positioned at the bottom.
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Exit Window

Collimators

Figure 5.32: Location of the collimators relative to the SmartPhantom and the beam-exit
window (left) and image of the collimators showing their respective diameters (right).

5.4.2 Optical and acoustic cross-correlation

Initial experiments were performed without a collimator, relying solely on the 15 mm diameter
entrance window of the SmartPhantom for beam collimation. Later tests were conducted using
4mm and 2mm collimators mounted in front of the SmartPhantom on a holder fixed to the
optical bench. Simultaneous optical and acoustic measurements were acquired using the imaging
systems and transducers, while varying the beam energy by adjusting the quadrupole drifts. For
conciseness, only the data obtained with the 4 mm collimator will be presented here.

The averaged, background-corrected images obtained using the top and side cameras, for
the various beam energies (10 MeV, 12MeV, 14 MeV, 16 MeV, 18 MeV and 20 MeV) and the
4mm collimator, are shown in figures 5.33 and 5.34 respectively. The images show that the
collimator reduces the cross-sectional area of the beam, as expected. As a result, most of the
energy depositions, and hence scintillation light, occur within the camera’s field of view. The
offset between the energy deposition and the centre of the imaging plane is possibly due to
misalignment between the collimator and imaging system. The intensity fluctuations can be
attributed to large particle number variation between shots.

Beam profiles were extracted from the images by averaging 60 pixels along the z, y, and z
axes as indicated in figure 5.35. The resulting profiles are shown in figures 5.36, 5.37, and 5.38.

The z-profile plots with the 4 mm collimator exhibit sharper peaks compared to the z-profiles
without a collimator. This may be because the collimator filters out particles found in the outer
radius of the beam that do not have the desired energy; the collimator sharpens the energy
spectrum of the focused particles, and hence the Bragg peak appears narrower. Furthermore,
as the beam energy increases, a second peak begins to emerge. A possible explanation for this
might be the non-optimised drifts between the quadrupole magnets in the beamline.

The x- and y-profiles are narrower when the collimator is placed in front of the detector.
Consequently, the camera imaging the y-plane is able to capture a larger fraction of the scintil-
lation light. In addition, the beam is not centred in either plane due to misalignment between
the collimator and the detector’s centre. Furthermore, camera saturation is observed in the
xz-plane when the 14 MeV beam propagates through the liquid scintillator, possibly due to a
large particle count. The saturation is also evident in the colour map in figure 5.35.

The acoustic signal traces recorded by the Piston hydrophone and Olympus transducer with
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Figure 5.33: Averaged, background-corrected grey-scale images obtained using Camera 2 from
the setup shown in figure 5.31. A 4 mm collimator was placed in front of the SmartPhantom.

the 4mm collimator in front of the SmartPhantom are shown in figures 5.39 and 5.40. The
waveform recorded by the piston hydrophone appears noisier compared to the corresponding
waveform without a collimator. While the peaks appear at the same time intervals, the ampli-
tudes are significantly smaller due to the lower number of particles entering the SmartPhantom.
As a result, the signal features are harder to distinguish, with the 16, 18 and 20 MeV waveforms
being dominated by noise.

In contrast, the waveforms recorded by the Olympus transducer are significantly clearer
compared to those obtained without a collimator, with two distinct peaks visible in the acoustic
traces across all beam energies. This is possibly due to the collimator filtering out particles
found at the outer radius of the beam, thereby generating a more compact and well-defined
sound wave. In addition, the signals become progressively noisier with increasing beam energy.

The effective range was also estimated using the acoustic traces by calculating the signal
envelope. The time difference between the first peak, corresponding to the signal from the
Bragg peak, and the third peak, which corresponds to its reflection off the entrance window,
was then calculated. This time difference was multiplied by the speed of sound in the liquid
scintillator to give twice the range.

The images of the scintillation light do not show distinct peaks and do not allow the effective
range to be determined. This is likely to be a consequence of insufficient focusing of the particle
beams. Therefore, only the effective ranges determined by the acoustic data were reconstructed,
and hence, comparison of the effective range estimated by the two systems was not possible.
The acoustic results are presented in figure 5.41. The error on the effective range was calculated
using the standard deviation of the fit to the peak.
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Figure 5.34: Averaged, background-corrected grey-scale images obtained using Camera 1 from
the setup shown in figure 5.31, with a trigger window of ~ 160us. A 4 mm collimator was placed
in front of the SmartPhantom. Each image is the average image from multiple shots at each
energy, specifically: 3 shots at 10 MeV, 3 shots at 12 MeV, 3 shots at 14 MeV, 4 shots at 16 MeV,
3 shots at 18 MeV and 3 shots at 20 MeV.
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Figure 5.35: Colour maps of pixel intensities from the images obtained using the top camera
(a) and side camera (b) when a 12 MeV proton beam passes through the liquid scintillator. The
setup included a 4 mm collimator in front of the SmartPhantom.
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Figure 5.36: Z-profile average of 60 pixels, with a 4 mm collimator, corrected for the 0.5 mm
shift observed due to the entrance window flange. The green dotted line marks the estimated
position of the entrance window, determined by the peak of the second derivative of the curves.
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Figure 5.37: X-profile average of 60 pixels from images obtained at various proton energies
traversing the liquid scintillator, with 4 mm collimator in front of the SmartPhantom.
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Figure 5.38: Y-profile average of 60 pixels from images obtained at various proton energies
traversing the liquid scintillator, with 4 mm collimator in front of the SmartPhantom.
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Figure 5.39: Acoustic waveform recorded by the Piston hydrophone, on-axis with the beam,
with a 4mm collimator placed in front of the SmartPhantom. The darker colour waveform
shows the average acoustic trace across all shots at each energy. The lighter shade error band
demonstrates the standard deviation across the multiple shots, described in the caption of figure
5.34.
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Figure 5.40: Acoustic waveform recorded by the Olympus V303 transducer, immersed from
underneath, with a 4 mm collimator placed in front of the SmartPhantom.

The beam width in the z- and y-directions was determined from the z- and y-profiles of the
energy depositions along each axis. To calculate the FWHM, polynomial fits were made, and
the FWHM and its error were calculated from fitted parameters.

Figure 5.42 shows the calculated FWHM of the beam width along the z-direction based
on the optical data for the various collimators used. However, a comparison of the beam
width between optical and acoustic data in this direction is not possible as no transducer was
positioned facing the defined z-axis. It is evident from the plots that the beam width decreases
with the collimator size. In addition, a small decrease in width is also observed as the set energy
increases.

The beam width in the y-direction was calculated using the same approach as the width
across the z-direction, by applying polynomial fits to the extracted profiles. Unfortunately, the
beam width along the y-direction without a collimator could not be determined, as a large
fraction of the energy depositions were outside the camera’s field of view. The polynomial fits
are shown as black dashed lines. The FWHM for each case was calculated from the fits, with
the associated errors shown by the lighter blue colour.

For comparison, the beam width in the y-direction was also calculated using the acoustic
data. This was done using the acoustic traces obtained from the Olympus V303 transducer,
which was positioned facing in the y-direction. The beam width was estimated by calculating
the signal envelope and identifying the two dominant peaks, corresponding to the compression
and rarefaction waves. Subsequently, the time difference between them was calculated and
multiplied by the speed of sound in the liquid scintillator to obtain the beam width in that
direction. For the cases where the three signals from the Bragg peak, the entrance window and
the Bragg peak reflection off the entrance window overlap, the FWHM of the envelope was used
instead. The traces at 10 and 12 MeV without a collimator, as well as at 18 and 20 MeV with
a 4 mm collimator, were deemed unusable, as no distinct peaks could be identified. As before,
the errors were estimated using the error bands.

Figure 5.43 presents a comparison of the beam width in the y-direction using the various
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Figure 5.41: Effective range calculated using the peaks observed in the acoustic traces obtained
by the piston hydrophone positioned on axis with the beam.

collimator sizes and proton energies investigated, calculated using the optical and acoustic data.
The plots reveal that, at all energies, the FWHM of the beam decreases in proportion to the
collimator size. In addition, a slight decrease in beam width is observed for a fixed collimator
size and increasing modal beam energy, a trend also observed in the data along the z-direction.
Furthermore, for the 4 mm and 2 mm collimator data, the calculated optical and acoustic beam
widths are in strong agreement, within the associated errors.

Lastly, specific features retrieved from the optical and acoustic data are proportional to the
particle number in each bunch, providing additional ways to establish a correlation between
the two [222]. In the images obtained, the particle count is directly proportional to the pixel
intensity, assuming that no saturation is reached. This is because a higher particle count
generates a greater total scintillation-light emission, as there are more particles to deposit energy.
The average pixel intensity of each averaged, background-corrected image at each energy and
collimator size used was calculated and plotted in figure 5.44.

In the acoustic signals, the number of particles in the bunch is proportional to the signal
amplitude. This is because a greater particle count would give a larger beam current and hence
larger energy deposition. Specifically, the waveforms recorded by the piston hydrophone, placed
on-axis with the beam, were used. However, since the first and third peaks originating from the
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Figure 5.42: Full Width Half Maximum (FWHM) calculation along the x-direction of the
beam depositions at the various proton energies and collimator sizes used in the setup.

Bragg peak are influenced by the beam’s energy spread, the second peak, originating from the
entrance window, was selected for the measurement. The peak was only identified for the data
where the peaks were sufficiently distinct.

Figure 5.44 presents a comparison of the amplitude of the entrance window peak from the
acoustic waveforms recorded by the piston hydrophone with the average pixel intensity of the
images captured during the same shots. Both the average pixel intensity and the amplitude
of the acoustic peak decrease as the size of the collimator is reduced. In addition, for a fixed
collimator size, both the optical and acoustic data follow a decreasing pattern as the beam set
energy increases. This is due to the lower number of particles being focused as a result of the
quadrupole doublet focusing mechanism.

However, a significant discrepancy between the values obtained by the two methods is ob-
served for the 10 and 12 MeV set energies. The average pixel intensities at those energies are
much lower than expected based on the trend. This can be attributed to the entrance win-
dow flange, which occludes the first few millimetres of the energy depositions, resulting in a
significant loss of information.

In conclusion, a positive correlation appears to exist between the optical data coming from
the scintillation light images and the acoustic data from the recorded acoustic waveforms as the
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Figure 5.43: Full Width Half Maximum (FWHM) calculation along the y-direction of the
beam depositions at the various proton energies and collimator sizes used in the setup.

beam propagates through the SmartPhantom. The shot-by-shot comparisons of the effective
range, mean beam energy, beam width and bunch particle number revealed a promising rela-
tionship between the two methods. This comparison lays a strong foundation for a calibration
mechanism, in which the liquid scintillator will calibrate the acoustic response and yield an
absolute determination of the deposited dose.
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Figure 5.44: Comparison of the entrance window peak amplitude obtained from the Piston
hydrophone waveforms (green) and the average pixel intensity from the images obtained during
the same shot (blue). Both measurements are related to the particle number in the bunch.



148




CHAPTER 6
End Stations

6.1 Introduction to the end-stations.

LhARA will support three end-stations: two in wvitro and one in vivo. In Stage 1, a 15MeV
proton beam will serve the low-energy in-vitro end-station. In Stage 2, after passing through
the FFA, the high-energy 127 MeV proton beam will serve both the high-energy in-vitro end
station and the in-vivo end station. In addition, Stage 2 will provide ion beams up to C5* at
energies up to 33.4 MeV/u to both the high energy in-vitro and the in-vivo end-stations. The
expected beam parameters at each end-station are described in Chapter 2, and the specification
of the beam energies and dose rates that the facility will deliver are summarised in table 1.1.

The requirements for each end-station are presented in the sections that follow. The end-
station design requirements have been derived to address:

o User requirements gathered from consultation meetings;

e A detailed review of existing dosimetry techniques to assess their feasibility for the beams
LhARA will deliver; and

e The development of a supersonic-gas-curtain-based ionisation profile monitor for non-
destructive beam monitoring in real time.

Each of these aspects is discussed below.

6.2 End-station user requirements

A series of consultation meetings was held to capture the requirements of the radiobiological
communities that would be served by the LhARA facility. The first meeting focused on the
Stage 1 in-vitro end-station, the second on both the Stage 1 and Stage 2 in-vitro end-stations,
and the third on the Stage 2 in-vivo end-stations and associated infrastructure needs. Across
the three meetings, 71 unique registrations from across the UK, Europe, North America and
Asia were received. Registrations were received from researchers at Universities, national and
international laboratories, including CERN, TAEA, PSI, and DKFZ, as well as private companies.
The consultation meetings began with short introductions to the LhARA project, with ample
time set aside for attendees to discuss their research and requirements. The following list of 10
conclusions (C1 to C10) was drawn from these meetings.

C1: There was strong support for the present baseline vertical beam-delivery concept for the
low- and high-energy in-vitro end-stations, and therefore the existing baseline of vertical
beamlines should be retained.

C2: A specification of 5% for the accuracy and repeatability of the measurement of integrated
dose is sufficient for the dose-measurement uncertainty not to dominate the error budget
of biological experiments. This should be treated as a hard upper limit with every effort
made to minimise the uncertainties.
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C3: The end-station designs must be compatible with the dosimetry methods used to achieve
C2. Techniques under consideration include ion-acoustic imaging for real-time dose-profile
measurement and the gas-curtain profile monitor for beam monitoring. Other techniques
will be considered as the R&D programme develops. In addition, the end-stations must be
able to incorporate real-time imaging of samples both during and shortly after irradiations
in order to exploit the unique timing structures of LhARA.

C4: Any setup and end-station must be simple, robust, reproducible, and cheap for the facility
users. With this in mind, the Stage 1 in-vitro end-stations are designed to accommodate
standard plastic cell dishes with the flexibility to accommodate other cell dishes as required
by users.

C5: The cell transportation into the end-stations must be automated in a climate-controlled
environment where the temperature and oxygen tension will be set by the user. The end
stations must maintain and monitor these parameters to provide users with a history for
each irradiation. Two options are under consideration to achieve this. The first is a large
environmental chamber which runs from incubator to end-station and back, within which
cell dishes are transported. The second would be multiple small environmental chambers
in which the cells are loaded, the whole chamber then being transported to the end station.

C6: An X-ray source to be included in the facility to allow control sample and low LET
comparisons to be made with cultures in both the Stage 1 and Stage 2 in-vitro end-
stations.

C7: The experimental complications arising from the use of a low-energy proton beam must
be considered carefully, and a validated Monte Carlo simulation will be essential to extract
kinetic energy, LET, and beam uniformity profiles.

C8: For the in vivo work, an animal house on site is essential as the animals involved in ex-
periments cannot leave the site after irradiation. This prevents contamination of animals.

C9: The development of the specification of the in-vivo end-station and its operation should
include careful consideration of the range of animals required. Support will be required
from external partners, such as the Mary Lyon Centre, regarding the regulations for animal
work.

C10: Real-time imaging will be required in the in-vivo end-station for animal work to ensure
reproducibility and optimal outcomes. The end station must be equipped appropriately.

6.3 Review of dosimetry techniques for ion beams

This section discusses dosimetry techniques suitable for integration into the LhARA end stations.
The choice of dosimetry technique typically depends on the type of radiation, dose rates and the
level of dose information required. Since the LhARA beam is designed to deliver FLASH doses,
the dosimetry must be capable of accurately reporting dose at rates in excess of 40 Gy/s. At such
high rates, the large instantaneous current requires the dosimeter response to be independent
of rate and for the dose to be reported pulse by pulse.

The work of Romano et. al. [223] provides valuable insights into the dosimetry techniques
preferred for ion beams in FLASH-capable accelerators. However, most state-of-the-art ion
accelerators achieve only a fraction of the dose rates expected at LhARA, making direct com-
parison of existing dosimeters challenging due to the lack of relevant literature. In addition, the
greater availability of clinical electron beams has resulted in most performance studies focusing
on electron beams rather than ion beams. Fortunately, the underlying principles of most of the
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dosimeters are the same for electron or proton beams so that the results of electron-beam studies
can be used to assess the performance of the technique when applied to proton or ion beams.
Therefore, categorising dosimetry techniques by their operating principles offers an overview of
their functionality, advantages and limitations for specific beam types.

6.3.1 Charge collection dosimeters

Charge collection dosimeters are the simplest form of detectors and are often considered as
most reliable. They operate by exploiting the ion pairs or charges created during irradiation to
create a signal. However, these devices have limited sensitivity, suffer from non-linear responses,
and saturation effects when dealing with high instantaneous dose rates. Usually, the detector
geometry restricts the measurement of dose to a point (1D) or across a plane (2D).

6.3.1.1 Gas-based detectors: ionisation chambers

Ionisation chambers (IC) are considered the gold standard of dosimetry in radiotherapy. The
TAEA TRS-398 code [224] serves as a comprehensive guide, offering recommendations for de-
termining absorbed dose in external beam radiotherapy. Ionisation chambers are commonly
used in proton therapy facilities for reference dosimetry in water phantoms. However, the
measurement is less precise for proton beams than it is for electron beams.

The ion and electron pairs generated in the gas that defines the detection volume of an
ionisation chamber are collected by applying an external electric field across a set of electrodes.
The applied voltage is usually high enough to ensure that all charges are collected. However,
at a higher dose rate, ion pairs can recombine before being swept across the electric field and
collected. This can result in a reduction in ion-collection efficiency, resulting in inaccuracies
in dose measurement. Boag’s model [225] is used to introduce correction factors to account
for the efficiency loss due to recombination at moderate dose per pulse. Some commercial
ICs, such as the Advanced Markus IC by PTW, can collect ions effectively at dose rates as
high as ~ 300 Gy/s and a dose per pulse of around 5mGy. However, in situations with very
high instantaneous dose rates and high dose per pulse commonly used in FLASH radiotherapy,
Boag’s model becomes less accurate. Figure 6.1 shows the response of an IC under FLASH dose
rates.

The time resolution of charge-based dosimeters is constrained by the ion-drift velocity (IC),
modalities of different charge carriers (solid state detectors), and fundamental parameters such
as transit time and minority-carrier lifetime (solid state detectors). ICs usually show a response
time ranging from a few ms to hundreds of ms. Silicon diodes can achieve time resolutions on
the order of a few milliseconds [229]. Pure diamond detectors, due to their superior electron and
hole modalities, offer extremely good resolution on the order of a few ns [230]. Meanwhile, the
resolution of most synthetic diamond detectors is determined by the minority carrier lifetime,
which is a few microseconds [231]. Hence, real-time dose monitoring is feasible with diodes,
diamonds, and ICs.

Petersson et al. [226] investigated ion-recombination effects in the Advanced Markus Ionisa-
tion Chamber for FLASH setups. They were able to measure the dose per pulse by accounting
for the ion-recombination effects and noted a strong dependence on dose per pulse above 1 Gy.
Patriarca et al. [232] used Boag’s model to account for recombination effects for their FLASH
measurement using cyclotron-based 230 MeV (IBA) proton beam (100 MHz, 2 ns). Their study
indicated that the total recombination of ions was around 1% at a maximum mean dose rate of
80 Gy/s. Jorge et al. [233] showed that, at the high dose rate of 1050 Gy/s, despite correcting
for ion-recombination effects, ICs can show deviations up to 15%. Beyreuther et al. [234] used a
224 MeV proton beam at a dose rate of 100 Gy/s and concluded that the pulse duration (100ms)
was an order of magnitude higher than the ion-collection time for the Advanced Markus cham-
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Figure 6.1: Dose per pulse dependency of Advanced Markus Chamber IC, PTW microDi-
amond, and Isorad Gold diode detectors for conventional (A) and FLASH beams (B). The
Advanced Markus Chamber IC is the only charge-based detector tested at FLASH dose rates
[226], while the models for the diamond and diode detectors were exclusively tested at conven-
tional dose rates [227, 228].

ber (10 us). Some studies also attempt to reduce the recombination effects by modifying the IC.
For example, the DOSION ionisation chamber [235] has been modified to reduce the recombi-
nation below 1% for instantaneous dose rates up to 1kGy/s. Nonetheless, high pulse repetition
frequency in clinical proton beam dosimetry and factors such as volume recombination, along
with the limited experimental data in FLASH conditions, particularly for proton beams, pose
uncertainties when using ionisation chambers for LhARA-like beams.

6.3.1.2 Solid state detectors

A solid-state detector may be thought of as a solid-state ionisation chamber. This family of
detectors consists of semiconductor-based detectors such as silicon diodes, MOSFETs, and di-
amond detectors. Due to their better sensitivity, solid-state detectors can be made extremely
small, offering better spatial resolution compared to gas-filled ionisation chambers. The PTW
microDiamond, for instance, achieves a remarkable 1 um resolution when used in an edge-on
configuration. Another high-resolution, charge-based dosimeter is the silicon single-strip detec-
tor (SSD), identified as a potential tool for Microbeam Radiation Therapy. The SSD, used at
the European Synchrotron Radiation Facility, has very good spatial resolution (10pum) and a
broad dynamic range [236].

The operation principle of an SSD is fundamentally similar to an ionisation chamber, but,
instead of forming an ion-electron pair, radiation creates electron-hole pairs. These pairs are
caused to drift to the collection electrodes using an electric field. Electron-hole recombination
impacts SSD performance: whereas in ICs, direct recombination is the dominant process; recom-
bination in solid state detectors is dominated by indirect recombination due to recombination-
generation (RG) centres and impurities that can act as traps [237]. Recombination affects the
linearity of the response at high dose rates.

Examples of SSDs include:

Silicon Diodes were first implemented for dosimetry in the 1980s [238] and have since been
used routinely for in wvivo dosimetry. They offer a good spatial resolution due to the
high radiation sensitivity relative to the ionisation volume. High spatial resolution with
relatively fast response time (microseconds) makes them ideal for in vivo dosimetry. More-
over, they can be configured to operate in real-time mode, making them one of the best
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candidates for real-time in vivo dose measurement for individual pulses such as that of a
linear accelerator [239]. Diodes are positioned on the skin of a patient during radiation
treatment. They are encapsulated in a material which is usually metallic (e.g. stainless
steel).

While ionisation chambers (ICs) experience reduced sensitivity with rising dose per pulse,
diodes tend to over-respond at higher dose per pulse [240, 241]. This phenomenon is
linked to the process of recombination. RG centres are formed between the valence and
conduction bands and are able to capture minority charge carriers, allowing them to
recombine with majority charge carriers. At high dose per pulse, the RG centres become
saturated with minority charge carriers. Consequently, as shown in figure 6.1, a greater
proportion of charges remain unrecaptured, enhancing the overall sensitivity of diodes at
elevated dose rates and high dose per pulse. These effects also result in a non-linear dose

response.
35 [k — 6
-=#-RBE
—FLUKA Monte Carlo
30 | x Experimental points
15
25|
g 2 "
_— —4 00
o ‘e
N 15}
10
13
5 i
0 1 1 1 1 1 2
0 5 10 15 20 25 30

Lucite depth (mm)

Figure 6.2: Performance of silicon micro-dosimeter near the Bragg Peak region for 115 MeV /u
Carbon beam (CNAO Italy) [242]. Relative Biological Effectiveness (RBE) is also shown.

Recently, advanced 3D manufacturing technology, originally created for particle physics
experiments at CERN, has allowed silicon micro-dosimeters to be created [243]. These
detectors, with micro-machined electrodes, result in faster and more precise silicon micro-
dosimeters for ion therapy compared to planar diodes. Prieto-Pena et al. [242] have
demonstrated the performance of micro-dosimeters using a 115.23 MeV /u carbon-ion beam
(CNAO, Italy) of Gaussian field size 5.1 x 8.5 mm at a fluence of 5x 107 s~ tem =2, in a water
phantom. The authors reported a good agreement of measured dose with Monte Carlo
simulations as shown in figure 6.2. Silicon micro-dosimeters promise to improve ultra-high
pulse dose rate (UHPDR) dosimetry by reducing recombination effects. Additional factors
that must be considered include:

o Temperature dependence: A diode will generate dark current even in the absence
of radiation due to thermally generated charge carriers. This results in background
signals that have to be accounted for. The background signal is strongly temperature-
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dependent and increases if the temperature rises during irradiation. Although an
offset can be applied before starting a measurement, any changes in the temperature
during the measurement will change the diode response.

e Radiation damage occurs in the form of displacement of atoms. A displaced atom
will act as a recombination centre to capture charge carriers, resulting in a reduction
in sensitivity. The rate at which radiation damage occurs depends on the radiation
type. For example, damage due to 20 MeV electrons is 20 times faster than damage
due to 8 MeV photons [244].

e Geometrical factor: the shape and construction of the sensitive surface of the diodes
result in the dose becoming a function of the geometry of the system. The dose rate
will vary with the angle at which the radiation impinges on the sensitive surface.
Certain diode geometries (e.g. dome shaped diodes) reduce the angular dependence,
but the dose rate can still vary if the irradiation angle is > 30° from the perpendicular
to the diode base plate. The material in which the diode is housed also reduces the
sensitivity of the diode for low-energy scattered dose, which forms a substantial part
of the dose received in certain radiotherapy treatments like total body irradiation.

o Calibration diodes (in vivo dosimeters for the most part) are calibrated with the
ionisation chamber at the reference depth used for calibration of the beam. A set of
correction factors must also to be employed for measurements carried out at different
temperatures and beam energy. The correction factors will usually be similar for the
same diode type.

The advantages and limitations of diode dosimeters may be summarised as follows:

o Advantages: diodes offer a simple and cost-effective way to measure the dose in in
vivo dosimetry. They offer high sensitivity, real-time readout with relatively sim-
ple instrumentation, a degree of robustness and a measurement independent of air
pressure.

e Limitations: correction factors are required for the dependence of the signal on dose
rate, irradiation angle and energy. The varying response with temperature and the
spectral range of radiation affects the accuracy of the dose received. Change in
sensitivity post-irradiation limits the multi-use applicability of diode dosimeters.

MOSFETs were introduced as dosimeters in radiation therapy in the early 1990s [245]. MOS-

FETs are very effective in high dose-gradient radiation fields due to their small size and,
like diodes, provide good spatial resolution, which is particularly important in IMRT,
radiosurgery, and brachytherapy. MOSFETs offer real-time readout with simple instru-
mentation and ruggedness. Furthermore, dual MOSFET, dual voltage dosimeters are less
temperature sensitive, which is advantageous in clinical dosimetry. MOSFETs also enable
persistent dose storage due to reduced signal fading over time [246].

A MOSFET has three terminals: the source, the drain and the gate. The source and gate
terminals are connected to a p-type substrate built on an n-type base. The gate terminal
is connected in-between the source and the drain through a thin SiOq layer, which sits on
the n-type base. When the gate is biased negatively with respect to the base, the SiO9
attracts holes, which makes the region near it conductive. A small current, Iz, flows
between the source and drain when the bias is increased beyond a threshold voltage, Vrp.
When the MOSFET is exposed to ionising radiation, the holes are pushed towards the
SiOs layer and are trapped. Thus, a larger voltage, AVrp, is required to generate the
same current. The resulting AVpp is thus proportional to the absorbed dose as shown in
figure 6.3. However, the similarity of the operating principle with that of diodes means
that a MOSFET also suffers a non-linearity of response due to recombination effects.
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Figure 6.3: Plot of the current-voltage characteristic of a MOSFET. The voltage shift AVrg
that develops on exposure to radiation is indicated [239].

The relationship between Vry and I;s can be affected by temperature by as much as 4
to 5mV per °C [247] and great care needs to be taken for MOSFETs to be used in vivo.
Dual MOSFET, dual voltage dosimeters have been demonstrated to reduce temperature
dependencies to about 0.015mV /°C in the range 0 to 80°C [248].

MOSFETSs have a limited lifespan due to an increase in trapped charge in the oxide layer.
Depending on the thickness of the oxide layer, the MOSFET saturates after a certain
amount of dose. As in the case of a silicon diode, the dose received in MOSFETS is also
affected by their orientation with respect to the beamline and also has a response that
depends on energy. MOSFETs have been shown to have a linear response with dose rate
below 600 MU /min [249].

The advantages and limitations of MOSFET dosimeters may be summarised as follows:

o Advantages: Excellent spatial resolution with minimum attenuation due to small size;
can be used to monitor the dose rate.

o Limitations: Variation of response with energy and incident angle. Response is
affected by temperature. Response also changes with accumulated dose, yielding
lower accuracy and precision, and a limited lifetime.

Diamond Detectors are gaining popularity for FLASH dose measurement. They are reported
to show increased or decreased sensitivity with increasing dose per pulse, depending on
their construction, i.e. pure crystals, chemical vapour deposition (CVD), or high-pressure,
high-temperature HPHT fabrication [250]. Ade et al. [250] investigated the dose-rate de-
pendence of synthetic diamond detectors in electron beams and evaluated the linearity
index for its dependence on electron energy. They found the fitting parameter for some di-
amond detectors to decrease by as much as 9% when the dose-rate was increased from 2.25
to 3.07 Gy/min. Di Venanzio et al. [251] used a commercial synthetic microDiamond detec-
tor type 60019 (PTW Freiburg) in high dose-per-pulse (26-105mGy per pulse) 6-9 MeV
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electron beams produced by an Intra Operative Radiation Therapy (IORT) dedicated
accelerator. They observed that the microDiamond response exhibited good linearity in
the dose range of 0.2 Gy to 28 Gy with detection sensitivity of 1.29nC/Gy, showing less
than a 1% difference compared to the reference measurement using a Cobalt 60 gamma
source. Profile measurements revealed a high spatial resolution, slightly less than that
of the silicon diode. Patriarca et al. [232] used the same microDiamond dosimeter for a
proof-of-concept study for FLASH irradiation using a proton beam at a dose-per-pulse of
a few mGy. The device under responded at higher dose rates.

6.3.1.3 Direct current measurement: Faraday cup

A Faraday cup is a conductive metal cup which accumulates charge when put in the beam’s
path. It is one of the most common detectors used to measure the beam flux accurately. In
pre-clinical FLASH studies, the Faraday cup has been used by multiple authors [252, 253].
The main advantage of Faraday cups is that their response is independent of the effects of
saturation, ion collection, and charge-carrier recombination. However, Faraday cups measure
the integrated charge instead of the dose and have poor spatial resolution; as a result, they are
relatively uncommon in radiotherapy.

6.3.2 Chemical Dosimeters

Chemical dosimeters belong to a group of detectors which have a chemical (sensitive medium)
that undergoes structural changes, produces radicals, or changes colour upon irradiation. By
layering the sensitive medium in planes, chemical dosimeters can be used to generate 2D or 3D
dose distributions. Planar dosimeters also allow for simultaneous measurement of dose profiles,
not requiring scanning techniques as in charge-based detectors. Moreover, the structural change
during irradiation can also be exploited to provide a permanent record of the dose.

6.3.2.1 Frikie/Alanine dosimeter

The Frikie dosimeter consists of ferrous sulphate as a sensitive medium. Upon irradiation, the
ferrous (Fe?T) ions oxidise to ferric ions (Fe3), which changes the optical density of the active
medium. The change in optical density can be read using an external light source. With
appropriate calibration, the change in optical density can be used to determine the absolute
dose. Studies conducted using these dosimeters have reported instability of radiation-induced
species at high dose rate [254, 255], making such detectors less reliable for dose measurement
of nanosecond-scale pulses such as those that will be delivered by LhARA.

Alanine dosimeters use alanine, an amino acid, as an active medium. Upon irradiation,
alanine forms a stable free radical, the concentration of which is proportional to the dose received.
The absorbed dose can be probed using an electron paramagnetic resonance (EPR) spectrometer.
Alanine dosimeters exhibit a linear response over a large dynamic range (2 Gy—150kGy) and
are therefore extensively used in pre-clinical FLASH studies [256]. With appropriate setup-
dependent corrections, alanine detectors have been shown to produce an accuracy of up to 3%
at dose rates of 0.078 Gy/s to 1050 Gy/s [233]. They have excellent dose-rate independence up
to 3 x 1019 Gy/s using electron beams [257]. A study conducted at the European Synchrotron
Radiation Facility (ESRF) for ultra-high dose rate of (10 kGy/s) using an X-ray source identified
alanine as an appropriate dosimeter for X-ray sources [258]. These observations make an alanine
dosimeter promising for the high dose rates expected at LhARA.
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6.3.2.2 Radiochromic/Radiographic film

Radiochromic films (RCF) are polymeric films that darken during irradiation due to the poly-
merisation of their active medium. The degree of darkening is quantified by changes in optical
density (OD), impacting the transmission of light through the film. The OD change is propor-
tional to the dose received and is measured by analysing the absorption spectrum of transmitted
light during readout [259]. Different polymers in the film exhibit varying absorption spectra,
leading to colour changes. Stacking multiple films along the depth provides a 3D dose dis-
tribution, with each film offering a 2D dose distribution at a particular depth. The response
of radiochromic films is independent of energy [260], has high spatial resolution (sub-micron),
limited only by the digitising method. The density of the RCF itself is similar to that of tissue.
RCF allows for energy-resolved measurements, a technique known as radiochromic film imaging
spectroscopy.

Studies by Karsh et al. [261] demonstrated the dose-rate independence of EBT radiochromic
film up to 15 x 10° Gy/s using a 20 MeV electron beam with a pulse length of 5ps. Jaccard et
al. [262], in their FLASH dose rate studies using the Oriatron eRT6 electron linear accelerator,
concluded that the film remained independent of dose rate up to rates of 8 x 10° Gy/s.

Additional studies focus on quantifying the energy dependence of films for ion beams. Pier-
mattei et al. [263] measured a dose-correction factor for MD-55 for proton beams, accounting
for a 5-20% under-response in the Bragg Peak. Daftari et al. [264] conducted further studies
on clinical proton beams of 67.3 MeV. Kojima et al. [265] observed significant under-response of
MD-1260 for various ion species with increasing linear energy transfer (LET) for 3-45MeV /u
ion beams. Martisikova and Jakel [266] reported a 25-35% under-response for EBT films irradi-
ated by a carbon beam of 100-400 MeV /u, with no under-response for protons down to 50 MeV.
Kirby et al. [267] using a cyclotron-produced proton beam demonstrated a consistent flat energy
response for EBT and MD-55 films for proton beam energy of 5 MeV and 8-10 MeV respectively,
which drops up to 60% for beam energies below that.

Despite the benefits, radiochromic films have major drawbacks, as their measurement is
typically offline. While real-time film readout within milliseconds is possible and attempts have
been made to read out radiochromic films in real time [268, 269], post-exposure polymerisation
complicates real-time dosimetry and is not fully understood.

6.3.2.3 Polymer gels

Polymer gel dosimeters are fabricated from radiation-sensitive chemicals which polymerise as a
function of the absorbed radiation dose. Gel dosimeters can be made as a volumetric structure
allowing the radiation dose distribution to be recorded in three dimensions with extremely fine
resolution [270]. The readout process is similar to that of radiochromic films, but instead of
2D scanning, the readout has to be performed in 3D. As for all chemical dosimeters, diffusion
of irradiated species can occur post-irradiation at a high dose gradient, which can affect the
measurement. In addition, the complicated readout machinery makes this technique impractical
for real-time dose monitoring.

6.3.3 Passive (stimulated) luminescent dosimeters

In general, passive dosimeters enable dose recording for later retrieval during a read-out stage.
Passive luminescent dosimeters reveal dose information through the emission of photons during
read-out, with the number of photons emitted being proportional to the received dose during
irradiation.

Passive luminescent dosimeters work on the principle that introducing impurities into cer-
tain crystals creates additional energy levels in the gap between valence and conduction bands,
known as meta-stable states. These extra energy levels allow electrons to be trapped during
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irradiation. The trapped electrons can be stimulated to escape through the application of
sufficient energy, leading to the recombination process and luminescence. Using readout de-
vices such as photomultiplier tubes, the emitted light can be quantified as a measure of the
absorbed dose. These dosimeters can be categorised based on the external stimulus applied
during readout. Examples include thermoluminescent dosimeters (TLD), optically stimulated
luminescent dosimeters (OSLD), or radio-photo luminescence dosimeters. In the absence of the
external stimulus, the electrons can remain trapped for long durations. Hence, these dosimeters
can only be employed to capture the historical dose delivered during irradiation. Despite this,
dosimeters like TLDs and OSLDs have shown excellent dose-rate independence, making them
suitable for high dose rate measurements.

6.3.3.1 Thermoluminescent dosimeter

In thermoluminescent dosimeters, the external stimulus is provided by heat. TLDs are widely
used and serve as a standard for dose monitoring in any radioactive environment [271]. This is
primarily because they are rugged, reusable, offer a linear response to the dose absorbed and
offer a record of the dosage received. The reading process partially returns the dosimeter to its
previous state, and, with further heating to a high temperature, any remnant metastable elec-
trons can be removed. This heating process, known as annealing, permits the dosimeters to be
reused practically indefinitely. Dosimeters are typically bundled together in batches for anneal-
ing and calibration. The most commonly used material for TLDs used in radiotherapy is lithium
fluoride doped with traces of magnesium and titanium (LiF:Mg,Ti). A new material, lithium
fluoride doped with 2% phosphor and traces of magnesium and copper (LiF:Mg,Cu,P)[272], is
stated to be more sensitive than LiF:Mg,Ti and has a lower sensitivity and a response that is
dependent on energy.

Karzmark [273] tested a LiF TLD over the range 5 x 10* Gy /s to 2 x 10'° Gy /sec and found
dose-rate independence up to 2 x 10° Gy/s while Tochilin and Goldstein [274] found the same
dosimeter to be dose-rate independent up to 1.7x 108 Gy/s for X-rays. Karsch et al. [261] studied
the response of TLDs and OSLDs using a 20 MeV, pulsed (5 ps), electron beam from a clinical
linear electron accelerator, ELBE (the Electron Linac of high Brilliance and low Emittance),
at the Helmholtz-Zentrum Dresden-Rossendorf (HZDR). They found both to be dose-rate inde-
pendent up to 4 x 10° Gy/s within 2%. Jorge et al. [233] compared the LiF-100 TLD (Thermo
Fisher, USA) against two dose-rate independent dosimeters, alanine and radiochromic film for
FLASH dose using an electron beam from the Oriatron eRT6 linear accelerator (PMB-Alcen,
France). The measurement showed that, with setup-dependent corrections, the dose agreement
among the three detectors was within 3% for dose rates between 0.078 Gy/s and 1050 Gy/s. In
the absence of corrections, dose deviations up to 15% are observed.

The TLD response (also known as the glow curve), measured using a photomultiplier tube,
is shown in figure 6.4; the area under the glow curve is proportional to dose. The signal
proportionality to dose is maintained up to 1 Gy for LiF:Mg,Ti and 10 Gy for LiF:Mg,Cu,P.
TLDs also suffer from a decrease in the thermoluminescence signal between irradiation and
readout, known as fading. In the absence of radiation, TLD materials naturally emit a small
luminescence background signal, which may be related to chemical reactions on the surface of
the dosimeters (called chemiluminescence).

The advantages and limitations of TLDs may be summarised as follows:

o Advantages: Multiple use, linear response up to 8 Gy (based on photon and electron beam
data [275]).

o Limitations: Decrease in the signal due to spontaneous emission of light at room temper-
ature (fading), careful calibration is required, and it can be costly.
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Figure 6.4: TLD 100 glow curve immediately after the irradiation (dots), one hour post-
irradiation (solid line) and a day after the irradiation (dash-dot line) [239]. The TL response is
presented relative to the peak response as a function of temperature.

6.3.3.2 Optically stimulated luminescence dosimeter

The operation of the optically stimulated luminescence dosimeter (OSLD) is based on two
basic processes. Electron-hole pairs created by ionising radiation are trapped in crystal defects.
Optical stimulation is used during readout to release the trapped pairs, resulting in electron-
hole recombination and luminescence. The luminescence light recorded is proportional to the
initial concentration of trapped charges, which, in turn, is proportional to the absorbed dose.
OSLDs have been used routinely as passive personal dosimeters for almost a decade, following
the successful introduction and development of carbon-doped aluminium oxide (AlpO3:C) [276].
Recent articles have started to explore the potential advantages of OSLDs for medical dosimetry
[277]. However, best practices are not yet established.

The elements of an OSLD reader are shown schematically in figure 6.5. The reader is
composed of a light source for stimulation and a photomultiplier tube (PMT) for light detection.
To achieve optimal discrimination between luminescence and stimulation light, the stimulation
wavelength must be adjusted in relation to the dosimeter’s main luminescence band. Although
the simulated light is typically filtered, some photons from the source may still seep into the
PMT and impact the dose measurement. A typical Optical Stimulated Light (OSL) response
is shown in figure 6.5.

The concept of operation of OSLDs is similar to that of TLDs, except the readout in OSLDs
is carried out by simply illuminating the dosimeters. As a result, OSLDs and TLDs share
similar characteristics. They are passive dosimeters, require no power or cable, can be made
very small for higher spatial resolution, are not affected by electromagnetic interference or air
pressure effects, and can be used to measure a wide range of doses. The difference between TLDs
and OSLDs is that optical bleaching cannot remove deeper traps in OSLDs, which results in
enhanced background signal, thus reducing the sensitivity for doses greater than 10-20 Gy [278].

6.3.3.3 Radio-photo-luminescence glass dosimeters

Radio-photo-luminescence (RPL) glass dosimeters are passive solid-state radiation detectors
that were used as personal dosimeters in the 1950s and 1960s and more recently for mea-
surements in beams used for radiation therapy [279, 280]. RPL glass dosimeters are made of
silver-activated phosphate glass and generate stable luminescence centres when subjected to
ionising radiation. The luminescence centres are read out using a pulsed ultraviolet laser. The
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Figure 6.5: Schematic of an OSLD reader (left) and the typical OSLD response (right),
adapted from [239].

UV laser stimulates the centres, resulting in orange photoluminescence that may be detected
using a photo-detection device. The amount of light emitted is determined by the radiation
dose absorbed by the detector.

Stimulation using the UV source does not remove the RPL centres within the detector,
allowing for multiple readings. The RPL centres are removed after one hour of annealing at
400°C [281]. RPL dosimeters are millimetre-shaped rods with very low fading properties. The
response is independent of temperature and nearly independent of energy for photons with
energy greater than 0.2-0.3 MeV.

6.3.4 Active (stimulated) luminescent dosimeters

Active luminescent-based dosimeters belong to the category of detectors that emit photons upon
irradiation without external stimulation. The emission of photons occurs almost instantaneously,
resulting in the possibility of using the detectors for online monitoring of the dose received. The
primary detectors of this type are scintillators and Cherenkov detectors. While the mechanism
by which photons are generated is different, both detector types share the property of almost
instantaneous photo emission after irradiation.

6.3.4.1 Scintillation detectors

In scintillator detectors, the interaction of certain materials (scintillators) with high-energy
photons or charged particles leads to the emission of photons. Scintillating materials can be
either organic or inorganic [282, 283], but the scintillation process generally involves three
steps: conversion, migration, and luminescence. During scintillation, charged particles excite
electrons, causing them to move to a higher energy state within the material. Following this,
the electrons migrate to a lower energy state, undergoing radiative de-excitation and returning
to their original state. The radiative de-excitation results in luminescence. The mechanism of
scintillation is illustrated in figure 6.6 for both organic and inorganic materials.

Organic scintillators are composed of aromatic hydrocarbon compounds. The electrons of
the hydrocarbon form energy bands in which the electrons undergo excitations during irradia-
tion. After migration to the appropriate state, radiative de-excitation occurs through electron
transitions from the excited singlet state to various vibrational sub-levels of the ground singlet
state in a decay timescale of a few nanoseconds. This rapid response enables almost instanta-
neous emission of photons after irradiation, allowing for real-time dose measurement. Organic
scintillators also exhibit excellent tissue equivalence. The simplicity allows for detectors to
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Figure 6.6: Scintillation process in organic (A) and inorganic (B) detectors, adapted from [284].

be miniaturised and the dosimetry of small field beams [285-287]. The commercial detector
Exradin W1 (Standard Imaging) serves as a reference for deriving correction factors for other
detectors [287].

Plastic scintillation detectors (PSDs) show promise for in vivo dosimetry, offering character-
istics such as water-equivalent dose detection, energy independence, dose linearity, resistance
to radiation damage, and infrequent calibration [288]. Though previously less commercially
available, these detectors are now gaining popularity for clinical applications in external beam
radiotherapy [281]. A PSD consists of organic scintillating molecules in a polymerised solvent
that emits light in proportion to the ionising radiation dose delivered to it. The light is trans-
mitted to a photo-detector using optical fibres. The use of plastic optical fibre as optical guides
makes it completely water-equivalent [289)].

Inorganic scintillators typically consist of single or poly-crystalline materials doped with
impurities acting as luminescent centres. These scintillators, made from high-Z materials, are
not tissue-equivalent. However, real-time monitoring and the ability to provide complete 2D
dose profiles make scintillators an ideal beam-profile monitoring device. Studies have also
demonstrated complete 3D dose distribution measurement using a 3D liquid scintillator detector
system for the verification and characterisation of proton beams in real time for intensity and
energy-modulated proton therapy [290].

Ashraf et al. [291] employed a time-integrated CMOS camera to measure the spatio-temporal
dose distributions in complex stereotactic radiosurgery (SRS) at dose rates up to 200 Gy/s near
the Bragg Peak in a radio luminescent phantom. Vigdor et al. [292] used a combination of a
xenon gas scintillator and a photomultiplier tube readout to monitor 2D profiles of pulsed and
pencil-beam-scanning proton radiotherapy treatments up to a dose rate of 350 Gy/s. In the
context of FLASH dose, Favaudon et al. [255] used a 2D scintillating array to monitor beam
profiles of electron beams with an overall precision better than 4+ 2%, at dose rates from 2 x 102
to 4 x 107 Gy /s with dose per pulse (1 micro second) ranging from 1 mGy to 30 Gy. The detector
exhibited excellent dose linearity with increasing dose.

6.3.4.2 Electronic portal imaging device

In in vivo dosimetry, an electronic portal imaging device (EPID) is a two-dimensional, image-
based instrument [293]. It provides a direct relationship between the measured dose values, the
beam profile and the tissue geometry. It is particularly useful for dynamic treatment delivery
techniques such as intensity modulated radiation therapy (IMRT). Since this method uses an
imaging system, information on the dose distribution relative to the patient’s anatomy and the
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beam axis is obtained. EPID in in vivo dosimetry and patient set-up verification complement
each other in the verification of correct treatment execution. The current interest in EPID based
on in vivo dosimetry is mainly for research. This is due to the fact that developmental work is
still ongoing in academic centres [281], and adequate software is not yet commonly available.

6.3.5 Novel approaches

The earlier sections provided insights into various detectors used in dosimetry, highlighting their
operational principles, strengths, and limitations in the context of LhARA beam parameters.
It becomes evident that most detectors suffer from limitations and so do not qualify as a
universal calibration standard for LhARA and motivating the development of the ion-acoustic
dose profile measurement technique (see chapter 5). This section summarises novel approaches
being developed to address the gap in appropriate dosimetry techniques.

6.3.5.1 Calorimeters

Graphite calorimeters have been established as primary standards for dosimetry in photon [294]
and electron [295] beams, with attempts to establish them as reference standards for ion beams
as well [296]. The presence of well-established ionisation chambers, serving as gold standards in
conventional dosimetry, provided little incentive to explore calorimeters further. With the emer-
gence of high dose rates in the FLASH modality and the recombination limitations associated
with ionisation chambers, calorimeters are now considered promising candidates for reference.
To conform to the calibration standards based on IAEA TRS-398 [224], the uncertainty in dose
measurement in proton beams must be below 2% at 95% confidence level. However, there
is limited literature exploring the use of graphite calorimeters for ultra-high dose rate proton
beams.

In general, a calorimeter is a device used to measure the energy generated or absorbed during
a process. In the context of radiation dosimetry, a graphite calorimeter is used to measure the
energy deposited by ionising radiation in a sensitive region (matrix). Graphite is selected as a
matrix material because of its low heat capacity and good radiation absorption characteristics.
By precise measurement of the temperature increase caused by the energy deposited in the
graphite matrix, the radiation dose can be determined.

Palmans et al. [297] conducted a study using a small-body portable graphite calorimeter
(SPGC, figure 6.7) developed by the National Physical Laboratory (NPL) on a 62 MeV clinical
proton beam at The Clatterbridge Cancer Centre, Wirral, UK. Measurements were carried out
for 3747 runs at a dose rate of 15Gy/min (0.25 Gy/s) with a quasi-continuous beam having
a square profile of 3cm and a uniform dose profile. The dose measured with the SPGC was
compared with a cylindrical IC (NE2561) and two plane-parallel ICs (NACP02 SN 6306 and
PTW Markus SN 2225) calibrated in terms of absorbed dose to water in a Co-60 beam at NPL.

The study revealed that the relative dose ratio (Dw,spac/Dw,ic) varied between 0.983 and
1.019, with standard uncertainties ranging from 1.9% to 2.5%. The authors suggested that the
uncertainty in SPGC mainly comes from specific values related to proton stopping power ratios,
with a standard uncertainty of 1% (identified from IAEA TRS-398 code), while the ICs have
uncertainties of 0.75% for calibrations related to cobalt-60 and electron beams.

Renaud et al. developed a graphite probe calorimeter (GPC) [298], known as the Aerrow
detector (see figure 6.8) for clinical application in radiotherapy. The calorimeter demonstrated
feasibility for absolute dosimetry in high-energy electron and photon beams. The authors demon-
strated [299] the performance of the detector for dose measurements in a water-equivalent solid
phantom exposed to high-energy photon (63.5-76.3 MV) and electron (2.3 cm to 8.3 cm) beams.
With 72 measurements conducted using the GPC, the standard error on the mean absorbed
dose was found to be better than 0.3%, and peak-to-peak variations in the relative response
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Figure 6.7: Schematics of the small-body portable graphite calorimeter used to measure the
dose profile of 62 MeV proton beam at CCO, adapted from [297].

of the GPC were within 1%. The authors concluded that the Aerrow detector, with its en-
ergy independence, dose linearity, and dose rate independence, has the potential to serve as an
independent absolute dosimeter for both photon and electron beams.

In a subsequent study [300], the authors used the GPC in two distinct modes: quasi-adiabatic
and isothermal, and compared dose measurements in a 6 MV photon beam to a calibrated refer-
ence ionisation chamber. The average doses measured using the Aerrow were 75.6+£0.7 cGy/MU
for the quasi-adiabatic mode and 74.7 &+ 0.7 ¢cGy/MU for the isothermal mode. In comparison,
the dose measured by the ionisation chamber was 76.3 £ 0.7 cGy/MU. The Aerrow detector
exhibited dose linearity (characterised by an R? value) of 0.9998 in the dose range of 80 cGy to
470 cGy, with dose rate independence observed in the range of 0.5 Gy/min to 5.4 Gy/min. The
European Joint Research Project UHDpulse project [301] has recognised Aerrow as a potential
redundant dosimeter, offering independent verification of clinical reference doses for nonstan-
dard reference fields.

Recently, Lourenco et al. [302] conducted measurements using the NPL Primary Standard
Proton Calorimeter (PSPC) on a pencil proton beam at the CCHMC beamline. This beamline
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Figure 6.8: Schematic (left) and photograph (right) of the graphite probe calorimeter (also
named as Aerrow) for dose measurement at high dose rate [298].
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is equipped with a 250 MeV proton cyclotron (ProBeam, USA) upgraded to deliver FLASH [303]
irradiation for potential applications in Ultra High Dose Radiotherapy (UHDR). The dose mea-
sured by the calorimeter was compared to a set of widely used ionisation chambers (PTW Roos,
PTW advance Markus, and IBA PPCO05) in terms of absolute measurement accuracy.

The NPL PSPC is a graphite calorimeter with a disk-shaped core with a double layer of
graphite jackets and mantle as shown in figure 6.9. Measurements are made in a quasi-adiabatic
mode of operation, where the jackets are used to shield the core from ambient temperature effects
to deliver temperature measurement accuracy of about 0.1 mK. A set of thermistors are used in
the core and the jacket to control the temperature as well as to measure it. The mantle is used
to house the printed circuit board (PCB), providing electrical connections and as a support
structure. It is expected that the NPL PSPC is dose rate independent.

Measurements were carried out at a water-equivalent depth of 5.2 g/cm? by placing graphite
build-up plates in front of the measurement equipment. Figure 6.9 shows the accuracy of
the calorimeter relative to the ionisation chambers in terms of the ratio of dose measured by
the calorimeter to the dose measured by three specific ionisation chambers. Comparisons are
reported for six rectangular vertical scanning fields of 5x 6, 5x 8, 5x 10, 5x 12, 6 x5 and 12x5
cm?. Monte Carlo simulations using TOPAS [304, 305] and FLUKA [306] codes were used for
accurate modelling of beam parameters. Beam parameters in the simulation are benchmarked
using a large-area ionisation chamber (IBA StingRay), shown in figure 6.10. The calorimeter
was demonstrated to measure the dose rate with overall uncertainty of 0.9% (10), in line with
the recommendations for reference dosimetry for effective radiotherapy treatments.

6.3.5.2 Cherenkov radiation detectors

Cherenkov radiation is emitted when a charged particle moves faster than light through a mate-
rial, emitting visible light. Asymmetric polarisation along the particle’s path causes relaxation
to release energy, creating constructive interference seen as Cherenkov radiation. Its immedi-
ate light emission and dose linearity make it excellent for real-time dose monitoring. However,
Cherenkov emission has an energy threshold for emission of photons depending on the optical
refractive index of the medium [307]. For an electron beam in water (n=1.33), the energy
threshold is 264 keV, while in tissue, assuming a refractive index of 1.4, the energy threshold is
219keV. At energies above the threshold, Cherenkov detectors show an energy dependence as
illustrated in the figure 6.11.

Favaudon et al. [255] demonstrated online dose monitoring in FLASH electron beams of
pulse width 0.1-2.2 us at energies of 3.9 and 5.0 MeV. The authors reported a steady increase in
the Cherenkov emission with beam energy, pulse duration and dose. Cherenkov radiation has
been imaged in real time [308, 309] during multiple clinical radiotherapy treatments.
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Figure 6.9: On the left panel: NPL PSPC dosimeter. Right panel: Ratio between the dose
determined by the NPL PSPC and the dose derived from ionisation chambers for the various
fields tested [302].
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Figure 6.11: Cherenkov emission from electrons generated by incident X-ray photons within
a 1 cubic meter volume in different media, with emission per particle normalised to the incident
photon energy [308].
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Axelsson et al. [310] demonstrated the possibility of monitoring Cherenkov-induced molecu-
lar fluorescence to measure the dose profile and dose distribution. They used fluorophore proto-
porphyrin IX(PpIX), which, when excited by Cherenkov radiation, emits photons. Cherenkov
emission was used to measure the dose distribution (see figure 6.12) for electron and photon
beams of 6 and 18 MeV. The fluorescence intensity was quantified using the emission spectra
of fluorescence for the measurements recorded at different concentrations of PpIX solution in
water. Given that the Cherenkov emission is dominated by shorter (blue/UV) wavelengths,
which have a short penetration depth in tissue, the fluorophore excitation is also localised to
the external beam region.

The method holds promise for in vivo dosimetry and real-time monitoring of spatial dose
distribution in electron beam therapy. It is particularly applicable to FLASH radiotherapy using
clinical electron beams with energies typically exceeding 1 MeV. However, Cherenkov radiation
may not be observed from proton beams of equivalent energy due to their lower velocity resulting
from their greater mass. The Cherenkov emission threshold for a proton beam is above 500 MeV,
exceeding the standard therapeutic proton beam energy range of 70 MeV to 250 MeV. This limits
the applicability of Cherenkov detection to electron beams within the energy range of clinical
accelerators.

Energy deposition in the Bragg Peak region can result in the emission of secondary electrons
with energies greater the threshold for Cherenkov emission. These secondary electrons have the
ability to emit Cherenkov radiation, which can be employed in a similar manner.

6.3.6 Summary on dosimetry techniques

A summary of various dosimetry techniques discussed in this section is presented in table 6.1.

6.4 Supersonic gas curtain ionisation profile monitor

Real-time profile and position monitoring of an ion beam enables fast feedback and allows for
better control of the beam parameters during beam delivery. In critical situations, such a feed-
back system can shut off the beam entirely, ensuring safety for the end application. Precise
beam control is more crucial for the high instantaneous dose rates anticipated in the LhARA
facility. Beam profile monitoring, complemented by other diagnostic tools, can simplify calibra-
tion procedures,

Existing online monitoring devices are ideal for calibration and often do not provide real-
time information of the important beam parameters, i.e. shape, energy and current distribution.
Even those that do offer the possibility of real-time monitoring typically focus on a single param-
eter. For instance, current transformers can provide instantaneous beam current information,
but do not measure the beam’s profile or position. Scintillator screens can provide beam posi-
tion and profile data, but significantly attenuate the beam. Optical transition radiation screens
can offer beam profile information, but they require the installation of a metal plate in the
beamline, which generates detrimental secondary particles.

As detailed above, existing dosimetry techniques are also inappropriate for use in a real-
time feedback system that exploits all beam parameters simultaneously, without disturbing the
beam. For example, real-time dosimeters like silicon diodes and MOSFETs, which are attached
to the patient’s skin, offer limited ability to reconstruct the beam profile. Ionisation chambers
installed at the exit of the beamline provide average dose information, but do not capture the
beam profile itself and suffer from ion-recombination effects at the high dose rates delivered in
FLASH therapy.

As a result, a new approach using a supersonic-gas-curtain-based ionisation profile monitor
(SGC-IPM) is being developed to provide all beam parameters in real time. This technique is
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Figure 6.12: Cherenkov emission induced by electrons and photons with varying energies and
field sizes. (a-e) show emission from circular electron beams of diameter 3cm. (f-j) represents
the emission from a square beam profile. (k-1) are from gamma rays. (m) shows the intensity
averaged over the beam area near the maximum intensity region in the images. The markers
‘round’ and ‘square’ represent electron beams with circular and square field sizes, respectively,
while the ‘triangle’ marker denotes photons. For electrons, the energy axis indicates the beam
energy, whereas for photons it represents the energy of secondary electrons produced by Comp-
ton or photoelectric interaction [310].

derived from an existing instrument installed and operating in the Large Hadron Collider (LHC),
which allows the profile of high-energy hadron beams to be measured. The monitor creates a
supersonic molecular beam by extracting the core of a free supersonic jet in a vacuum chamber,
reshaping it into a gas curtain using a series of masking skimmers. This gas curtain acts as a
transparent screen of moving atoms, which is positioned in front of the ion beam. As the ion
beam traverses the screen, it interacts with the gas molecules and produces a pattern of ionised
atoms in the shape of the beam. The ionised atoms are extracted and sampled to reconstruct the
beam profile. The gas curtain’s low density, of the order 10*® molecules/m?, and extremely thin
structure ensure no measurable detrimental effects on the ion beam, providing a completely
non-destructive measurement. Fast ionised-atom collection times, in the microsecond range,
combined with a high-gain, fast micro-channel plate detector, enable rapid detection through
an extremely low number of ionisation events (~ 1000), facilitating real-time beam monitoring.
The number of ionisation events is directly proportional to the beam current, making the system
scalable for high-intensity beams, such as those to be delivered by LhARA. In its current stage
of development, the device can measure the beam profile, current distribution, and energy
fluctuations. The absolute beam energy can theoretically be determined based on the ionisation
cross-section for gas-beam interactions, though available data for cross-sections in the energy
ranges relevant to LhARA beams remain sparse.

The following sections discuss the progress on the development of the SGC-IPM and ongoing
design modifications to suit the end-station requirements of LhARA. The device has been tested
to measure the beam profile of proton beams with energies from 4 to 28 MeV and currents
from 1 to 30nA, as well as on carbon beams for various combinations of beam currents (1-
100nA), energies (12-24 MeV), and charge states (C**—C5"). Low-energy (1-10MeV) proton
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and all carbon beam measurements were conducted at the Pelletron accelerator at the Dalton
Cumbria Facility in Whitehaven, UK. Subsequent higher-energy (28 MeV) proton-beam tests,
incorporating improvements from earlier trials, were carried out at the MC40 cyclotron facility
at the University of Birmingham, UK. The results of these experiments are also discussed in
the subsequent subsections.

6.4.1 Beam profile measurement experiments at Dalton Cumbrian
Facility

An upgraded gas-jet ionisation profile monitor was integrated into the accelerator beamline
at the Dalton Cumbrian Facility (DCF) in Whitehaven. The objective was to conduct proof-
of-concept measurements of beam profile and intensity in beams resembling those found in
medical-treatment facilities. The measurements encompassed proton and carbon-ion beams of
varying sizes, energies, and currents. The results of these experiments highlight the feasibility
of such a beam diagnostic and provide valuable insights for its refinement. In this study, the
gas-jet monitor is presented as a prospective beam monitor tailored for use in hadron beams.

The integration and testing of the supersonic gas-jet monitor and the measurement of a vari-
ety of transverse beam profiles of proton and carbon-ion beams across various beam parameters
were successfully conducted. These measurements also point to improvements necessary for the
monitor to be able to determine the transverse beam profile in LhARA. The measurement of a
nitrogen gas-jet signal using a proton beam obtained after averaging and subtracting the back-
ground is given in figure 6.13. The results obtained at DCF have allowed improved estimation
of the performance for LhARA to be made.

6.4.2 Beam profile measurement experiments at University of
Birmingham

Experiments were carried out at the MC40 cyclotron at Birmingham University in August 2024
to measure the transverse beam profile of low-intensity large beams with energies varying from
10 MeV to 28 MeV.

6.4.3 Design of new ionisation profile monitor

The experiment conducted with proton and carbon beams at DCF highlights the requirement
for a dosimeter capable of fast detection that is compact enough to be integrated with medical
accelerators. The ion-acoustic approach described in chapter 5 has the potential to be developed
into a non-destructive, real-time in vivo dose-profile measurement device.

In a complementary approach, an innovative ionisation profile monitor (IPM) system is being
developed at the Cockcroft Institute. The realisation of the IPM requires a novel design that
is compact and addresses the objectives of field uniformity, background noise reduction, and
accounts for recoil and initial velocity effects. The main aim of this development is to reduce
acquisition time and thus provide real-time feedback. We designed an IPM and validated it
by simulating the electric field distribution and particle trajectories using COMSOL and CST
Studio. The 2D distribution of the electric field on the axial plane is given in figure 6.14, and
the particle trajectories and beam profile are shown in figure 6.15.

The resulting system successfully achieves reductions in both size and complexity, although
it also underscores challenges associated with field distortion. Future efforts will concentrate on
overcoming these challenges through manufacturing enhancements and rigorous experimental
testing.
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Figure 6.13: Beam Profile measurements for a 6 MeV, 100 NA beam with a 1 s integration time:
(a) with the gas curtain on, showing the transverse profile along with beam-induced background
ionization, (b) with the gas curtain off, showing only the beam-induced background ionization,
(c) after subtracting the images shown in (b) from (a) with ROI marked in red, and (d) beam
induced with 2D panels showing the FWHM of Gaussian fits [311].
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Figure 6.14: 2D distribution of electric field on axial slice plane for IPM with mounting
elements.
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Figure 6.15: 2D distribution of the electric field on the axial slice plane for IPM with mounting
elements.

6.4.4 Future work

There are plans to expand experimental studies with the gas-jet system at the Scottish Centre
for the Application of Plasma-based Accelerators (SCAPA) in Glasgow.
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APPENDIX A
Alternative Technologies

A.1 Introduction

In this appendix, advanced conventional accelerator technologies are compared against the novel
laser-hybrid solution, LhARA[13], that has been adopted as the baseline to serve the Ion Ther-
apy Research Facility (ITRF). The scope of this appendix includes the conceptual design of two
accelerator schemes to serve a radiobiology research facility. The first alternative is based on a
slow cycling synchrotron and the second on a high-frequency linear accelerator. Together, these
designs allow quantitative conclusions to be drawn from comparisons between these advanced
conventional accelerators and the LhARA baseline. The development of conventional alterna-
tives to serve the ITRF was essential both to establish LhARA as the baseline solution and to
provide the basis of the facility-level risk management strategy.

The structure of this appendix is as follows: the requirements that both conventional accel-
erators should meet are presented in section A.1.1 alongside a review of relevant design studies
from the recent literature. Section A.2 describes the design of a facility based on a slow-cycling
(~1Hz) room-temperature synchrotron, fed from an injector that uses established ion source
technologies and acceleration methods. The main parameters for a compact linear accelerator
that produces proton bunches at energies relevant to radiobiology experiments, comparable to
the LhARA baseline parameters, are summarised in section A.3. Finally, section A.4 details
estimates for the dose rates that each system can deliver to its end stations and section A.5
compares the power requirements of each alternative scheme.

A.11 Machine requirements

The main requirements for the designs considered in this appendix are:

Choice of Ion Species
Each accelerator should accommodate the ion species that are most likely to be used for
radiotherapy. At present, these are expected to be protons (p*), helium ions (*He?*) and
carbon ions (12C%T) [312]. Ideally, the design should not exclude the provision of heavier
ions that may be of interest to future radiobiology studies, such as oxygen (160%%) or
neon (?°Nel®t) [312, 313].

Machine Parameters
To provide a direct comparison against the baseline LhARA design, each machine should
fit within the combined footprint of the LhARA Stage 1 low-energy line and Stage 2
fixed-field accelerator (FFA). Both designs should accommodate beam energies up to the
nominal extraction energy of the LhARA FFA: 127 MeV for protons and 33.4 MeV /u for
12C5+ jons, respectively [13].

Beam Intensity
Both conventional accelerators should achieve beam intensities compatible with the de-
livery of FLASH dose rates to their end stations. As described in more detail earlier,
the FLASH regime is generally defined as a time-averaged dose rate 2 40 Gy/s. For a
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slow-cycling synchrotron, this implies that around ~ 10'° ions should be extracted per
spill [314].

Choice of Technologies
Consistent with the scope of this appendix, both accelerator designs should be based on
accessible, conventional technologies. For instance, the synchrotron dipoles should be
normal-conducting, room-temperature magnets rather than high-field superconducting
magnets. The machine specifications should not push the limits of conventional technolo-
gies beyond what has routinely been achieved in accelerator facilities to date.

A.1.2 Previous Design Studies

In recent years, proposals for advanced radiotherapy machines have primarily focused on com-
pact synchrotrons and high-frequency linear accelerators [314]. Both types of accelerator have
an inherent advantage over the more widely used cyclotron since they allow beam extraction
over a wide range of energies. This avoids the need for an energy degrader or other energy-
modulation system and therefore can allow the delivery of higher beam intensities (and dose
rates) to the end stations or treatment rooms [315, 316].

A number of existing radiotherapy facilities, including HIT [317, 318], CNAO [319], and
MedAustron [320], have successfully operated synchrotrons based on the PIMMS design [321]
for over a decade. More recent proposals have primarily aimed to make synchrotron-based
facilities more compact while also providing a significant increase in beam intensity or repeti-
tion rate [322]. For example, the Next Ion Medical Machine Study (NIMMS) is an umbrella
R&D framework established by CERN to consider designs for next-generation particle radio-
therapy machines [323]. The NIMMS project is actively developing several synchrotron designs
that are relevant to ITRF, including a superconducting carbon-ion machine [324], and a room-
temperature helium-ion synchrotron [325]. Both designs are intended as the basis for a clinical
radiotherapy facility, and therefore accommodate beam energies of several hundred MeV /u and
intensities up to 10'° ions per cycle.

While there are presently no operational proton therapy facilities based on linear accelerators,
a number of proposals remain under active development. For example, AVO-ADAM have
recently demonstrated a reduced-energy prototype [326] of their LIGHT accelerator design [327].
The LIGHT prototype can deliver proton bunches with a maximum energy of at least 52.9 MeV
at repetition rates up to 200Hz. The full LIGHT accelerator would be capable of 200 Hz
operation at energies of at least 200 MeV. The NIMMS project has also proposed a novel ‘bent’
linac design for both p* and '2C%* ion beams [323, 328], following earlier designs carried out
within the TERA foundation framework.

The following sections provide further details about the NIMMS *He?* synchrotron (sec-
tion A.1.2.1) and the AVO-ADAM LIGHT prototype (section A.1.2.2). These designs have
been used as the basis for the two conventional accelerators considered later in this appendix.

A1.21 NIMMS Helium-lon synchrotron

The NIMMS helium synchrotron, shown in figure A.1, has a circumference of ~ 33 m and is
designed to deliver *“He?* ions at energies up to 250 MeV /u. The synchrotron lattice is comprised
of three identical double-bend achromat (DBA) cells [329], with each cell containing two 60°
dipole magnets. Each sector dipole has a bending radius of 2.7 m and a maximum field of 1.65 T,
incorporating a small defocusing gradient.

A strong quadrupole at the centre of each bending section is used to cancel the dispersion in
the straight sections, which accommodate the injection, extraction and RF hardware in three
separate straights. These dispersion-cancelling quadrupoles have additional sextupole windings,
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Figure A.1: (a) Schematic layout of the NIMMS 4He?* synchrotron, and (b) preliminary
optics for the NIMMS synchrotron, calculated in MAD-X. Both figures adapted from Vretenar
et al. 2023 [325].

which are used to control the horizontal chromaticity of the lattice. Figure A.1 shows the beam
optics functions over the full circumference of the NIMMS “He?* synchrotron.

The NIMMS designs build on CERN'’s previous experience with small hadron synchrotrons,
which includes the ELENA decelerator [330] at the Antiproton Decelerator (AD) facility. ELENA
is a small (30.4m circumference) synchrotron that decelerates antiprotons (p) from 5.3 MeV to
an extraction energy of only 100 keV. While ELENA operates at far lower beam intensities (typ-
ically 107 p per cycle) and repetition rates (0.01 Hz), it employs many of the technologies that
underpin the NIMMS synchrotron designs. For example, the ELENA RF system is based on
a wide band (0.14-2 MHz) cavity loaded with magnetic alloy cores, allowing operation over a
wide range of energies.

Ai.2.2 AVO-ADAM LIGHT prototype

The AVO-ADAM LIGHT prototype (shown in figure A.2) has a total length of ~ 10 m and was
successfully commissioned at CERN between 2015-2019 [326]. Protons are initially extracted
from an electron cyclotron resonance (ECR) ion source and guided through a low energy beam
transport (LEBT) section at 40keV. The LEBT section includes a 90° dipole magnet—which is
used to disperse unwanted H; and H?{ ions—and a pair of electrostatic plates which are used
to chop the beam into ~ 1 us pulses at repetition rates of up to 200 Hz.

The accelerator itself is comprised of a radio frequency quadrupole (RFQ) [331], four side-
coupled drift tube linac (SCDTL) modules, and two cell coupled linac (CCL) modules [332].
In this configuration, the linac can deliver p™ bunches at energies up to 52.9MeV. However,
the LIGHT prototype was intended as a demonstrator for a clinical radiotherapy facility and
its maximum beam energy can be increased to 230 MeV by adding additional CCL modules.
Such a prototype has been constructed at UKRI-STFC Daresbury Laboratory, and successfully
tested to over 230 MeV.

The LIGHT prototype has a number of features that would be beneficial to clinical proton
therapy. For example, the energy and intensity of each p™ pulse can be varied on a shot-to-shot
basis at = 100Hz [326], the energy being readily varied by adjusting the phase of the CCL
modules. As a linear accelerator, the LIGHT prototype also produces proton beams with very
small normalised emittances (of order 0.25 mmmrad), which allows the use of smaller magnet
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Figure A.2: Schematic showing the layout of the LIGHT prototype machine. Elements are
not to scale. The proton beam energy and beam current are annotated at the end of each
machine section.

apertures in the beam delivery system and provides for somewhat smaller clinical spot sizes at
the patient.
Further details about the AVO-ADAM LIGHT prototype are given in section A.3.

A.2 Synchrotron option

A.2.1 Machine parameters

The NIMMS “He?* synchrotron [325] has been used as the basis for the ITRF synchrotron design,
due to its small footprint and large beam intensity. The NIMMS synchrotron is significantly
larger than the LhARA FFA and must be scaled down by approximately 30% to fit within
a similar footprint. The NIMMS design can readily be scaled to match the size and energy
range of the LhARA FFA simply by reducing both the bending radius and the maximum field
of its dipole magnets. However, much higher beam energies (up to 84 MeV /u for 12C*) can
be achieved by increasing the circumference of the synchrotron by around 10% relative to the
LhARA FFA size. This would yield a significant advantage, providing greater flexibility in
irradiation depth and dose rate at the end stations (see section A.4). The larger, more flexible
synchrotron has therefore been chosen here.

Figure A.3 shows a schematic layout of the ITRF synchrotron design, which has a circum-
ference of 23.88 m. Table A.1 lists the specifications for the six sector-dipole magnets. Both the
bending radius and maximum field of the dipoles have been reduced compared to the NIMMS
design, giving a maximum beam rigidity (at extraction) of 2.70 Tm. This allows the ring to
accommodate ‘He?™ and '2C%* jons with energies up to 83.5 MeV /u, around 2.5 times higher
than the extraction energy of the LhARA FFA. In principle, the dipole magnets can accom-
modate proton beams with energies up to 300 MeV; however, we anticipate that the maximum
proton energy will be limited by the bandwidth of the synchrotron RF system. Assuming an
RF bandwidth of 1.0-5.5 MHz, the synchrotron may accelerate proton beams to a maximum
energy of 105.5 MeV, comparable to, but a little lower than, the LhARA baseline of 127 MeV.

Tables A.2, A.3 and A.4 outline the preliminary specifications for the dipole, quadrupole and
sextupole magnets, respectively, for the main magnet types present in the ITRF synchrotron
option design.
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Figure A.3: Schematic showing the preliminary layout of the ITRF synchrotron option. Ele-

ments are approximately to scale.

Table A.1: Specifications for the ITRF synchrotron dipole magnets, and the corresponding
maximum beam energies for different ion species.

Parameter Value

Dipole radius [m] 1.80

Max. dipole field [T] 1.50

Max. beam rigidity [T m)] 2.70

Ton species HT AHe?t 12C6+
Max. beam energy [MeV/u] 105.5 835 835
Orbital frequency [MHz] 5,50 497 497
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Table A.2: Preliminary parameters for the synchrotron dipole magnets (SB1 in figure A.3).
Estimates for the magnet electrical properties and power consumption are based on existing
magnet designs [330, 333, 334] and scaling arguments.

Parameter Value
Bend Angle [°] 60
Bend Radius [m] 1.8
Magnetic Length [m] 1.885
Magnetic Field
Min. Dipole Field [T] 0.25
Max. Dipole Field [T] 1.50
Quadrupole Coefficient k; [m~2] -0.57
Max. Quadrupole Gradient [T/m)] -1.53
Physical Aperture
Horizontal [mm] 70
Vertical [mm] 35
Power Requirements
Windings Resistance [mS?] 74.8
Max. Current [A] 687
Max. Voltage [V] 51.4
Dissipated Power [kW] 35.4

Table A.3: Preliminary parameters for the synchrotron quadrupole magnets (QF1 and QF2
in figure A.3). Estimates for the magnet electrical properties and power consumption are based
on existing magnet designs [334-336] and scaling arguments.

Parameter Value
QF1 QF2
Magnetic Length [m] 200.0 300.0
Physical Aperture [mm] 280.0 280.0
Magnetic Field
Quadrupole Coefficient k; [m~2] +3.75 +5.35
Max. Quadrupole Gradient [T/m] +10.1 +14.4
Sextupole Coefficient kg [m 3] - +5.68
Max. Sextupole Gradient [T/m?] - +15.35
Power Requirements
Windings Resistance [m{] 20.1 87.3
Max. Current [A] 208.9 149.0
Max. Voltage [V] 6.1 13.0
Dissipated Power kW] 1.27 1.94

A.2.2 Working point

The beam optical functions were calculated primarily using MAD-X [74, 338], accessed via the
cpymad python library [339]. To enable slow extraction using either RF knock-out (RF-KO)
or a similar scheme, the synchrotron working point must be established close to a third-order
betatron resonance. Figure A.4 shows the preliminary optics at a working point with horizontal
tune Q, = 2.66. Figure A.5 shows the location of this working point on a tune diagram, with
resonances plotted up to fourth order. By adjusting the strengths of the QF1 quadrupoles (see
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Table A.4: Preliminary parameters for the synchrotron resonant sextupole magnet (labelled
SXR in figureA.3). Estimates for the magnet electrical properties and power consumption are
based on existing magnet designs [334, 337] and scaling arguments.

Parameter Value
Magnetic Length [m] 150.0
Physical Aperture [mm] 280.0
Magnetic Field
Sextupole Coefficient kg [m ™3] 20.0
Max. Sextupole Gradient [T/m?| 54.00
Power Requirements
Windings Resistance [mS?] 29.6
Max. Current [A] 51.2
Max. Voltage [V] 1.52
Dissipated Power kW] 0.08

lattice layout shown in figure A.3), the ring can also be operated at a working point with @, =
2.33. However, this working point cannot be used in practice, as it provides insufficient phase
advance between the electrostatic and magnetic extraction septa (see section A.2.5). Table A.5
summarises the beam optics for our chosen working point with @, = 2.66.

A.2.3 Injector linac

As in both NIMMS designs, it is proposed that the synchrotron be filled from a conventional
injector that resembles CERN Linac 4 [340]. Several ion sources can be connected to the injector
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Figure A.4: MAD-X calculation showing the preliminary synchrotron optics, with the machine
tuned to a working point close to the third-order resonance @, = 2.66.
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Figure A.5: Tune diagram showing the location of the proposed working point (Qz, @Qy) =

(2.66, 0.60) relative to resonances up to fourth order. The working point is indicated with a red
star. Skew resonances are shown as dashed lines.

Table A.5: Summary of beam optics parameters for the synchrotron working point with
@z = 2.66, as shown in figure A 4.

Parameter Value
Focusing Strengths
QF1 Quadrupoles [m—2] +3.76
QF2 Quadrupoles [m—?] +5.35
Sector Dipoles [m~2] -0.57
Optics functions
Max. (3, [m] 8.01
Max. 3, [m] 13.4
Max. D, [m] 1.55
Working Point
Tune Qq, Q, 2.66, 0.60

Natural Chromaticity @7, @, -3.82, -3.62
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via a magnetic switch-yard, allowing a range of ion species to be used interchangeably.

In the NIMMS injector [325], ions are accelerated to a nominal injection energy of 5 MeV /u
using a 352 MHz RFQ followed by a single drift tube linac (DTL) tank (of similar design to
that of CERN Linac 4). The injection energy of 5MeV /u was chosen primarily based on the
efficiency of typical stripping foils, such as those used to produce '2C%* ions from 2C**+. To
mitigate space-charge effects on injection to the synchrotron, protons are accelerated to 10 MeV
using a second DTL tank, which can be turned off entirely when working with ions other than
protons.

For the purposes of this design, a set of injector parameters based on those of the pro-
posed SEEIST facility [341] is assumed. Table A.6 lists the expected beam current for protons,
4He?*t and '2C%* ions at injection. Commercial ECR ion sources such as the Pantechnik ‘Su-
pernanogan’ source [342, 343] can provide up to 2mA of proton current.

A.2.4 Multi-Turn Injection

To accumulate sufficient ions for FLASH extraction during each synchrotron cycle, the beam
will be loaded using multi-turn (MT) injection. In this scheme, ions are injected over 15-20
successive turns. Assuming that the injector emittance is much smaller than the synchrotron
acceptance, the phase space of the circulating beam is gradually filled with charge, as illustrated
in figure A.6. The charge distribution is then smoothed out over subsequent turns via phase-
space filamentation.

To estimate the stored intensity for each ion species using the parameters in table A.6, MT
injection over 15 turns with an efficiency of 60% [344] is assumed. The maximum number of
circulating ions (for both p* and *He?") that is predicted to be possible is greater than 10'°.

Turn 15 (Q, = 2.57)

15

s

-15
-15 -1.0 -0.5 0.0 0.5 1.0 15

Xn/IVE

Figure A.6: The distribution of charge density in normalised transverse phase space after MT
injection. The distribution was calculated using a toy model, assuming a synchrotron tune of
Q: = 2.57 and MT injection over 15 turns. The synchrotron acceptance is shown as a dashed
white line, and the septum location is indicated as a solid white line.
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The carbon-ion source limits the number of 2C%tions that can be accelerated per synchrotron
cycle to ~ 107.

The tune shift due to the transverse defocusing effect of space charge is largest at injection.
In general, a space charge tune shift |[AQ| < 0.25 is considered to be acceptable; larger tune
shifts may require a resonance compensation scheme. For each ion species, the space charge
tune shift in the horizontal plane is [345]:

AQ, = ——Z1lVo < 2 > : (A1)
1+

727rAﬁ273ez /Gyﬁy/ézﬁx

where Nj is the number of circulating ions, 7, is the classical proton radius, €, is the geometric
emittance in the horizontal plane, and A and Z are the atomic mass and charge state of the
ion, respectively. The relativistic 5 and 7 functions and beam-optical beta functions 3, , are
defined as usual. A similar expression can be obtained for the tune shift in the vertical plane.

As shown in table A.6, the space-charge tune shift is within an acceptable bound for each
ion species. The number of ions per spill is therefore limited by the injector parameters rather
than by space charge considerations, in contrast to the NIMMS designs on which the present
lattice was based.

A.2.5 Beam Extraction

A.2.51 Resonant Extraction

Slow resonant beam extraction will be achieved using “RF knock-out” (RF-KO). This choice
is consistent with the NIMMS “He?* synchrotron design assumption. In this scheme, the
horizontal tune of the synchrotron is set to a third-order resonance (such as Q, = 2.66, as
shown in figure A.4), which is excited using one or more resonant sextupole magnets.

Close to a third-order resonance, the ion trajectories in normalised phase space are defined
by the Kobayashi Hamiltonian [346, 347]:

H =3716Q (:c]%—kxlif) +§<3$N:c'1%7—931?{,) ; (A.2)

where Q) = (Qion — Qres) is the tune distance of the ion from the nearest third-order resonance,
and zy and 2’y are the standard particle coordinates in normalised phase space. The parameter
S represents the effect of the resonant sextupole, with:

1
S = 55;’/2 lgko: (A.3)

Table A.6: Injector parameters and corresponding stored intensities for different ion species.
Injector parameters are based on those of the proposed SEEIST facility [341].

Parameter Values
HT 4H62+ 1206+

Linac Current [mA] 2.0 1.0 0.2
Injection Energy [MeV /u] 10.0 5.0 5.0
Orbital Period [MHz] 1.82  1.29 1.29
MT Injection Efficiency [%] 60 %
Tons After 15 Turns [10'] 6.19 218  0.15
Space Charge Tune Shifts

AQ, 012 -0.01 <0.01

AQ, 013 -0.02 < 0.01
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where [g and ko are respectively the effective length and normalised strength of the resonant
sextupole; 3, is the horizontal beta function at the location of that sextupole.

Close to a third-order resonance, the second term of equation A.2 will distort the phase space
trajectories of ions into triangular shapes (see figure A.7); ions within a central region of phase
space (the ‘stable triangle’) will follow closed trajectories and remain stable over many turns.
However, ions outside of this region are unstable and will eventually follow the separatrices of
the Hamiltonian out to large amplitudes.

In the RF-KO extraction scheme, a pair of electrostatic plates are used to kick the beam
at frequencies close to the betatron tune [348, 349]. These transverse kicks gradually drive
ions out of the stable region of phase space, allowing them to be extracted at the electrostatic
extraction septum (labelled ESE in figure A.4). A horizontal kick is imparted to ions that
exceed the aperture of the ESE, causing their orbit to deviate from that of the circulating beam.
These ions arrive at the magnetic extraction septum (labelled MSE in figure A.3) with a large
transverse offset from the main beam, allowing them to be extracted safely from the synchrotron
with minimal losses.

Figure A.8 shows the horizontal and vertical phase advance as a function of distance around
the synchrotron ring. To maximise the separation between the extracted ions and the circulating
beam at the magnetic septum, the septum must be placed at a phase advance of either 90° or
270° from the ESE. As shown in figure A.8, the phase advance between septa is approximately
280° in the proposed synchrotron design.

A.2.5.2 Particle Tracking Simulations

Particle tracking simulations using MAD-X [74, 338] were used to verify that the proposed
synchrotron lattice is compatible with slow resonant extraction. In these simulations, a resonant
sextupole (labelled SXR in figures A.3 and A.8) was used to excite the third-order resonance
at Q, = 2.660. An ion distribution (typically comprising 10* macroparticles) was then tracked
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Figure A.7: MAD-X particle tracking simulation showing the (normalised) horizontal phase
space of a proton beam during resonant extraction. The phase space is shown (a) immediately
after the resonant sextupole and (b) at the magnetic extraction septum (MSE). The smooth
lines show the contours of equation A.2. Panel (a) shows only the circulating beam, while (b)
also shows ions that have been extracted from the main distribution.



184 A Alternative Technologies

o e

30 ITRF Synchrotron (Qx, Qy) = (2.67, 0.60)

I
— HMx — Hy
2.5 A

2.0 A

1.5

Hx,y

1.0 A

T
1
1
1
1
1
1
1
1
1
1
1
I
1
1
1
1
!
1
1
1
1
1
1
1
1
1
1
1
0.5 !
1
1
1
1
1

0.0

s[m]

Figure A.8: Horizontal and vertical phase advance (shown in ) units) as a function of lon-
gitudinal distance around the synchrotron ring. The locations of the electrostatic (ESE) and
magnetic (MSE) extraction septa and resonant sextupole (SXR) are indicated as dashed vertical
lines.

around the synchrotron for several hundred turns. If the initial emittance of the simulated
beam is chosen to be larger than the stable region of phase space, some ions are initialised on
unstable trajectories and quickly exceed the aperture of the electrostatic septum. Figure A.7
shows the phase space of a simulated 100 MeV proton beam during resonant extraction.

We assume an electrostatic septum with an aperture of 25 mm and a deflection angle of
2.5 urad, similar to the septum currently used in the operating CNAO carbon-ion therapy
synchrotron. Ions that exceeded the septum aperture were considered to be extracted and were
removed from the simulation, and their coordinates were recorded. These “extracted” ions were
then tracked around one full turn of the synchrotron to find their coordinates at the magnetic
septum. Figure A.7 also shows the phase space distribution of extracted ions at the MSE. For
comparison, the remaining part of the circulating beam is also shown; clearly, the extracted
ions have a large transverse separation from the main beam.

These simulations do not include time-dependent elements, such as the kicker used to drive
ions out of the stable region of phase space during extraction. Consequently, our simulations
were not a full dynamic representation of RF-KO extraction and cannot address the question of
how quickly (or slowly) ions were extracted during a typical spill. However, extensive simulations
have been carried out for the NIMMS and PIMMS therapy synchrotrons (the latter including
those at CNAO and MedAustron) [348, 349]. Previous work has shown that RF-KO schemes
can be used to produce a uniform spill over a timescale of 0.1-1.0s. For the ITRF synchrotron,
an extraction timescale of 100 ms corresponds to around 550,000 turns for a proton beam, and
around 497,000 turns for either *He?T or 12C6+.

Slow resonant extraction techniques are commonly used in clinical radiotherapy synchrotrons
to deliver a steady, well-characterised spill to the patient. However, for radiobiology experiments,
single-turn extraction techniques could also be used to deliver the entire spill over a timescale
comparable to the revolution period (typically < 1ps) [322]. In principle, this would allow
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the synchrotron to provide much higher instantaneous dose rates. For the ITRF synchrotron,
a single orbit takes around 180ns for 105.5MeV protons, or 200 ns for 83.5MeV /u helium or
carbon ions.

A.2.6 Operational considerations

The ITRF synchrotron is assumed to be a slow-cycling machine with a repetition rate of around
1Hz. In any synchrotron, one or more pre-defined cycles are needed to accelerate different
ions to a range of extraction energies. The duration of each cycle is primarily determined by
inductive effects in the synchrotron dipole magnets, which must ramp up quickly to keep the
beam on a closed orbit during acceleration. Typically, the maximum ramp rate for the dipoles
in a small, room-temperature synchrotron is of order 2.4 T /s [350].

To estimate the true repetition rate and power requirements of the synchrotron, a number
of indicative magnet cycles were considered. The main cycle parameters are listed in table A.7.
Each cycle was designed to deliver either p*, *He?*, or 12C57 ions with a mean range of ~ 20 mm
in water (see section A.4.1). In each case, the maximum ramp rate of the dipole magnets was
limited to 2.4T/s. We allow at least 100ms for beam injection and capture, and a further
150 ms for beam extraction at the maximum magnetic field.

Figure A.9 shows the on-axis magnetic field and dissipated power for a single dipole magnet
during a typical synchrotron cycle. Calculations are shown for both the p* and '2C%* cycles
described in Table A.7. To estimate the magnet power requirements, it is assumed that the
electrical current in the magnet windings is proportional to the on-axis magnetic field. The
synchrotron power requirements are discussed further in section A.5.1.

As shown in figure A.9, the 83.5MeV /u carbon cycle has a duration of 1500 ms, equiva-
lent to a repetition rate of only 0.67 Hz. This is slower than the nominal repetition rate of 1 Hz,
meaning that the time-averaged '2C%* beam intensity delivered to the end stations will be some-
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Figure A.9: Indicative synchrotron magnet cycles for 50 MeV protons (left) and 83.5 MeV /u
carbon ions (right). Panels (a) and (b) show the main dipole field as a function of time, while
(c) and (d) show the power required to generate this field.
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Table A.7: Parameters for synchrotron cycles that produce p*, 4He?T, or '2C5* bunches, with
energies corresponding to a range of ~ 20 mm in water. The cycles for protons and carbon ions
are shown in figure A.9

Parameter Value
Ton Species pt  4He?T 20t
Injection
Beam Energy [MeV/u] 10.0 5.0 5.0
Dipole Magnetic Field [T] 0.26 0.36  0.36
Extraction
Ion Range in Water [mm]| 20.0
Beam Energy [MeV /u] 50.0 50.0  83.5

Dipole Magnetic Field [T] 0.58 1.15 1.50
Synchrotron Cycle

Injection Ramp [ms] 70 120 120

Injection Plateau [ms] 100 100 100

Acceleration Ramp [ms] 250 350 500

Extraction Plateau [ms] 200 150 150

Ramp Down [ms] 350 450 600
Recovery [ms] 30 30 30
Repetition Rate [Hz] 1.00  0.83 0.67

what reduced. The average power dissipated per dipole during the 50 MeV proton (83.5 MeV /u
carbon) cycle is approximately 2.6 kW (13.9kW).

A.3 Linear accelerator option

The AVO-ADAM LIGHT prototype has been used as the basis for understanding the capabilities
of a linac option for the ITRF as the LIGHT accelerator is compact and delivers protons and
ions over the appropriate energy range. Commissioning data from the original LIGHT prototype
can also be used to evaluate the likely performance of a similar machine. While the LIGHT
prototype is designed to accelerate proton bunches, several ongoing design studies are examining
linacs that can also deliver heavier ions such as '2C%* [328]. In principle, these studies could
inform the design of a compact linac facility compatible with multiple ion species.

As discussed in section A.1.2.2) the LIGHT prototype (figure A.2) is a ~ 10m linac that
delivers proton bunches at energies up to 52.9 MeV. Protons are initially extracted from an ECR
ion source (Pantechnik type Monogan M-1000) [342] and guided through a low-energy beam
transport (LEBT) section at an energy of 40keV. Further acceleration to 5MeV is achieved
within only 2 m by using a compact RFQ (radio-frequency quadrupole) design that was originally
developed at CERN [331]. The RFQ operates at the fourth sub-harmonic (750 MHz) of the
primary RF frequency (3 GHz), and has a maximum transmission of around 30% [351].

Upon leaving the RFQ, proton bunches are accelerated to their extraction energy using four
SCDTL modules, and a pair of CCL modules [332]. Each CCL module has an average acceler-
ating gradient of around 16.5 MV /m. In principle, the maximum beam energy can be increased
by simply adding additional CCL modules; the full-scale LIGHT system has 15 CCL modules
and a nominal output energy of 230 MeV. AVO-ADAM have publicly reported operation of a
second prototype up to a proton energy of around 200 MeV, validating this design. As noted
in section A.1.2.2, the extraction energy can be varied on a shot-to-shot basis by varying the
RF power distribution between the main accelerating structures; in the LIGHT accelerator this
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energy variation can be accomplished at a nominal rate of 200 Hz (the linac pulse repetition
rate). When combined with a spot-scanning system, this allows the dose distribution to be
tailored in 3D, while avoiding the need for either an energy modulation system [316] or for long
energy-switching times (typically = 100 ms for both synchrotrons and cyclotrons) [352].

Table A.8 lists the main operational parameters for the LIGHT prototype, based on both
commissioning data [326, 353-356] and simulation studies [351]. Indicative beam parameters
are listed for the end of each machine section. Defining the beam current as the proton current
averaged over the duration of a beam pulse and assuming a repetition rate of 200 Hz and a typical
pulse duration of 1 us, the beam has a duty factor of approximately 0.02%. This corresponds
to a time-averaged beam current of around 8 nA at the output of the CCL modules.

A.4 Extracted dose rates

A.41 Penetration depth

The energy at which the beam enters the biological sample determines the maximum penetration
depth. Estimates of the range in water of each ion species (p*, *He?* and '2C%*) at the
extraction energies listed in table A.2 are presented below.

The range of an ion beam Ryater can be estimated using the Bethe-Bloch equation, which
describes the mean rate of energy loss for a relativistic ion passing through matter. The equation
can be written as [357]:

(1) i L e e 00), w

dr Az |2 ™" 2
where Z and A are the atomic number and atomic mass of the absorber, z is the charge of the
incident particle, and I ~ 11.5Z eV is the mean ionisation potential. Tj,q, = 2me.c?B2~2/[1 +
2yme/M + (me/M)?] is the maximum kinetic energy that can be imparted to an electron in a
single collision, k = 47 Nsr?>m.c?, and B and ~ are the conventional relativistic factors. §(37)
is a density correction term. Equation A.4 overestimates the experimentally-achieved range by
a few percent [358] but is used to produce the approximate estimates presented below.

In order to use the Bethe-Bloch equation to estimate the range of an ion beam, equation A.4
must be integrated over the path of an ion until it loses most of its initial kinetic energy. A

Table A.8: Specifications for the ITRF linear accelerator option, based on the AVO-ADAM
LIGHT prototype commissioned at CERN between 2015 — 2019 [326]. Indicative beam param-
eters are given for the end of each machine section.

Parameter Value

Total Length [m] 9.60

Repetition Rate [Hz] 200

Min. Pulse Length [us] 0.50

Max. Pulse Length [us] 2.50

Machine Section LEBT RFQ SCDTL CCL
Number of Modules 1 1 4 2
RF Frequency [GHz] - 0.75 3.00 3.00
Output Beam Energy [MeV] | 0.04 5.00 37.5 52.9
Beam Current [pA] 250 50 45 40
Transmission [%] - 20 90 90
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more straightforward estimate can be obtained using the Amaldi approximation [359]:

1.82
A E
Ryater ~ 4250 mm ﬁ (Tn;;) ; (A5)

where E}, is the total initial kinetic energy of the ion; this approximation is a refinement of the
well-known Bragg-Kleeman relationship [360].

Figure A.10 shows the ranges of *He?* and '2C%7 ions with initial energies up to 100 MeV /u.
As noted earlier, the extraction energy of the proposed synchrotron has been defined so that
carbon ions will penetrate up to 20mm in water. This provides increased flexibility in user
experiments, and may enable in vivo experiments with small animal models.

A.4.2 Dose rates for protons

The achievable dose rate depends on the number of ions per spill, repetition rate, beam energy,
field size and depth into which the ions are delivered. To illustrate the likely dose rates that
may be obtained, two situations were considered:

(a) Target volume with a 3 x 3cm field size, extending from a depth of 0-1cm to enclose a
9 cm? volume; and

(b) Target volume with a 1 x 1cm field size, extending from a depth of 0-1cm to enclose a
1 cm? volume.

For simplicity, we follow the method outlined in [361]. The basis of this method is to note that
the total deposited energy is determined by the number of ions in a spill and by the kinetic
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Figure A.10: Penetration depth of ‘He’t and C%* ions in water, as a function of initial
beam energy. Penetration depths were calculated analytically using the Bethe-Bloch equation
and the Amaldi approximation. The shaded region indicates the energy range of the proposed
synchrotron design.
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energy of each ion. Assuming that the dose is uniformly deposited over the volume using a
spread-out Bragg peak (SOBP) approach, the extraction energy is adjusted for each depth
layer to position a Bragg peak at that depth. There will be some additional dose deposited
outside the target volume due to multiple Coulomb scattering, but this is a small proportion of
the overall energy carried by the incident ions.

Using the Amaldi approximation, equation A.5, for a proton beam to reach a depth of a
10 mm requires a beam energy of 33.7MeV. The energy required to place a Bragg peak mid-
way through the depth range, i.e. at 5 mm, is approximately 23.1 MeV. Therefore, in this case,
23.1 MeV is used as an estimate of the average energy deposited by a proton within the target
volume; 23 MeV is approximately 3.7 pJ per proton.

Table A.9 lists indicative dose rates for the ITRF synchrotron option (section A.2), linear
accelerator option (section A.3), and the baseline LhARA design. The leftmost column shows
the dose rate estimates that may be obtained from the synchrotron, assuming that protons
are extracted using the RF-KO technique (see section A.2.5). With an estimated 5 x 1010
protons per spill, each synchrotron cycle would deposit around 0.184J. In a 90 mm? volume,
this corresponds to a dose of 20.5 Gy per spill. Assuming that complete beam extraction is
achieved within 100 ms, this corresponds to a dose rate of 205Gy/s over 100ms, or a time-
averaged dose rate of 20.5 Gy/s over multiple extraction spills at a rate of 1 Hz.

A similar estimate can be made for the smaller target volume (b). The same 0.184 J deposited
energy within the smaller volume gives nine times the dose, around 184 Gy per spill. A 100 ms
extraction duration would therefore achieve a dose rate of 1840 Gy/s, and a time-averaged dose
rate of 184 Gy/s over multiple spills.

The estimated dose rates for protons delivered to the target volume (a) are shown for
each accelerator option in figure A.11. The instantaneous dose rate is calculated over the
duration of a synchrotron spill or linac pulse, while the time-averaged dose rate is aggregated
over many machine cycles. Figure A.11 shows the dose rates that can be achieved with the
synchrotron using either resonant extraction (section A.2.5) or single-turn extraction. Similarly,
dose rates for the linac option using either the minimum (0.5 ps) or maximum (2.5 us) pulse
length. Changing the extraction mode of the synchrotron only affects the instantaneous dose
rate, whereas varying the linac pulse length affects only the time-averaged dose rate.

Operating the synchrotron in a fast (single-turn) extraction mode achieves similar instanta-
neous dose rates to the baseline LhARA design (of order 10® Gy/s). However, while the average
dose rate from the synchrotron is limited by its cycling rate (and therefore, the ramp rate of
the synchrotron magnets), the LhARA FFA can operate at much higher repetition rates. To
illustrate this, figure A.11 includes dose rate calculations for a speculative, future operating
mode, in which the LhARA ion source is driven at 1kHz.

A.4.3 Dose rates for ions

Similar estimates of the achievable dose rates can be made for heavier ions. In the following,
estimates are reported for “He?t and '2C%* ions incident upon water volumes (a) and (b)
defined above. Helium ions of 23.1 MeV /u kinetic energy have a Bragg peak at 5mm, while
33.7MeV /u is needed to reach a depth of 10mm. Using the same method used for proton
beams, but accounting for the lower number of extracted ions, the dose per spill using *He?*
ions is somewhat greater than it is for protons (see table A.9). Carbon-ion dose rates can be
calculated the same way; despite the far lower number of ions per spill, the increased kinetic
energy carried by each carbon ion means that the dose rate is comparable to that of protons.
Figure A.12 shows the estimated dose rates for each accelerator option, assuming that 2C%+
ions are delivered to the target volume (a). As in figure A.11, dose-rate estimations are included
for both synchrotron extraction modes, and for a speculative 1kHz LhARA operating mode.
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Table A.9: Comparison of dose rates for the synchrotron option (section A.2) using either resonant or single-turn extraction, the linear accelerator
option (section A.3, and the baseline LhARA design. Dose rates are estimated for the two indicative volumes (a) and (b) as described in the main

text.

Option Synchrotron Linac LhARA
Extraction Mode Resonant Single-turn - -

Particle Species pt  AHe2t 1206+ pt A2+ 1216+ pt pt 1216+
Median Ion Energy [MeV/u] | 23.1  23.1 42.2 23.1 23.1 42.2 23.1 23.1 42.2
Tons per Pulse [10”] 50.0  20.0 1.50 50.0 20.0 1.50 0.25 1.00 0.08
Pulse Duration [us] 10° 0.37 0.37 0.28 1.0 0.007
Repetition Rate [Hz| 1.00  0.83 0.67 1.00 0.83 0.67 200 10

Target Volume (a)

Dose per Pulse [Gy] 20.5 328 13.5 20.5 32.8 13.5 0.10 0.41 0.75
Dose Rate (Pulse) [Gy/s] 205 328 135 | 5.6x 107 9.0x107 4.9x 107 | 1.0 x 10° | 5.9 x 107 1.1 x 108
Dose Rate (Average) [Gy/s] | 20.5  27.2 9.04 20.5 27.2 9.04 20.5 4.10 7.49
Target Volume (b)

Dose per Pulse [Gy] 184 295 121 184 295 121 0.92 3.70 6.74
Dose Rate (Pulse) [Gy/s] 1840 2950 1210 | 5.0 x 103 8.1 x 108 4.4 x 10® | 9.2 x 10° | 5.3 x 10® 9.6 x 108
Dose Rate (Average) [Gy/s] | 184 245 81.3 184 245 81.3 184 36.9 67.4
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Figure A.11: Indicative dose rates for protons delivered by the synchrotron option (sec-
tion A.2), the linear accelerator option (section A.3), and the baseline LhARA design. The
options are ordered from left to right according to their instantaneous dose rates. The dashed
red line indicates the threshold for FLASH dose rates 2 40 Gy/s).
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Figure A.12: Estimated dose rates for carbon ions (12C%*) delivered by the synchrotron
option (section A.2) and the baseline LhARA design. The options are ordered from left to right
according to their instantaneous dose rates. The dashed red line indicates the threshold for
FLASH dose rates (2 40 Gy/s).
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A.4.4 Dose rates discussion

Comparing the estimated dose rates from the different accelerator technology options consid-
ered in this study, table A.9, indicates that a conventional accelerator is capable of delivering
comparable or greater time-averaged dose rates than the plasma accelerator option exemplified
by the LhARA design, with instantaneous dose rates which are nearly as great. However, the
key advantage of a plasma option is the ability to achieve a very much shorter pulse duration,
here perhaps as much as a hundred times shorter than any conventional technology, in an ar-
bitrary time structure. It is this shorter pulse duration and arbitrary time structure that will
enable different experimental regimens applicable to fundamental radiobiology.

A.5 Power requirements

Estimates of the power requirements of the ITRF synchrotron and linear accelerator options
(sections A.2 and A.3) are presented below. Since it is beyond the scope of this work to produce
a detailed technical design for either option, the estimates are based on simple scaling arguments
and reference designs from existing accelerators. In each case, the power requirements of the
accelerator in isolation are obtained, i.e., the power requirements of the beamlines serving the
end stations and auxiliary services are not considered. As discussed in section A.1.1, the main
parameters for each option were chosen to provide a direct comparison against the baseline
LhARA design. It is therefore expected that the power requirements of components other than
the accelerator itself will remain broadly similar to those outlined in table B.4.

A.5.1 Synchrotron powering

The power requirements of the synchrotron magnets were estimated by scaling a variety of exist-
ing, well-documented designs of magnets present in the CNAO [333, 335, 337], SESAME [334]
and ELENA [330] synchrotrons, and the European Spallation Source (ESS) [336]. Each refer-
ence design was scaled based on its nominal magnetic field, aperture size, and effective magnetic
length. Table A.10 lists the estimated power consumption for each family of magnets in the
synchrotron lattice (see figure A.3). In general, the power estimates from different reference
designs agree to within a few per cent; the values in table A.10 reflect the average for each set
of estimates.

As described in section A.2.6, the synchrotron magnets continually cycle between a range
of magnetic fields at a rate of around 1 Hz. The average power consumption of the magnets is
therefore determined both by their peak power and by the average time spent in each of the
synchrotron’s main operating modes (see table A.7). To allow a plausible power calculation,
we assume that the synchrotron will spend around 12 hours per day delivering 50 MeV proton
beams, with the remaining time divided equally between *He?* ions and 2C%* jons. The time-
averaged values in table A.10 therefore reflect the power dissipated by the magnets over a full
day of typical operation.

As described in section A.2.3, the synchrotron is filled from a conventional injector comprised
of a 352 MHz radio-frequency quadrupole (RFQ) and two drift tube linac (DTL) tanks. For
the purposes of the power calculation, it is assumed that the injector RF stations are equipped
with modern solid-state power amplifiers, with an efficiency of around 60%. Consistent with
the NIMMS 4He?* synchrotron, the total power requirement of the injector is estimated to
be around 40kW. This is a small improvement over the injector linacs of the HIT and CNAO
facilities [362], which dissipate around 66 kW of power during normal operation [350].

As discussed in section A.1.2, the synchrotron RF system is based around a single wide-band
cavity loaded with magnetic alloy cores. To estimate the average power dissipated by the cavity,
we use the simple model described in Shi and Irie (2016) [363]. We assume the cavity geometry
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Table A.10: Estimated power requirements of the ITRF synchrotron option (see section A.2).
Power estimates for the synchrotron magnets and RF cavity are based on simple scaling argu-
ments as described in the text.

Peak Power [kW] Average Power [kW]

Component Count Fach Total Fach Total
Synchrotron Magnets
Dipole Magnets 6 354 212.2 6.81 40.9
QF1 Quadrupoles 6 1.27 7.62 0.24 1.47
QF2 Quadrupoles 3 1.94 5.82 0.37 1.12
Sextupole 1 0.08 0.08 0.02 0.02
Other Subsystems
Injector Linac - - - 40.0
Synchrotron RF Cavity - - - 3.42
Vacuum Pumps and Beam Instrumentation - - - 10.0
Cooling (+30%) - - - 29.1
Grand Total 125.9

is similar to that of the ELENA synchrotron [330], with two magnetic alloy cores placed on
either side of the accelerating gap. The cavity has a frequency range of 1.0-5.5 MHz, with
a maximum gap voltage of around 700 V. Based on these parameters, the RF system would
dissipate an average power of 3.4kW; this is broadly consistent with the RF system of the
CNAO synchrotron [350].

Following the example of the NIMMS “He?* synchrotron design [325], we estimate that
vacuum pumps and beam instrumentation will dissipate around 10 kW on average. Finally, an
additional 30% has been added to the values in table A.10 to account for the power requirements

of the cooling system. The total average power over 24 hours required by the synchrotron and
its injector is therefore around 74 kW.

Table A.11: Estimated power requirements of the ITRF linear accelerator option (see sec-
tion A.3).

Parameter Value
Machine Section RFQ SCDTL CCL
Number of Modules 1 4 2
Pulsed RF

Repetition Rate [Hz] 200 200 200

Pulse Length [us] 5.0 5.0 5.0

Duty Factor 0.1% 0.1% 0.1%
RF Power

Peak Power [MW] 0.40 2.09 2.21

Average Power [kW] 0.89 2.09 2.21
Other Losses

Modulator Efficiency 45%

Total Average Power [kW]  0.89 18.58 9.82

Cooling (+30%) [kW] 027 557  2.95

Subtotal 1.16 24.2 12.8
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A.5.2 Linear accelerator powering

Table A.11 lists the estimated power requirements of the ITRF linear accelerator option. The
peak RF power required by each module is based on operational experience with the AVO-
ADAM LIGHT prototype, running at its maximum beam energy of 52.9 MeV [326]. For the
purposes of the power calculation, we assume that the linac is operated at a fixed repetition rate
of 200 Hz, with an RF pulse length of 5 ys. In this operating mode, the total power dissipated
by the RF modules is approximately 38.1kW.

Notably, the average power required by the linear accelerator option is significantly less than
the synchrotron option. This reflects a key advantage of high-frequency linear accelerators; since
the LIGHT prototype operates at a primary RF frequency of 2.998 GHz (compared to the CNAO
injector at 216.8 MHz), the accelerating cavities have much higher shunt impedances [364]. This
allows each cavity to generate a stronger accelerating gradient at an equivalent power, leading
to reduced power requirements for the facility as a whole.

The maximum proton beam energy of the AVO-ADAM LIGHT prototype is significantly
lower than that of the ITRF synchrotron option (105.5 MeV). As discussed in section A.3, the
maximum beam energy can be increased by adding additional CCL modules; however, this
will also increase the power requirements. Based on the values in table A.11, a linac with 8
CCL modules and a maximum proton energy of ~ 100 MeV would require an average power of
approximately 76.4 kW.



ApPENDIX B
Infrastructure and costing

B.1 Engineering and infrastructure

B.1.1 Infrastructure

The building and technical infrastructure will require careful planning, design and implementa-
tion to ensure the facility delivers on its challenging scientific objectives and provides accom-
modation that inspires scientific research. Overall, success requires an integrated approach to
the high-power laser, target, capture, matching and energy selection of ions, accelerator, end
stations, control rooms, building, services, staff and user needs, such as preparation laboratories,
offices, meeting rooms and amenities that create a successful research environment.

To develop the requirements, planning and design, the needs of all stakeholders must be
included from an early stage of the project to achieve the desired outcome. This section describes
the progress and status of the conceptual design of the building and its contents.

Particular attention must be paid at all stages of the design and construction of the building
and technical infrastructure to ensure that the challenging performance of the facility can be
achieved. The need for equipment stability will be crucial, involving the stringent control of
vibration, floor stability and environment control in key areas. The vision is to construct a
new purpose-built energy-efficient facility in terms of its design, construction, operation and
decommissioning.

The facility concept design floor plan is shown in figure B.1. The design has been driven by
the science requirements. Proton and ion beams are generated when a high-power Ti:Sapphire
laser impacts a target. Just after the target, Gabor lenses capture and provide matching and
energy selection of the proton or ion beams that are then delivered to the Stage 1 experimental
areas. Particles are accelerated to the full energy (127 MeV protons or ion beams 34 MeV /u)
needed for the Stage 2 experimental areas using a fixed-field alternating-gradient (FFA) accel-
erator that is injected from the Stage 1 plasma accelerator. Beam transport from the FFA to
the in vivo experiments is performed by a high-energy beamline.

There are three experimental end stations (see figure B.2), each with a local control room;
two end stations will be used for in wvitro experiments, which are located on the accelerator
complex roof at the end of vertical beamlines. The low-energy in-vitro end station is served
by 15MeV protons. The second (high-energy) in-vitro end station and the in-vivo end station
use the output of the Stage 2 FFA, which delivers proton beams with energy in the range 15—
127 MeV and ions, e.g. carbon, with energies in the range 5-34 MeV /u. The in-vivo end station
is located on the ground floor in Area 6.

The footprint has been estimated to be 72m x 32m of which 57m x 32m is the main
building footprint next to a 15m x 32m fenced outside pen to locate the water cooling chillers,
water storage tank, water pumping and transformers (figure B.3). An approximate estimate for
these systems has been conducted to inform the cost model; more exact system capacities will
be developed as the project develops. The water-cooling plant location has been chosen to be
close to the heat exchangers and accelerator equipment with a high cooling load. Similarly, two
transformers and the main electrical switchboard are located close to each other to reduce the
length and cost of interconnecting cables. A 2.5m wide access around the circumference of the
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Figure B.1: Facility ground floor plan.

Figure B.2: End stations and research area above the accelerator complex on the 1st floor.

accelerator is proposed to provide equipment access by fork lift.

A cross-section through the building is shown in figure B.5. The overall height is estimated
to be 14 m, which allows the installation of an overhead crane to install and decommission the
facility. Lifting solutions will also be required inside the radiation enclosures for installation,
maintenance and decommissioning. For installation, maintenance and decommissioning of the
vertical beamlines, permanently-installed platforms next to the accelerator components are
envisaged to provide a safe and efficient working environment. Sliding shield doors are shown
in the figures, but labyrinth access will also be considered during the technical design stage.

A saw-tooth roof construction is proposed, comprising a series of ridges with dual pitches
on either side. The steeper surfaces at ~70° are envisaged to have double-glazed windows to
admit natural light. The shallower surfaces at ~35° are proposed for the installation of solar
panels facing south, to receive the most direct sunlight.

Two sets of stairs and a lift are proposed for people and light equipment access. Heavy items
may be lifted to the accelerator complex roof with the overhead crane.
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Figure B.5: Cross-section through the facility.
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For the accelerator systems shown on the ground floor, 60 power supply, control and instru-
mentation racks are currently estimated to be needed, as shown in the facility ground floor plan
in figure B.1 and table B.1. The estimate will be updated as a more detailed technical specifica-
tion is generated. The racks will be located in three thermally-insulated air-conditioned rooms
to minimise dust and to provide temperature control for the stability of the power supplies.

It is proposed that the laser room will contain an internal technical corridor to house power
supplies to reduce the heat dissipation to the room, which has a stringent temperature stability
requirement of 20-22°C to better than +1°C, monitored at less than 2 m from the optical tables.
The laser room also requires a humidity of 40-50%, monitored at less than 2 m from the optical
tables, and cleanliness to ISO 7 class [365].

B.1.2 Sustainability contributing to Net Zero by 2040

Sustainability aspects of the facility during the planning, design, construction, operation and
decommissioning will be crucial to the success of the project and contribute to the green trans-
formation for the UK science estate [366]. The UK Government has committed the nation to
achieving net-zero emissions by 2050. This commitment is embodied in international agree-
ments, legislation and policies. The Paris Agreement of COP21 commits the UK to reducing
greenhouse-gas emissions by at least 68% by 2030 (compared to 1990 levels). These targets are
enshrined in UK Nationally Determined Contributions. The Climate Change Act (2008) sets
legally-binding targets overseen by the Climate Change Committee. The UK Net Zero strategy
(2021) lays out how emissions reductions will be achieved. These in turn determine policies for
UK-funded research and infrastructure development that will, for example, include all future
UKRI-funded infrastructures and research. Importantly, STFC aims to reach net-zero carbon
emissions by 2040, which is within the timescales of the ITRF facility operation. STFC’s goals
are laid out in the STFC Environmental Sustainability Action Plan, which includes an energy
hierarchy framework to reduce its emissions burden. An accompanying Energy Roadmap and
Decarbonisation Plan has been published. STFC is currently developing a suite of guidelines
and methods for sustainable design, engineering, procurement and manufacture of its systems.

Technology choices to minimise materials use, power consumption and cooling requirements
will be vital. Key examples of technology choices for the accelerator systems that will reduce
the carbon footprint of the facility both in construction and in operation, are the plasma lenses
in the Stage 1 beamline and the fixed-field accelerator (FFA) that will be used to boost the
energy in Stage 2. A geothermal groundwater cooling system is included in the cost model.
This will enable efficient heat transfer by recovering heat stored naturally in groundwater or
aquifers; the facility’s cooling water will pass through heat pumps to yield its low-grade heat

Table B.1: Ground floor power supply, control and instrumentation rack rooms.

Parameter Equipment No. of Racks
1 Low Energy Line 20
2 Fixed Field Accelerator 20
3 High Energy Line and In vivo end station 20

Table B.2: Laser room size.

Parameter Description Size mxm
1 100 TW laser room  13.3x5.5
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before being returned to the aquifer at a lower temperature. Solar panels on the saw-tooth
building roof design are also proposed (see figure B.5).

Work is in progress to develop UKRI-STFC Sustainability Design Principles [367] that to
date encompass:

Cryogenics;

e Design for manufacture;

e Electrical;

o Sustainable radiation shielding; and
e Vacuum.

The ITRF building design included in the cost model complies with UKRI-STFC Sustainable
Building Design Guide V3 [368], which adopts the RIBA Sustainable Outcomes Guide (RIBA,
2019) [369]. The RIBA Guide sets out eight key areas for sustainable performance and a clear
process that must be followed for all building projects. By following the RIBA Sustainable
Outcomes Guide, the sustainability approach aligns directly to the RIBA Plan of Work (2020)
project stages [370]; the RIBA Plan of Work is an industry standard (first set out in 1963
but most recently updated in 2020) and is currently being used with all major new UKRI-
STFC building projects. UKRI-STFC has also signed up to targets described in the RIBA 2030
Climate Challenge (RIBA, 2021).

These targets for building sustainability will be altered in future guideline iterations, but are
adopted with the aim of achieving Net Zero by 2040. ‘Net zero’ for building is defined in the UK
Government ‘Net Zero Estate Playbook’ [371] though only for energy in use; embodied carbon
and whole-life carbon will be defined later. Due to the uncertainty in this topic, UKRI-STFC
currently follows the following hierarchy of design:

e Reducing energy consumption through good design, especially a fabric-first approach and
the selection of efficient plant and equipment;

e Installing low-carbon heating and ventilation options;

e Focus on control and benchmarking through a Building Management System to deliver
and record continual improvement;

o Installation of renewable generation;

o Where suitable, use of bespoke and innovative technologies (e.g. heat and battery storage,
demand-side management and artificial intelligence); and

o Achieving BREEAM [372] ‘excellent’ or better, as well as the specific targets set out in
that standard.

The BREEAM standard is applicable to the building and its operational plant only, and excludes
the impact of scientific equipment which will be considered separately. Work is underway
within STFC to assess carbon emissions quantitatively during the construction and operation
of accelerator facilities, and outcomes from that work will be reflected in future analyses of the
emissions associated with the ITRF facility.
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B.1.3 Radiation Safety

The Ionising Radiation Regulations 2017 (IRR17 [373]) requires employers to keep exposure to
ionising radiation as low as reasonably practicable. Regulation 7 (IRR17) requires that consent
is granted by the Health and Safety Executive (HSE) to carry out specified practices, one of
which is (IRR17 7.1.d) the consent for the operation of an accelerator. The indicative list of
information required to support an application for consent includes:

1. Responsibilities and organisational arrangements for protection and safety;
2. Staff competences, including information and training;

3. Design features of the facility and of radiation sources;

4. Anticipated occupational and public exposures in normal operation;

5. Safety assessment of the activities and the facility in order to:

a) Identify ways in which potential exposures or accidental and unintended exposures
could occur;

b) Estimate, to the extent practicable, the probabilities and magnitude of potential
exposures;

c) Assess the quality and extent of protection and safety provisions, including engineer-
ing features, as well as administrative procedures; and

d) Define the operational limits and conditions of operation;
6. Emergency procedures;

7. Maintenance, testing, inspection and servicing so as to ensure that the radiation source
and the facility continue to meet the design requirements, operational limits and conditions
of operation throughout their lifetime;

8. Management of radioactive waste and arrangements for the disposal of such waste, in
accordance with applicable regulatory requirements;

9. Management of disused sources; and
10. Quality assurance.

The accelerator complex on the ground floor is proposed to be divided into 6 areas to
establish flexibility during the construction, maintenance and operation of the facility. By
segregating the controlled areas shown in figure B.1 and figure B.2, access to downstream rooms
will be possible when ion beams are present in the upstream controlled areas. This flexibility
will allow the project construction duration to be significantly reduced by allowing systems
commissioning with beam and installation of downstream areas in parallel. An example is being
able to operate the Stage 1 low-energy line while installing the Stage 2 fixed-field accelerator.
To achieve that flexibility, radiation shutters will be required to cover each beam pipe aperture
in the shielding dividing walls, the shutters interlocked to the access doors controlled within the
personnel safety system.

Table B.3 shows the ground floor accelerator complex rooms. The 100 TW laser room is
specified to be constructed with thermally insulated panels.

Areas 2 to 8 form the radiation-shielded enclosures. To reduce the volume of concrete, the
implementation of composite shielding is being considered. Composite shielding consists of a
concrete skin filled with magnetite aggregate. Such a solution has been used in the CALA
facility [374], the design was based on previous constructions by Forster [375].
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Table B.3: Facility room sizes.

Area Description Internal room size (mxm)
2 Target Room 9.4x5
3 Low energy line room 17x6
4 Fixed field accelerator room 14x10.8
5 High energy line room 185
6 in vivo end station 6x5
7 Low energy in-vitro end station 5.5x5.5
8 High energy in-vitro end station 5.5x5.5
9 Low energy in-vitro end station control station 6.8x3.4
10 High energy in-vitro end station control station 6.8x3.4

The construction technique provides significantly improved sustainability due to the reduc-
tion in the concrete required. A further development of this technique that is being considered
would be to apply the composite approach to shielding blocks rather than in-situ casting of the
concrete skin. Shielding blocks allow flexibility for cost-effective upgrades and simplification
of staged installation and decommissioning. The ability to re-use shielding blocks many times
on future facilities further improves sustainability and value for money after the lifetime of the
proposed facility.

B.1.3.1 Designation of Areas

IRR17 [373] requires an area to be designated as a Controlled Radiation Area if a person entering
that area is likely to receive an annual dose in excess of 6 mSv, or if they are required to follow
special procedures intended to restrict their radiation dose or the effects of an accident. The
radiation hazard inside the shielded enclosures will generally be negligible when they are not
interlocked by the Personnel Safety system (although consideration must be given to components
such as collimators and beam dumps, which have the potential for high levels of induced activity
after the ion beam has been switched off). Adopting the model used at similar facilities in
designating areas, Areas 2 to 8 in table B.3 will be designated as Controlled Radiation Areas
on a permanent basis.

IRR17 defines a Supervised Radiation Area as one where it is necessary to keep the conditions
of the area under review to determine whether it should be designated as Controlled, or where
a person is likely to receive an annual dose in excess of 1 mSv. It is therefore proposed that
the surroundings of the accelerator complex are designated as Supervised Radiation Areas, at
least for an initial period, whilst environmental dose measurements are made in the surrounding
areas within the facility building.

B.1.3.2 Personnel Safety System

The Personnel Safety System will be similar to those in operation at the existing UKRI-STFC
facilities in that it will be compliant with IRR17, STFC Safety Code SC40, and is implemented
to achieve the required level of risk reduction.

The implementation of interlocks is a complex process that needs to ensure the system
achieves adequate levels of risk reduction. Whether this is mechanical or electrical, it is required
to follow an interlock lifecycle model to manage the process and ensure consistency in the
management of similar safety systems. The implementation of interlocks requires consideration
and planning of many aspects, covering a range of areas that are applicable throughout the
lifecycle.
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There are alternative methods available to comply with the requirements for implementation
of interlocks within STFC Safety Code SC40, either:

1. A suitable recognised international standard that covers the lifecycle phases associated
with, as a minimum, safety requirements allocation through to decommissioning;:

a) IEC 61508 [376] (or sub-standards, i.e. IEC 62061, IEC 61511, etc.); or
b) ISO 13849 [377] (With the addition of an IMP, see section 3.5);

2. A process that is equivalent to or better than that detailed within the recognised interna-
tional standards applicable to interlocks lifecycle implementation.

The application of electrical interlocks is the subject of extensive and detailed guidance
and standards, referred to as Functional Safety. The general benchmark of good practice is
IEC 61508: Functional safety of electrical/electronic/programmable electronic safety related
systems. Functional safety is the accepted term applied to the part of the overall safety of
a system that depends on the correct functioning of electrical, electronic and programmable
electronic (E/E/PE) safety-related systems and other risk-reduction measures. This would
include any mechanical interlocks that contribute to the overall safety of such a system.

IEC 61508 has been used as the basis for industry-specific standards for functional safety,
such as:

o IEC 61511: process industry [378]; and

o IEC 62061: machinery [379].

Other standards exist that do not follow this model but are also commonly used and accepted
as best practice in industry, such as:

o ISO 138499 [377]: safety of machinery—safety-related parts of control systems.

As an extension to the implementation of functional safety, the use of the lifecycle model for
the implementation of mechanical interlocks provides additional controls and consistency across
the organisation.

STFC SHE Code 40 requires that a Risk Assessment as per STFC SHE Code 6 (Risk
Management) has been carried out for the facility/system under consideration, and that the
following inputs are therefore available for that facility /system:

e The Concept;

e The Overall Scope Definition;

e A Hazard and Risk Analysis; and

e Overall Safety Requirements, to reduce risk to a level acceptable to STFC.

Overall Safety Requirements Allocation, in particular, the extent to which the interlock system
is required to contribute to the control of risk by reducing the probability of occurrence of the
identified hazard(s).
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B.1.4 Staged Construction

Site location has not yet been defined for the construction of the proposed facility, but it has been
proposed that the facility may benefit from being built at a UKRI-STFC National Laboratory
site to take advantage of existing facilities, multidisciplinary technical staff expertise, approved
radiation site authorisation, and large electrical power capacity.

It is proposed that the construction of the facility be in 2 stages:

e Stage 1, providing beam to the low-energy in-vivo end station, including;:
a) The full building size
The full fenced outer pen to house the water cooling systems and transformer(s)
Laser room
Radiation shielding for areas 1 — 3 and low-energy end station

Laser, accelerator and end station technical systems for:

— Laser-driven proton and ion source

— Proton and ion capture section

— Matching and energy selection section
— Low energy abort line

— Beam delivery to low-energy in-vitro end station

1st floor research area for Stage 1

Low energy in-vitro end station systems

Low energy in-vitro end station control room

Rack room 1

RF room

Main switchboard

Internal water plant room containing heat exchangers and pumping

General technical services for the above-described systems, including electrical dis-
tribution, water cooling distribution, HVAC, compressed air and gases

Accelerator control room, meeting room, cleanroom and general office.

)
o) EPICs control system for the above systems
) Personnel safety system

)

Two sets of stairs and a light-duty equipment lift to Level 1.

e Stage 2, delivering the full functionality of the facility, including:

a) Accelerator and end station technical systems for

— Fixed field accelerator
— High energy extract line
— High energy abort line
— Beam delivery to high-energy in-vitro end station
— Transfer line to the in-vivo end station
b) Radiation shielding for: areas 4 — 6, high-energy in-vitro end station and in-vivo end
station
) High energy in-vitro end station systems
) High energy in-vitro end station control room
e) in-vivo end station
)

in-vivo control room



204 B Infrastructure and costing

in vivo experiments preparation room

)
h) 1st floor research area rearrangement for Stage 2
) Rack room 2 and 3

)

General technical services for the above-described systems, including electrical dis-
tribution, water cooling distribution, HVAC, compressed air and gases

EPICs control system for the above systems
Upgrade to personnel safety system
Upgrade to accelerator control room

3rd set of stairs to Level 1

B.1.5 Key Installation Milestones

The installation and commissioning of the ITRF systems will be coordinated so as to maximise
the scientific output of ITRF. Thus, prior to the completion of construction, the goal will be to
achieve the following scientific milestones:

Stage 1
e First demonstration of the capture of a laser-driven ion beam using a Gabor lens system;
e Demonstration of the energy selection capabilities of a Gabor lens system;

o Irradiation of cells with a laser-driven ion beam.

Stage 2
e Injection line to the FFA;
o Fixed Field Accelerator (FFA);

o Extraction line from the FFA and the transfer line to the in-vivo end station;

Area for Stage 2 Development

32m

Laser Ream Teehnicd Cornds

BE Ergw IIlII

57m | 15m
Tim

Figure B.6: Stage 1 floor plan.
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Figure B.7: Stage 1 construction.

e High-energy in-vitro arc;
o High-energy in-vitro end station; and

e in-vivo end station.

B.1.6 Stage 1 Engineering Concept

The engineering CAD model of the laser-driven ion source is in progress, as shown in figure B.8.
The CAD model representation of the 100 TW Ti:Sapphire laser and compressor chamber has
been provided by Amplitude based on the Pulsar 140 system [12]. However, no decisions have
been made on suppliers of equipment at this stage of the project. The laser equipment is shown
supported by 2 optical tables (support modules M1 and M2) followed by a compressor chamber
(module M3). Figure B.9 shows a provisional representation of the target chamber internal
components, which is a conceptual design to be developed over the next 18 months. A motorised
vacuum valve has been introduced as an integral part of the nozzle assembly. The valve will
allow the low-energy line vacuum region to be isolated from the target chamber vacuum region
when the low-energy line is not in use, thereby minimising the risk of contamination of the
downstream vacuum regions. Both horizontal and vertical laser-beam configurations have been
studied. The vertical configuration, as shown, provides the best access and visibility around the
target area. An idea being considered is to mount the 34 and 4% optic in the chamber on a
linear slide to create room between the target and the nozzle when operating at low energy to
image the beam from the rear of the tape drive with a camera. The linear slide system would
also create additional space for larger target configurations.

Modules labelled M4-MS8 are independent support systems, and will be assembled, surveyed
and tested prior to installation in the accelerator complex. Power supply, control and instru-
mentation racks will also be cabled to the modules in the pre-installation assembly area to
test the racks and the control system. This proven methodology will solve as many technical
issues as possible prior to installation, thus reducing the time taken for installation. Support,
alignment and vacuum systems design is based on previous UKRI-STFC facilities. Module M9
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is a representation of the 45° girder assembly. Permanently-installed working platforms next
to module M9 are envisaged to provide safe and efficient working at height. Internal craneage
will also be required in some areas.

B.1.7 Schematic Diagram

A draft schematic diagram of the facility is shown in figure B.10. A large format version
with clearer visualisation of the required components is available [380]. A draft device naming
convention has been established [381]. The device naming convention has the following benefits:

o Every device in the facility has a unique name;

e Names are used in an appropriate and consistent way;

e Duplicate names can be avoided;

o The function of a device can be derived from its name (and vice versa); and

o Consistency with good practice adopted on previous accelerators constructed and operated
successfully.

For these reasons, it is proposed to introduce a formal device naming convention on the
ITRF Control System. It is anticipated that the names will be used on the facility schematic,
engineering drawings, in technical documents, control system display panels and in informal
and formal discussions. The plan is to develop the schematic throughout the Conceptual Design
Phase to capture all the equipment required that will inform the CAD model, cost model and
schedule development.

Bearm o low energy in Vitro End Station T

45" Dipole Magnets (2)

Chusadrupole Magnets (&)
DHpole Switching Magnet to FFA

Octopobs
Magreet

Beaemy Profile Monitoes (13) g™
. h-.r“-

RF Cavities (2]

Gabor lenses [7)

1 double, 5 singhe

Berarimy Abert Lire Beam Dump

Conditioning

Figure B.8: Stage 1 engineering concept design.
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Gaber Lins
Vacuum Chamiber

Figure B.9: Concept design of the Target, Conductance Nozzle and 1st Gabor Lens.
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e

Figure B.10: Schematic diagram of the facility equipment (the representation of the FFA is
to scale but does not reflect the design presented in Chapter 2).
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B.1.8 Electrical Engineering

B.1.8.1 Electrical Equipment and Services

The number of racks broken down by the equipment served and the estimated power consump-
tion are summarised in table B.4. There are 3 rack rooms proposed to be positioned around the
accelerator, each capable of housing 20 standard racks; this even distribution of racks and the
numerous local labyrinths minimises the cable lengths, improves energy efficiency and simplifies
installation. The location of some equipment is restricted by cable length. The labyrinth design
should consider cable routes inside the accelerator and ensure personnel access isn’t affected; a
possible alternative is to consider high-level cable management.

Although the overall estimated number of racks is 73, the available space in the rack rooms
will remain fixed at 60 as it is anticipated that around 20 of the racks will be housed near
specialist equipment. These include 4 racks associated with the laser—which needs a dedicated
auxiliary room—and the 9 racks for RF systems that will probably be located in an accelerator
or RF room. Pulsed power units are expected to be positioned next to the pulsed magnets
themselves, to minimise design complexity.

Each rack room will house DC magnet power converter, vacuum, diagnostics, motion control,
personnel safety and network equipment. It is envisaged that these rooms will be temperature-
controlled at £1° C, as this will assist reliable and stable operation. The racks will be mounted
on support frames providing a minimum of 300 mm clearance to install cable management. A
floating floor will enable easy access to rack equipment and allow the air conditioning to be
channelled under the floor and up through the racks, ensuring effective cooling.

Gabor electron-plasma lenses are the baseline for beam transport in Stage 1. This choice
is motivated in part by the low power consumption of a Gabor lens when compared to the
equivalent solenoid. A conservative approach has been taken when considering the number of
racks required for the low-energy line, which will be dominated by the racks’ solenoid power
converters, should the risk that the Gabor-lens solution can not be developed be realised. An
equivalent space of 2 standard racks will be needed to accommodate each of the 90 kW solenoid
power converters. The power requirements given below are the installed capacity assuming
maximum powering of all systems; this will not occur during operation, and the average power
of the accelerator will be significantly lower. The average power consumption of the facility
will be determined later and included in the final Conceptual Design Report. The size of the
low-energy rack room may need to be increased to house these large solenoid power converters,
and rack positions will be dictated by restricted cable length and the substantial size of the
magnet cables.

The energy efficiency of the power converters will dictate the rack layout and the heat loading
within the rooms. It is highly likely that water cooling will be necessary. The physical size of the
FFA and high-energy rack rooms will probably need to increase if the power levels estimated for
the magnet power converters are confirmed. The magnet ratings have been scaled from existing
magnet designs, with specific reference to similar medical accelerators. The performance of the
magnet power converters has not yet been assessed, but it is assumed that the required stability,
reproducibility and resolution can be achieved using standard commercially available units. If
degaussing or bipolar operation is specified, this will increase the physical size of units and
introduce additional cost and technical complexity.

The specification of the pulse power converters of the FFA will be a challenge due to the
small circumference (and hence short orbit time) of the accelerator. The low-energy injection
septum and kicker power converters should be feasible, although the effects on the circulating
particle bunches must be minimised. The fall time of the kicker could be critical to ensure
the magnetic field does not affect the circulating bunches, but the low energy will reduce the
nominal current required. The rating for the extraction septum and kicker will need to be
assessed and optimised, as this could introduce a significant challenge given the extraction
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energy, circumference and the extraction angle. If the kicker needs to be fully energised within
the time taken for the beam to complete one orbit, the current in the magnet will need to reach
its nominal value within approximately 5 ns. Once the pulse power converter specifications are
developed, a review of existing pulse-power technology can be initiated, as this could impact on
the final lattice design.

B.1.8.2 Electrical Distribution

The estimated total peak power consumption for the facility is 3.5 MW, which is comparable
with other research medical and clinical accelerators of similar energy. The average power
consumption will be determined later, and is likely to be significantly smaller; the average
powering will also significantly influence the carbon budget of the facility. Given the predicted
power consumption, ideally, the chosen location for the facility will need to have an existing
high-voltage (HV) sub-station with sufficient spare capacity. However, it is possible to locate
the facility on a green field site, but a substantial increase in building cost will be incurred.

The facility will need to be supplied by at least two transformers (for cost purposes), each
rated at 2.5 MVA. Although each transformer is not sufficiently rated to provide the total
estimated power consumption, there will be enough capacity to operate at the reduced values
indicated above. Fault analysis and maintenance is an important consideration when designing
the distribution scheme, along with segregation of supplies and conducted harmonics. The
electrical infrastructure should mitigate these factors by increasing the number of transformers
to offer a minimum of n + 1 redundancy; this means potentially installing 3 transformers rated
at 2MVA, with any 2 transformers capable of supporting the entire facility. There must be
dual HV incoming supplies connected to local HV ring-main units, with each one feeding a
transformer. This philosophy should be cascaded throughout the low-voltage (LV) distribution
to ensure that the failure of one circuit does not result in prolonged periods of downtime.

The ITRF will have numerous non-sinusoidal loads such as DC magnet power converters,
RF modulators and ion pump power supplies. The harmonic currents generated from such
equipment can have an adverse effect on other equipment connected to the distribution system.
Ideally, any issues from this should be dealt with at the equipment level. Wherever the facility
is built, existing harmonic levels will need to be measured and included in any calculations to
ensure compliance with legislation.

Segregation of the mains supply is required to protect sensitive equipment from electrical
disturbance caused by, for example, harmonics, sudden changes to load demand, and inrush
currents. The point of common coupling between these systems and the sensitive equipment
becomes critical and should be considered when designing the electrical infrastructure.

B.1.8.3 Earthing Arrangements

The earthing (or grounding) scheme proposed for ITRF must guarantee the correct operation of
power converters, vacuum systems, diagnostic instruments and motion control equipment, and
also ensure compliance with safety and EMC requirements from applicable standards.

The primary goal of an earthing system is to ensure personnel safety and protection of
installations against damage. Two critical phenomena are lightning and power system faults.
These can give rise to the circulation of large currents, which might create hazardous voltages
in installation structures. The task of the earthing system in fault conditions is to be a path to
the earth for currents, while maintaining minimum voltage differences between any two points
of the installation.

The secondary goal of an earthing system is to serve as a common voltage reference and
to contribute to the mitigation of electrical disturbances in installations with sensitive and
interconnected electronic and electrical systems.
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This facility is expected to generate conducted noise at the following frequencies:

o Mains frequency (50 Hz) and multiples of this frequency due to non-linear loads, which
make use of uncontrolled rectifiers to convert from AC to DC. There are many examples
of sources of noise at these frequencies, which include:

— All devices that contain a switch-mode power supply;
— Uninterruptible power supplies; and

— Inverters for AC motors or pumps.

o High frequency (1kHz to 100 kHz): coming mainly from magnet power converters, and
RF system capacitor chargers, due to switching within the converter.

Radiated noise is also expected throughout the RF spectrum emanating from equipment such
as:

e Pulsed magnet power supplies for kickers and septum magnets;
e Pulsed power supplies for RF amplifiers such as klystrons; and

o Mobile phones and Wi-Fi signals (common and required across much of the facility), which
are a source of radiated noise.

It must also be acknowledged that some specialist equipment may not comply with electro-
magnetic immunity or susceptibility standards. This may be due to the method of operation or
the technology readiness level of the device. Detailed investigation of this equipment and the
method of operation must be made to ensure this equipment does not have a detrimental impact
on other local systems, and may require incorporating specialist noise reduction techniques.

Best practice for these types of facilities is to install two grounding networks—a safety
grounding network and reference grounding network—bonded together. Their design and inter-
connection will depend on the layout of the accelerator and support areas, such as rack rooms
and RF equipment.

B.1.8.4 Cooling System

The cooling system will comprise a primary chilled-water system, secondary de-ionised and
general water-cooling circuits, and specific high-stability temperature-control systems for the
RF cavities. The proposed use of groundwater to provide up to 2 MW net of primary cooling
is being considered as part of the overall cooling solution; if feasible, it will increase the capital
cost but would significantly reduce operational costs through energy savings.

The cooling infrastructure would comprise bore holes, water chillers, pumps, heat exchang-
ers, pipework, instrumentation, de-ionisation plant and a SCADA system. The system would
have sufficient cooling capacity to satisfy the facility’s water cooling and air conditioning re-
quirements.

The total water cooling load is currently estimated to be ~2.1 MW, which has been included
in the cost model.

B.1.8.5 Compressed Air

A compressed air supply and distribution system will be required in ITRF. The anticipated
parameters are:

e Pressure: 6 bar; and

o Purity: Compliant with ISO 8573-1:2010 (1:2:1) (Food grade, non-direct contact) [382].
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B.1.8.6 Air Conditioning

It is anticipated that a range of air conditioning solutions will be used to match individ-
ual room cooling requirements, including DX Comfort cooling systems and water-cooled air-
handling units for more sensitive applications. The total air conditioning load is estimated to
be ~0.4 MW.

B.1.9 Bulk Shielding Assessment

Consolidation of source terms

The output of a shielding assessment is entirely dependent on the source terms that are provided
to the calculation. A meeting was held at Daresbury Laboratory (1st November 2023) that
involved physicists from partner institutions, relevant STFC staff and an external shielding
assessor. From this, a set of source terms has been developed for a set of operating modes
reflecting the likely operating conditions of ITRF/LhARA (see table B.5).

In addition, the initial plasma source term has been simulated, and all key parameters such
as the beam energy distribution, divergence, and initial proton/ion yield have been derived
from this. Combining this plasma source with the loss points, each mode of operation has now
been described in terms of which source points are engaged and what the particle loss rate is
at that point. The source term also contains the operating schedule; the temporal parameters,
such as the availability of the machine and the expected duration of “beam on” time and which
fraction of this is attributed to each operational mode. The latter are necessary to understand
the accumulated exposure and residual activation of components. The bounding source terms
for each stage of normal operation are summarised in table B.5.

Shielding assessment

TUV-SUD were engaged to carry out an assessment of the likely shielding requirements for
Stage 1 and Stage 2 operation of the ITRF/LhARA facility, based on the source terms identi-
fied above. These are documented in TUV-SUD reports NT02602-DAR-LHARA-CO01-11__NPM
and NT02602-DAR-LHARA-C02-I1_ NPM. Whilst there are a number of limitations in a pre-
liminary assessment of this sort, the required concrete shielding thicknesses, which are < 1 m
for Stage 1 and 2-3m for Stage 2, are determined in part by proton operation at the highest
energies. However, the large number of protons and electrons generated at the TNSA source,
coupled with the large inherent particle loss at the nozzle, results in a relatively large radiation
source term at this location; this materially affects the bulk shielding that is needed to attenuate
dose to external personnel.

Some refinement of source terms will be possible, which may allow a reduction in required
shielding thicknesses, for example, by improving collimation and beam stop designs, better
identification of loss points, and more detailing in the accelerator subsystems, which themselves
act in part to attenuate radiation.

Table B.5: Nominal and bounding source terms.

Stage 1 operation Stage 2 operation

Protons C°f ions Protons C°®F ions
Max beam energy (MeV) 15 MeV 48 MeV 127 MeV 400 MeV
Repetition rate (Hz) 100 100 100 100

Particles required at delivery point (#/s) 1 x 1019 1 x 10° 1 %10 1x10°
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B.1.10 Mechanical Systems Integration Support Concepts

Support systems for accelerator devices are required to be stable, minimise effects due to vi-
bration and include adjustment to facilitate accurate positioning of equipment. The support
concepts adopted by ITRF/LhARA have been developed and successfully implemented on other
accelerator projects such as CLARA and ESS. The concept adopts a modular system which
facilitates assembly and offline testing of accelerator equipment before installation into the ac-
celerator hall, enabling the most efficient use of time, particularly during critical shutdown
periods.

Ti:S Laser support system

It is envisaged that the Ti:Sapphire laser system will be procured and supplied by a specialist
company; the support for this system will be included during the scope of design and procure-
ment.

Laser target optics support system

For optical support systems, such as the laser target chamber source, it is critical that the optical
element supports are isolated from the vacuum chamber, which will deflect during pump down.
In figure B.13, optics are shown mounted onto a baseplate, which is isolated from the vacuum
chamber with bellows and supported by a synthetic granite block for vibration damping. The
vacuum chamber is supported by an independent frame with adjustments available in X, Y and
Z.

Accelerator support systems
Each modular support system includes two pedestals and an aluminium extruded beam, as
shown in figure B.14. The support pedestals are fabricated in mild steel and consist of a
thick-wall support tube with a top and bottom plate. The beam assembly is constructed from
rectangular aluminium extrusion, which includes flat surfaces, T-slot features for clamping
equipment and ancillary equipment such as electrical and water services. The beam assembly
is supported by the pedestals utilising a three-point kinematic system allowing for adjustment
in direction Y and also pitch, roll and yaw. Adjustment of the beam in directions X and Z is
achieved by translation of a plate using screws.

Accelerator equipment and devices that are assembled to the support beam have independent
kinematic support and adjustment, providing translation in X, Y and Z together with pitch,
roll and yaw. Figure B.15 shows examples of a quadrupole and corrector magnet assembled

i
To user area | =7

Gabor lens
|

Modular accelerator
support assembly

Target chamber
support system

T8 laser and
support system

Figure B.11: Stage 1 layout.
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Figure B.12: Laser layout.
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Figure B.13: Source layout.
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to a support beam. All accelerator devices will have features for inserting laser-tracker-survey
fiducials to enable pre-alignment of each module.

The Gabor lens support features have not been determined at this stage. However, it is
envisaged that the proposed modular support beam system would be an appropriate concept,
as shown in figure B.16.

Building offline in a modular way also enables the installation of local services, allowing for
testing of systems such as vacuum integrity, magnet power and water cooling systems. Following
offline testing, the beam assembly module can be transported to the accelerator hall using a
lifting beam and attachments. The support pedestals are installed with the bottom plate set
25mm above the floor, and after levelling, are secured with bolts; a high-strength grout is
applied in the gap under the pedestal plate. The pedestals are filled with dry sand to act as
a vibration damper. The aluminium beam assembly is located using the three-point kinematic
support system and secured with fasteners. Alignment of the beam assembly is achieved using
the adjustment features described above and with a laser tracker, which accurately reads back
the position of fiducials placed into holes in the corners of the beam assembly. The equipment
required to transport the beam vertically to the in-vitro end stations will be installed using the
same modular system. A concrete block can be used to elevate the support pedestal at one end
as shown in figure B.17.

B.2 Cost estimate

The top-level breakdown of the capital costs for the LhARA project is given in table B.6 [383].
The costs are based on those presented in [12] and should be regarded as first estimates that will
be challenged and refined as the design-and-development process proceeds. The costs presented
in [383] were derived in 2019; therefore, compound inflation (£23M) has been included in the
total. Contingency and working margin have been added as indicated in the table. The facility
construction cost is taken from the analysis presented in [12]. The cost for the animal house
required for the Stage 2 programme was estimated through the peer-group consultation process.

Support beam constructed from
extruded aluminium section with T-slots

Lifting points

Kinematic
support [cone)

Kinematic Kinematic

support [vee) suppaort (flat)
Adjustment
SCIEWS
¥ 4/-20mm
SUpport
pedestals

Pedestal
levelling screws

L Adjustment

SCrews

Z+/- 20mm
Pedestal
fixing screws

Figure B.14: Support systems.



216

B Infrastructure and costing

¥ +/-20mm
[
'L_D Yaw
Pitch Kinematic
L Z+/- 20mm adjustment
SCrews
Roll
X +f- 20mm
Adjustment
SCrews
Kinematic
adjustment
screws
Adjustment

SCrews

Figure B.15: Kinematic mounts.
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Figure B.16: Gabor lens support system.
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Figure B.17: Stage 1 arc.

The staff cost is based on an updated estimate of the staff effort required to deliver the facility.
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Table B.6: Top-level cost breakdown for the ITRF served by LhARA [383].

Item £M
Facility construction 68
Contingency 20% 14
Working margin 10% 7
Facility construction total 88
Animal house 35
Contingency 10% 4
Working margin 5% 2
Animal house total 40
Sub-Total - build 129
Inflation to 2030 18% 23
Sub-Total - build @2030 costs 152
VAT 20% 30
Sub-Total - build @2030 costsinc VAT 182
staff costs @ 2030 rates 36
contingency 20% 7
Staff @ 2030 ratesinc contingency 43
Grand total 225
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