March 29, 2020 Draft 2.0 CCAP/TN/2020/01

Laser-hybrid Accelerator for Radiobiological Applications
(LhARA)

Conceptual Design Report

G. Aymarl, T. Becker?, S. BoogertS, M. Borghesi4, R. Bingham5“, C. Brenner!, P. Burrows®, O.C. Ettlinger7,
T. Dascalu’, S. Gibson?, T. Greenshaw®, S. Gruber”, D. Gujral'®, C. Hardiman'?, J. Hughes®, K. Kirkby'!,
A. Kurup’f, J-B. Lagrange!, K. Long"™, W. Luk”, J. Matheson!, P. Mckenna®, R. Mclauchlan'?,
Z.Najmudin”, H.T. Lau’, J. Parsons®, J. Pasternak”®, J. Pozimski’®, K. Prise*, P. Ratoff'?, W. Shields?,

S. Smith'3, J. Thomason!, S. Towe'4, P. Weightman®, C. Whyte®, R. Xiao'®

STFC Rutherford Appleton Laboratory, Harwell Oxford, Didcot, OX11 00X, UK

Maxeler technologies Limitted, 3 Hammersmith Grove, London W6 OND, UK

Royal Holloway, University of London, Egham, Surrey, TW20 OEX, UK

Queens University Belfast, University Road, Belfast, BT7 INN, Northern Ireland, UK

University of Stratchclyde, 16 Richmond Street, Glasgow, G1 1XQ, UK

The John Adams Institute, Denys Wilkinson Building, Keble Road, Oxford OX1 3RH, UK

Imperial College London, Exhibition Road, London, SW7 2AZ, UK

University of Liverpool, Liverpool L69 3BX, UK

Christian Doppler Laboratory for Medical Radiation Research for Radiation Oncology, Medical University of Vienna,
Spitalgasse 23, 1090 Vienna, Austria

10. Imperial College NHS Healthcare Trust, The Bays, South Wharf Road, St Mary’s Hospital, London W2 INY, UK
11. University of Manchester, Oxford Road, Manchester, M13 9PL, UK

12. The Cockcroft Institute Daresbury Laboratory, Sci-Tech Daresbury, Daresbury, Warrington, WA4 4AD, UK

13. STFC Daresbury Laboratory, Daresbury, Cheshire, WA4 4AD, UK

14. Leo Cancer Care, Broadview, Windmill Hill, Hailsham, East Sussex, BN27 4RY, UK

15. Cororain, 14F, Changfu Jinmao Building(CFC), Trade-free Zone, Futian District, Shenzhen, Guangdong, China

0 %0 NS RN~

a. Also at STFC Rutherford Appleton Laboratory, Harwell Oxford, Didcot, OX11 00X, UK

1 Corresponding author, Email: a.kurup @imperial.ac.uk






20

Executive summary

Figure 1: LhARA—the Laser-hybrid Accelerator for Radiobiological Applications.

Cancer is the second most common cause of death globally [1]. In 2018, 18.1 million new cancer cases were
diagnosed, 9.6 million people died of cancer-related disease, and 43.8 million people were living with cancer [2,
3. It is estimated that 26.9 million life-years could be saved in low- and middle-income countries (LMIC) if
radiotherapy capacity could be scaled up [4]. Novel techniques incorporated in facilities that are at once robust,
automated, efficient, and cost-effective are required to deliver the required scale-up in provision.

Radiation therapy (RT), a cornerstone of cancer treatment, is used in over 50% of cancer patients [5)]. The
most frequently used types of radiotherapy employ photon or electron beams with MeV-scale energies. Proton
and ion beams offer substantial advantages over X-rays because the bulk of the beam energy is deposited in the
Bragg peak. This allows dose to be conformed to the tumour while sparing healthy tissue and organs at risk.

The benefits of proton and ion-beam therapy (PBT) are widely recognised. There are approximately 88
PBT centres worldwide, and at least 40 under construction [6]. PBT today is routinely delivered in fractions
of ~ 2 Gy per day over several weeks. Usually, each fraction is delivered at a low dose rate (< 10 Gy/min)
deposited uniformly over the target treatment volume. Exciting evidence of therapeutic benefit has recently
been reported when dose is delivered at ultra-high dose-rate, 2 40 Gy/s (“FLASH” RT) [[7, (8], or provided in
multiple micro-beams with diameter less than 1 mm distributed over a grid with inter-beam spacing of ~ 3 mm
[9]. However, the radiobiological mechanisms by which the therapeutic benefit is generated are not properly
understood.

LhARA, the Laser-hybrid Accelerator for Radiobiological Applications, is conceived as the new, highly
flexible, source of radiation that is required 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 [10]]. The
LhARA collaboration’s concept, shown in figure [I] is to exploit a laser to drive the creation of a large flux
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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 the proton- and ion-
capture energies that pertain in conventional facilities, thereby evading the current space-charge limit on the
instantaneous dose rate that can be delivered [11]. Rapid acceleration, performed using a fixed-field alternating
gradient accelerator (FFA), will preserve the unique flexibility in the time and spatial structure of the beam
afforded by the laser-driven source.

LhARA will not be developed or operate in isolation. Proton and ion beams for radiobiological research
are available at a number of laboratories in Europe, the Americas, Africa, and in Asia. A number of clinical
proton- and ion-beam centres (e.g. [12, [13]) also provide beams for research. Beam time for radiobiology
at research laboratories is often restricted by the pressure of other users while time to do research at clinical
facilities is limited by the demands of patient treatment. A small number of laboratories in Europe actively
seek to develop laser-driven sources for biomedical applications (e.g. [[14]). The LhARA collaboration’s vision
is to build on this work to demonstrate the feasibility of capturing and manipulating the flux created in the
laser-target interaction to provide a beam that can be accelerated rapidly to the desired energy.

We propose that LhARA be developed in two stages. In the first stage, the laser-driven beam, captured and
transported using plasma lenses and bending magnets, will serve a programme of in-vitro experiments with
proton beams of energy of up to 15 MeV. In stage two, the beam will be accelerated using an FFA. This will
allow experiments to be carried out in vitro and in vivo with proton-beam energies of up to 125 MeV. Ion
beams (including C*) with energies up to 30 MeV per nucleon will also be available. Figure 2| compares the
energy and estimated maximum instantaneous dose rate of LhARA to the performance of other clinical and
laboratory facilities that provide, or plan to provide, proton and ion beams for radiobiology. The beam energy
at LhARA has been specified to allow in-vitro experiments and in-vivo studies using small mammals. The
LhARA collaboration’s hybrid approach will allow the unique properties of the laser-driven source—extremely
high instantaneous flux in an extremely sort pulse over a tiny area—to be preserved and exploited to deliver
radiobiological investigations in completely new regimes.
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Figure 2: Comparison of the projected performance of LhARA at Stage 1 (S1) and Stage 2 (S2) with the
performance of other facilities that provide, or plan to provide, beams for radiobiology [12-30]]. The energy
of the beam provided is plotted against the maximum instantaneous dose. The range of ion species that are
provided by the facility is indicated by the relative size of the marker.
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The technologies demonstrated in LhARA have the potential to be developed to make “best in class” treat-
ments available to the many by reducing the footprint of future particle-beam therapy systems. The laser-hybrid
approach, therefore, will allow radiobiological studies and eventually radiotherapy to be carried out in com-
pletely new regimes, delivering a variety of ion species in a broad range of time structures and spatial config-
urations at instantaneous dose rates up to and potentially significantly beyond the current ultra-high dose-rate
“FLASH” regime.

The LhARA consortium is the multidisciplinary collaboration of clinical oncologists, medical and academic
physicists, biologists, engineers, and industrialists required to deliver such a transformative particle-beam sys-
tem. With this “pre Conceptual Design Report” (pre-CDR) we seek to lay out our concept for LhARA, its
potential to serve a ground-breaking programme of radiobiology, and the technological advances that will be
made in its execution. The work presented in the LhARA pre-CDR lays the foundations for the development
of full conceptual and technical designs for the facility. The pre-CDR also contains a description of the R&D
that is required to demonstrate the feasibility of critical components and systems. An initial cost and sched-
ule exercise has been carried out. If appropriate resources can be secured, this analysis shows that the first
radiobiological experiments could be carried out within five years of the start of the LhARA project.
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1 Introduction and motivation

Background and context

Cancer is a major cause of death with 17 million new cases each year globally and incidence rates predicted
to increase to 27.5 million new cases per year by 2040 [31]. Radiotherapy (RT) is one of the most effective
cancer treatments, particularly for solid tumours including head-and-neck tumours and glioblastoma, and is
used in 50% of all cancer patients [S]. Conventional radiotherapy uses X-rays to deliver dose to the tumour,
causing damage that can eventually lead to the death of cancerous cells. The dose delivered using X-rays
falls exponentially with depth; this characteristic implies a fundamental limit on the maximum dose that can
be delivered to the tumour without delivering an unacceptably large dose to healthy tissue. Tumours that lie
deep within the patient will receive a dose significantly lower than that delivered to the healthy tissues through
which the beam passes on its way to the treatment site. X-rays that pass through the tumour will also deliver
a dose to the tissues that lie behind. Dose delivered to healthy tissues can cause the death of the healthy cells
and create adverse side effects. Modern X-ray facilities mitigate these effects by using a number of different
treatment fields, i.e. delivering beams from several different directions. In practice, the maximum X-ray dose
that can be delivered is limited by the presence of sensitive organs such as the brain and spinal cord. This
situation is particularly acute in infants for whom dose to healthy tissue, sensitive organs, and bone can lead
to developmental issues and a higher probability of secondary malignancies later in life. The efficacy of X-ray
radiotherapy is also impacted by biological factors such as the tumour microenvironment, the oxygen level
(hypoxia) present in the tissue, and the inherent radioresistance of certain types of tumour.

Radiotherapy delivered using protons and ions, particle-beam therapy (PBT), has the potential to overcome
the fundamental limitation of X-ray therapy in cancer treatment [32]]. The physics of the interaction between
ionising radiation and tissue determines the radiobiological effect. Energy loss through ionisation is the domi-
nant mechanism at the beam energies relevant to proton- or ion-beam therapy. The energy lost per unit distance
travelled (the linear energy transfer, LET) increases as the proton or ion slows down. At low velocity the rate
of increase in LET is extremely rapid. This generates a ‘Bragg’ peak in the energy deposited at the maximum
range of the beam just as the protons or ions come to rest. In contrast to photons, this characteristic allows the
dose delivered to healthy tissue behind the Bragg peak to be reduced to zero for protons, and almost to zero
for carbon ions. The effect of scanning the Bragg peak over the tumour volume is to increase the dose to the
tumour while, in comparison to X-ray therapy, sparing tissues in front of the tumour. By choosing carefully the
treatment fields, dose to sensitive organs can be reduced significantly compared to an equivalent treatment with
photons, thus improving patient outcomes.

The Particle Therapy Co-Operative Group (PTCOG) lists 90 proton therapy facilities and 12 carbon ion ther-
apy facilities, based on data published in February 2020 [6]]. Figure [3| shows that these facilities are located
predominantly in high-income countries. Low- and middle-income countries (LMIC) are relatively poorly
served, indeed nearly 70% of cancer patients globally do not have access to RT [3]]. It is estimated that 26.9
million life-years could be saved in LMIC if global access could be improved [4]. Novel techniques incor-
porated in facilities that are at once robust, automated, efficient, and cost-effective are required to deliver the
required scale-up in provision. This presents both a challenge and an opportunity; developing the necessary
techniques and scaling up RT provision will require significant investment but will also create new markets,
drive economic growth through new skills and technologies and deliver impact through improvements in health
and well-being.

The case for a systematic study of the radiobiology of proton and ion beams
The nature of the particle-tissue interaction confers on PBT the advantage that the dose can be precisely con-
trolled and closely conformed to the tumour volume. However, there are significant biological uncertainties in
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Figure 3: Location and number of proton and carbon ion therapy facilities world-wide. This figure is based on
data published by PTCOG in February 2020 [6]].

the impact of ionising radiation on living tissue. 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 that is in use in the clinic today assumes an RBE value for protons of 1.1 [33]. This means that a lower
dose of protons is needed to produce the same therapeutic effect that would be obtained using X-rays. However,
the rapid rise in the LET at the Bragg peak leads to significant uncertainties in the RBE. It is known that RBE
depends strongly on many factors, including particle energy, dose, dose rate, the degree of hypoxia, and tissue
type [34], however, the radiobiology that determines these dependencies is not fully understood. A number of
studies have shown that there can be significant variation in RBE [35-37]]. 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 139]]. 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 [40]. RBE uncertainties for carbon and other ion species
are at least as large as they are for protons.

Uncertainties in RBE can lead to mis-estimation of the dose required to treat a particular tumour. Overesti-
mation of the required dose leads to the risk of damage to healthy tissue, while an underestimate runs the risk
that the tumour will not be treated sufficiently for it to be eradicated. 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 [41} 42]]. These DNA lesions are
a major contributor to radiation-induced cell death as they represent a significant barrier to the cellular DNA
repair machinery. Furthermore, the specific nature of the DNA damage induced by ions determines the princi-
pal 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 is em-
ployed in response to DSBs [43]. 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, with different tissue types would provide important infor-
mation on RBE variation and could enable enhanced treatment-planning algorithms to be devised. In addition,
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Table 1: Summary of expected dose per pulse and dose rates that LhARA can deliver. These estimates are
based on Monte Carlo simulations using a bunch width of 2 ns for the instantaneous dose rate and the average
dose rate is based on the 10 Hz repetition rate of the laser source.

12 MeV Protons | 15 MeV Protons | 127 MeV Protons | 33.4 MeV/u Carbon
Dose per pulse 5.16 Gy 2.19Gy 0.58 Gy 5.24 Gy
Instantaneous dose rate | 2.6 x 10° Gy/s | 1.09 x 10° Gy/s | 2.9 x 10® Gy/s 2.62 x 10° Gy/s
Average dose rate 51.6 Gy/s 21.9Gy/s 5.8 Gy/s 52.4 Gyl/s

studies examining the impact of combination therapies with PBT (e.g. targeting the DNA damage response,
but also the tumour microenvironment) are currently sparse, and performing these is vital in devising future
personalised patient therapy strategies using PBT. Such studies are needed, especially in the case of ion-beam
radiotherapy.

The case for novel beams for radiobiology

PBT delivery to date has been restricted to a small number of beam characteristics. In a typical treatment
regimen the therapeutic dose would be provided in a series of daily sessions delivered over a period of sev-
eral weeks. Each session would consist of the delivery of a single fraction of ~ 2 Gy delivered at a rate
of < 5Gy/minute. The dose in each fraction would be 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, 2 40 Gy/s (“FLASH” RT) [7,8]]. These studies indicate significantly reduced lung fibrosis in
mice and skin toxicity in mini-pigs, and reduced side-effects in cats with nasal squamous cell carcinoma. Var-
ian [44]] has indicated that dose rates greater than 40 Gy/s are useful for FLASH irradiation, while IBA have
indicated that the FLASH phenomenon is observed at dose rates above 33 Gy/s. In addition, therapeutic benefit
has been demonstrated in the use of multiple micro-beams with diameter less than 1 mm distributed over a grid
with inter-beam spacing of ~ 3mm [9]. However, there is still significant uncertainty of the thresholds and
the radiobiological mechanisms by which therapeutic benefit is generated in FLASH and micro-beam therapy,
which require further extensive study both in vitro and in appropriate in-vivo models.

The LhARA consortium has conceived LhARA, the Laser-hybrid Accelerator for Radiobiological Appli-
cations, as the highly flexible source that is required to elucidate the mechanisms that underlie the FLASH
and micro-beam effects 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 [[10]. The simulations
of LhARA that are described in this document have been used to estimate the dose delivered as a function of
energy for protons and carbon ions. Details of the simulations can be found in sections[2.4land[2.5] A summary
of the results is given in table The simulations show instantaneous particle rates on the order of 10? particles
per shot can be achieved, corresponding to average dose rates up to 50 Gy/s. These estimates are based on the
the baseline specifications for LhARA.

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 [45-47]. 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 [48H53]]. More recent projects (e.g. A-SAIL [54], ELI [55]] and SCAPA [56]) will also investigate
radiobiological effects using laser-driven ion beams. These studies will also address various technological
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issues [57H61].

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 current 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 femptoseconds in length
at repetition rates of 2 10 Hz. At source, a laser-driven electron beam is reproducibly well collimated and has
a modest (~ 5%) energy spread. By contrast, laser-driven proton and ion sources create beams that are highly
divergent, have a large energy spread, and an intensity that varies by up to 40% pulse-to-pulse. Multiple ion
species, from proton to carbon, can be produced from a single laser by varying the target foil and particle-
capture optics. The realisation of LHARA requires that each of these issues be addressed.

The LhARA consortium’s vision is that LhARA will prove the principal of the novel technologies 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 understanding 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.

2 LhARA facility
2.1 Overview

The LhARA facility, shown schematically in figure 4} has been designed to serve two end stations for in-vitro
radiobiology and one end station for in-vivo studies. Proton beams with energies of between 12MeV and
15MeV will be delivered 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 33.4 MeV/u.
This configuration makes it natural to propose that LhARA be constructed in two stages; Stage 1 providing
beam to the low-energy in-vivo end station and Stage 2 delivering the full functionality of the facility. The
development of LhARA Stage 1 will include machine performance and optimisation studies designed to allow
in-vitro experiments to begin as soon as possible.
The principal components of the LhARA facility are:

* Laser-driven proton and ion source: protons and light ions will be generated using target normal sheath
acceleration from a thin foil exposed to a laser that delivers 2.5J in 25 fs pulses at 10 Hz.

* Proton and ion capture section: Two strong focusing electron-plasma (Gabor) lenses will be used to to
capture the divergent flux of particles arising from the laser target.

* Matching and energy selection section: Three Gabor lenses, two RF cavities, and two octopole magnets
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 of the FFA. The matching section will include a collimator for
energy selection and bunching cavities to allow the time structure of the beam to be preserved.

* Beam delivery to low-energy in-vitro end station: A 90° vertical bend will take the low-energy beam
from transfer line to the low-energy in-vitro end station. The presence of dispersion in the arc allows
momentum selection through the use of an additional collimation system. The beam parameters at the
end of the arc have been chosen to allow the installation of further focusing or spot-scanning magnets
between the end of the arc and the in-vitro end station.
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Figure 4: Schematic diagram of the LhARA beam lines. The particle flux from the laser-driven source is
shown by the red arrow. The ‘Capture’ section is followed by the ‘Matching and energy selection’ section.
The beam is then directed either into the 90° bend that takes it to the low-energy in-vitro end station, towards
the FFA injection line, or to the low-energy beam dump. Post acceleration is performed using the ‘Fixed field
accelerator ring’ on extraction from which the beam is directed either to the high-energy in-vitro end station,
the in-vivo end station, or the high-energy beam dump.

* Low energy abort line: A transfer line through which the beam may be dumped safely during commis-
sioning or in fault conditions leads to a passive beam dump.

* Injection line for the FFA: The beam is transported and matched to the injection section of the FFA post
accelerator using a series of dipole and quadrupole magnets.

* Fixed field alternating gradient accelerator: A three-fold increase in beam momentum is will be provided
using an FFA.

* Extraction line: The extraction line from the FFA is composed of dipole and quadrupole magnets. It
includes a series of four quadrupoles to match the beam into either the in-vitro end station or the in-vivo
beam line.

* High energy abort line: A transfer line through which the beam may be dumped safely during commis-
sioning of in fault conditions leads to a passive beam dump.

* Beam delivery to high-energy in-vitro end station: A 90° vertical bend by which bean is delivered to the
high-energy in-vitro end station. Again the beam parameters at the end of the arc have been designed to
allow the subsequent installation of further focusing or spot-scanning magnets.

* 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 five RF cavities for
longitudinal phase-space manipulation. The installation of spot-scanning magnets between the end of
the final focus section and the in-vivo end station is envisaged.

The design parameters for the various components of LhARA are given in tables [2]and 3] The design of the
LhARA facility is described in the sections that follow.

2.2 Laser-driven proton and ion source

Laser-driven ions have been posited as a source for radiobiology studies for a number of years [62H64]]. Until
recently, however, the energies, energy spreads, and the shot-to-short reproducibility were such that laser-driven



Table 2: Design parameters of the components of the LhARA facility. The parameter table is provided in a
number of sections. This section contains parameters for the laser-driven proton and ion source, the proton and
ion capture section, and the Stage 1 beam transport section.

Parameter Value or range Unit
Laser driven proton and ion source

Laser power 100 ™
Laser Energy 2.5 J
Laser pulse length 25 fs
Laser rep. rate 10 Hz
Proton energy 15 MeV
Proton and ion capture

Beam divergence to be captured 50 mrad
Gabor lens effective length 0.857 m
Gabor lens length (end-flange to end-flange) 1.157 m
Gabor lens cathode radius 0.0365 m
Gabor lens maximum voltage 65 kV
Number of Gabor lenses 2

Alternative technology: solenoid length 1.157 m
Alternative technology: solenoid max field | 1.3 T
strength

Stage 1 beam transport: matching & energy selection, beam delivery to low energy end station
Number of Gabor lenses 3

Number of re-bunching cavities 2

Number of collimators for energy selection 1

Arc bending angle 90 Degrees
Number of bending magnets 2

Number of quadrupoles in the arc 6

Alternative technology: solenoid length 1.157 m
Alternative technology: solenoid max field | 0.8 (1.4) T

strength (to serve the injection line to the Stage 2)




Table 3: Design parameters of the components of the LhARA facility. The parameter table is provided in a
number of sections. This section contains parameters for the Stage 2 beam transport and the in-vitro and in-vivo
end stations.

Parameter Value or range Unit
Stage 2 beam transport: FFA, transfer line, beam delivery to high-energy end stations
Number of bending magnets in the injection line | 7
Number of quadrupoles in the injection line 10
FFA: Machine type single spiral scaling FFA
FFA: Extraction energy 15-127 MeV
FFA: Number of cells 10
FFA: Orbit Ry, 2.92 m
FFA: Orbit Ry« 3.48 m
FFA: External R 4 m
FFA: Number of RF cavities 2
FFA: RF frequency 1.46-6.48 MHz
FFA: spiral angle 48.7 Degrees
FFA: Max B field 1.4 T
FFA: k 5.33
FFA: Magnet packing factor 0.34
FFA: Magnet gap 0.047 m
FFA: Number of kickers 2
FFA: Number of septa 2
Number of bending magnets in the extraction line | 2
Number of quadrupoles in the extraction line 8
Arc bending angle 90 Degrees
Number of bending magnets in the vertical arc 2
Number of quadrupoles in the vertical arc 6
Number of cavities for longitudinal phase space | 5
manipulation
Number of quadrupoles in the in vivo beam line | 4
In vitro biological end stations
Maximum input beam diameter 1-3 cm
Input beam energy spread <2 %
Input beam uniformity <5H %
Scintillating fibre layer thickness 0.25 mm
Air gap length 5 mm
Cell culture plate thickness 1.3 mm
Cell layer thickness 0.03 mm
Number of end stations 2
In vivo biological end station
Maximum input beam diameter 1-3 cm
Input beam energy spread <2 %
Input beam uniformity <5H %
Beam options Spot-scanning, passive scatter-

ing, micro-beam
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sources were not considered suitable to serve a radiobiology laboratory. While a number of radiobiology exper-
iments have been conducted with laser-generated ions [[65H68]], these have been limited in scope to single-shot
configurations, either due to low laser repetition rate or due to the want of an appropriate target for operation at
high repetition rate. In addition, most of these experiments have been performed on laser facilities with rapidly
shifting priorities and where the time to install dedicated, automated diagnostics, and control systems has not
been possible. To date, a production-ready ion beam source based on a laser is not available anywhere in the
world. Therefore LhARA will be a unique, state-of-the-art system for the study of radiobiology that exploits
the numerous benefits of a laser-driven ion source.

Conventional ion sources are capable of producing ions with energies of the order 50-70 keV with currents
of around 100-200 1A that are limited by space-charge effects [69]. The ions are captured and then accelerated
to the required energy in large, expensive systems that are often unsuited to a clinical setting. A novel solution
to these problems is to exploit the compact, flexible nature of a laser-driven source and couple this to a compact
novel beam line.

The laser-driven source proposed for LhARA will operate in the sheath-acceleration regime [[70-72]]. Target-
sheath acceleration is presently the most studied and best understood regime for the excitation and acceleration
of ions using a laser. An intense, short-pulse laser beam is focused onto a target. The intense electric field
generated at the target ionises the front surface and accelerates atomic electrons into the target. Electrons that
gain sufficient energy will traverse the target, ionising the material as they go. As the high-energy electrons
exit from the rear surface of the target a region of dense negative space charge is forms which in turn creates
a strong electric field; the sheath. The electric field in turn accelerates ions from the rear of the target. The
sheath-acceleration scheme has been shown to produce ion energies greater than 30 MeV/u at the highest laser
intensities [73]], with the peak proton energy, £, scaling with laser intensity as, F), oc 1 %; the laser intensities
required to reach < 15MeV are much more modest and can be obtained with laser intensities that are readily
achievable. The laser system required for LhARA can therefore be compact, relatively inexpensive, and is
commercially available.

Key to the operation of LhARA is a target that allows the ion-flux production to be reproducible. A number of
schemes have been proposed for such targets, including high-pressure gases, cryogenic-hydrogen ribbons [74~
76] liquid sheets [[77] and tape drives [/8]]. For LhARA, a tape drive is proposed. Imperial College personnel
have operated aluminium- and steel-foil tape drives with thicknesses down to 5 ym and 18 pum plastic-tape
targets. These target systems have the benefit of being readily and continuously replenished, allowing high-
charge (up to 100 pC at 8.9 + 1 MeV, i.e. > 10? protons per shot), high-quality proton and ion generation at
repetition rates of up to 10 Hz or more. Careful control of the tension of the tape is crucial for the production of
a reproducible flux from a tape-drive target. The tape should be stretched to properly flatten the surface, without
stretching it into its plastic response. Rippling of the front surface can modify the laser absorption dramatically;
uncharacterised rippling can make shot-to-shot variation significant and unpredictable. Similarly, rear surface
perturbations can modify the sheath field, resulting in spatial non-uniformities of the proton or ion flux or the
suppression of the achievable peak energy. Tape drives with torsion control and monitoring to maintain such
a high-quality tape surface have been constructed at Imperial. Work continues at Imperial to optimise further
the design of such targets. The work centres on improving the reproducibility and flatness of the targets. In
addition, new, thinner, tapes for improved ion generation and the generation of additional ion species are being
developed. This active area of R&D will continue with the development of LhARA.

The scheme proposed for LhARA is unique when compared with previous attempts to exploit laser-driven
ion sources for radiobiological applications since most experiments have been performed in single-shot con-
figurations with high latency diagnostics. Other applications have used low repetition rates, usually due to the
lack of an appropriate high rep-rate target. Further, to date most experiments have been performed either on
low repetition rate laser systems or on laser facilities for which the rapidly shifting priorities leaves little time to
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install dedicated automated diagnostics and control systems. LhARA therefore offers a number of opportunities
to push the frontiers in the field of laser-driven ion acceleration, in sustained high-frequency ion generation,
advanced targetry solutions, and active, high repetition rate diagnostics. The successful development and ex-
ecution of such methodologies would provide a leap forward in capability and open up exciting new fields to
which the the laser-driven technique can be applied including medical isotope production and materials pro-
cessing in addition to radiobiology. The target and diagnostic solutions which will be developed through the
LhARA project will provide a step change in the scientific and technological application of laser-driven ion
beams.

2.2.1 Technical challenges and R&D programme

A commercial laser system will be used to drive the ion production. However, the operation of a laser-driven
proton and ion source at high repetition-rate is a relatively new area of research [/8-82]. While such operating
schemes pose a number of engineering challenges, they also offer the opportunity for enhanced acceleration.
Such schemes have proved remarkably successful in producing enhanced particle beams, optimised for beam
charge, peak energy, energy spread and divergence etc. While much of this research has so far focused on
electron-beam production and optimising X-ray yields, such methods should translate well to proton and ion
acceleration. These techniques will require an appropriate R&D effort, which we envisage shall be possible
using existing capabilities across the LhARA consortium. High repetition-rate ion-beam diagnostics will also
need to be produced to allow the successful execution of the LhARA programme. Instrumentation will be
required to measure both the energy spectrum and composition of the ion beam as well as its spatial profile.
Current methods are destructive, and often suitable only for low repetition rate. LhARA will require appropri-
ate passive non-destructive diagnostics. Such detectors have not yet been demonstrated successfully and will
require to be developed during the R&D phase of the LhARA project.

While the principle of a tape-drive target has been demonstrated, there are aspects of the target system that
need to be developed to ensure reliability and to allow the possibility of parallel operation of different targets
to produce a variety of ion species. These developments must be coupled with the development of post-target
laser diagnostics. A programme of measurement coupled with simulation of the laser-target interaction will be
performed to produce more accurate estimates of the beam. These estimates will primarily be used as input for
particle tracking simulations through the LhARA beam line and into the end stations.

2.3 Proton and ion capture

The use of an electron cloud as a focusing element for charged particle beams was first proposed by Gabor in
1947 [83]]. 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 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. Gabor chose to introduce electrons from a hot-wire emitter placed in a cusp
magnetic field. In this field configuration electrons couple into the lens with high transverse velocity and would
therefore be well confined.

If the motion of electrons captured in the lens under the combined electric and the magnetic fields are con-
sidered using appropriate boundary conditions the confinement conditions can be determined [[84]]. In the radial
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direction, where there is magnetic confinement and Brillouin flow, the number density of electrons, n., is given

by:
2

ne = 9B 5 qom 2.
2mee
where B is the magnetic field, e the magnitude of the charge on the electron, m., the mass of the electron, and
€0 the permittivity of free space. In the longitudinal direction, where there is electrostatic confinement, n. is
given by:
n. — 460VA .
e — €R2 )

where R is the radius of the cylindrical anode which is held at the positive potential V4. The longitudinal con-

finement 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 theoreti-
cal limit—an ‘efficiency factor’ is required to obtain agreement between theory and measurement. Eliminating
n. 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, v,:
1 e?B?
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where m, is the mass of the particles in the beam. The focal length of the Gabor lens is therefore proportional
to the kinetic 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 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:

Me
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where Bgpr, and By, are the magnetic fields in the Gabor lens and the equivalent solenoid respectively; m;op,
is the mass of the ions being focused, and Z is the charge state of the ions. In the case of a proton beam
the reduction factor is 43. Thus, for example, where a 2T superconducting solenoid would be required, the
magnetic field required for a Gabor lens would only be 47 mT. This means the cost of a Gabor lens can be
significantly lower than the cost for a solenoid of equivalent focusing strength.

The plasma-confinement system described above is commonly known as a ‘Penning trap’ and has found
wide application in many fields [85]]. Variations on the Penning trap where axial apertures in the cathodes are
introduced, such as the Penning-Malmberg trap [86) [87]] are attractive for beam-based applications due to the
excellent access provided to the plasma column, see figure [5] The properties of these particle traps are well
described in the literature and a wealth of papers are available [88H90]. 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. The field of
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.
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Figure 5: Schematic diagram of a Penning-Malmberg trap of the type proposed for use in the Gabor lenses to
be used in LhARA. 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.

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 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 five electron-plasma focusing elements of approximately 1 m
length. Beam simulations performed to date have used an equivalent solenoid to approximate the performance
of the Gabor lens, with on-axis magnetic field strengths of 1.3 T or lower. The field in these magnets is getting
close to the regime where warm magnets are possible but power-hungry and superconducting magnets may be
desirable but expensive and not necessarily simple to design given the requirements to operate close to other
field-sensitive components. By contrast, the coils for a Gabor lens are straight forward to design and air-cooled
options may even be possible.

In the event that the LhARA requirements for the Gabor lens proves to be too challenging, an alternative
technology would need to be implemented. From the optics simulations that have been done it will be relatively
straight forward to exchange the Gabor lenses for solenoids. One caveat is that energy selection would then
need to be done using a Wien filter [91]. The magnetic field required in the first solenoid is quite high but
still achievable with normal conducting magnets. Suitable choices would need to be made to minimise power
consumption and it is likely that pulsed solenoids would be the cheapest and easiest solution.

Gabor lenses have many attractive features for the LhARA project including the possibility of very strong
focusing, simple construction, and low magnetic field. These attractive features come at the cost of relatively
high voltage operation (> 50kV) and possible vulnerability to instability.

11



370

375

380

385

390

400

405

410

2.3.1 Technical challenges and R&D programme

In the LhARA design a high-intensity positively-charged beam is produced from a point-like source with a
significant divergence of more than 90°. The particles in the energy range of interest are produced with a
smaller divergence of the order of a few degrees, which is still quite large. Beam capture requires strong
focusing close to the target to produce a rectilinear beam. Lenses of similarly short focal length are required at
other points in the beam line. The focusing required for beam capture is beyond the capabilities of Gabor lenses
published to date—the design therefore uses two lenses in series for beam capture. A further three Gabor lenses
of the same length are included in the design for optics matching and energy selection using a collimator.
The main technical challenges for the Gabor lens project are:

* Operation of the Gabor lens at the design parameters for LhARA and verification of its focusing charac-
teristics. This requires, as a pre-requisite, an electrode system capable of reliable high-voltage operation
as well as a vacuum system which can maintain the required vacuum in the Gabor lens.

* Instrumentation of the Gabor lens. Measurement or proxy measurement of the electron density within
the lens. Measurement of beam parameters at the input and output of the Gabor lens.

* Verification of the stability of the Gabor lens.

We propose to investigate Gabor lenses in steady state operation with DC fields and pulsed operation using an
electron emitter to force plasma cloud generation.

2.3.1.1 Steady state operation with DC fields

The first generation Gabor lens prototype for LhARA will be designed to operate in a steady state mode [92].
Future experimental work will focus on a Penning-Malmberg trap with conventional DC magnet coils and using
a low current, high voltage DC supply. The primary aims of this study are to verify operation at the required
peak operating voltage and under the vacuum conditions expected in the first Gabor lens of the LhARA beam
line.

High Voltage design

Electrode configurations will be explored with both grounded-anode and grounded-cathode options with the
electrodes profiled to manage local field enhancement and enable the Gabor lens to run at the desired peak
operating voltage. The profiles will be studied using numerical modelling techniques and isolation will be
achieved using commercial ceramic high-voltage stand-offs. Versatile DC magnets will be purchased from an
industrial supplier and these robust coils will allow reconfiguration of the magnetic field profile to introduce
field reversal to generate magnetic cusps if required. This will require appropriate support structures to accom-
modate the large forces inherent in such configurations.

Vacuum system

The vacuum vessel within which the laser target is mounted operates under relatively poor vacuum conditions
(1 x 107 to 1 x 10~ mBar) mainly due to vaporisation of the target and outgassing. The Gabor lens operates
for preference under high-vacuum conditions (< 1 X 10~% mBar [93]]) and can be constructed and processed
using established high-vacuum techniques from the high-power RF tube manufacturing industry to minimise
the background pressure. The requirement for different vacuum conditions in two adjacent regions of the
system requires either a thin window or a differential pumping system to separate the two vacuum regions.
While a thin film may be convenient and simple, scattering will degrade the beam quality, therefore this option
has been rejected and differential pumping is thus required. The initial design requires the target and the first
Gabor lens to be separated by 10cm to allow space for laser beam diagnostics. At this distance the beam to
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Figure 6: Schematic diagram of the interface between the laser target and the first Gabor lens. The laser
vacuum vessel (dark blue) is connected to the lens vacuum vessel (light blue) with two flanges shown. The
differential pump port is re-entrant into the laser vacuum volume with 5 cm closest approach to the target.

be captured by the Gabor lens will require a minimum aperture of 8 mm, based on the expected divergence of
the beam. Using realistic pumping speeds for reasonably sized turbo-molecular drag pumps and designing a
minimal cross-section aperture, the calculated pressure differential between the volumes is less than two orders
of magnitude. This can be improved by using a re-entrant cone of length 50 mm, penetrating into the laser target
vessel (figure [6)), for which the predicted pressure differential can exceed three orders of magnitude. This will
be sufficient to allow the Gabor lens to operate at a vacuum pressure of 1 x 10~7 mBar or lower. Increasing the
re-entrant cone length will provide a greater pressure differential due to the decrease in the required entrance
aperture for the beam. The detailed mechanical arrangement that allows line of sight for the laser diagnostics
remains to be determined.

Pulsed operation using an electron emitter

A second generation Gabor lens will be designed and built for pulsed operation that incorporates an electron
emitter to generate the plasma in the lens. At a voltage of 75kV, the current density required to reach the
desired electron number density is of the order of a few A/cm?. This is well within the capabilities of estab-
lished cathode technologies. With a lens length of 1 m, the transit time at 75 kV will be of the order of 6 ns for
rectilinear trajectories, high transverse velocities will both increase the effective current density and the transit
time, by as much as a factor of two. Provided the electron beam can be efficiently ‘mirrored’ at the end of
the lens, trapped trajectories can be generated and the total current density, and hence effective number density
may be increased. In this regard it may be wise to operate the electron emitter at a voltage slightly above that of
the cathodes to ensure that no electrons are emitted with sufficient energy to reach the cathodes. With a round
trip time of less than 25 ns, current pulses of the order of a few hundreds of ns will be required. This technique
will saturate as the growing electron-cloud space charge suppresses electron emission at the cathode; Gabor
discusses this effect in his original paper. The applied cathode voltage or the cathode current-pulse length can
therefore be used to control the electron number density. Simulations will need to be performed to design the
electron emitter and study the trajectories of the emitted electrons and this will be done as part of the theoretical
investigation into Gabor lenses.

Theoretical study of Gabor lenses
The theoretical study of Gabor lenses will focus on two main subjects: plasma modelling to aid investigation of
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plasma instabilities; and electron beam production to support the investigation of pulsed operation. The results
from these studies will be important to guide the design and experimental investigations of both the first and
second generation Gabor lenses.

Plasma stability

Several 3D codes are available for the modelling of plasma instabilities (e.g. [94, 95]]). Experience with these
codes exists within a number of groups that are members of the LhARA consortium. These codes can be pro-
cessor and memory intensive, requiring access to high-performance computing resources.

Lens filling using an electron emitter

CST [93] provides excellent electron-beam modelling capabilities with the opportunity to include extensive
simulation diagnostics. CST has the capability to support the design of magnetic coils and to export full 3D
magnetic field maps, which facilitates the inclusion of realistic magnetic field profiles in in the electron-beam
models. CST will be used to design a high current, high transverse velocity electron beam coupling into the
Gabor lens. As CST places considerably lower demands on computer processor and memory, simulations can
be completed efficiently and rapid simulation progress achieved. This can be enhanced by enforcing suitable
symmetries to reduce the simulation volume.

2.3.1.2 Diagnostics

Diagnostics for the experimental work will focus on a thorough characterisation of the lens when it is filled
with plasma and when it is empty. This will require measuring the profile of a beam that passes through the
lens and measuring the electron density within the lens.

Tests with an alpha source

A beam with characteristics sufficiently close to the proposed LhARA source can be produced using an alpha
source. Alpha sources readily available emit alpha particles with energies near 5 MeV, significantly below the
12-15MeV proposed for LhARA, but close enough for a viable comparison. Within the vacuum envelope of
the lens, a sealed alpha source can be placed that is collimated and profiled using shaped apertures to allow
determination of beam position, distribution and any angular rotation that may be induced about the axis of the
Gabor lens. Alpha-particle detection will be by thin fluorescent film. It may be necessary to introduce optical
filters to manage background lighting from the plasma cloud.

Electron density measurement

Experimentally, plasma lenses have been studied with electron densities up to 1 x 10'® m~3, though most
have operated one to two orders of magnitude below that level [96H98]. The electron densities calculated
are at the extreme lower end of those measurable by refractive index change. Any such measurement would
necessarily employ the lowest possible probe frequency to provide the longest possible wavelength. Wave-guide
confinement would be required due to the long interaction lengths necessary and any resultant measurement
would therefore be integrated over the lens volume. Proof of principal numerical models of the required RF
circuit have been constructed and calculation of the expected refractive index change for the prototype model
configuration show phase shifts of the order of a degree at 3 GHz. Modern vector network analysers can
detect phase differences of a fraction of a degree making this technique viable. Appropriate consideration of
the mode of propagation of the probe radiation within the magnetised plasma would be required and is non-
trivial, but the technique could provide an online, non-invasive measurement of the condition of the lens. As
such, the measurement remains attractive despite the known limitations. Alternative techniques to measure the
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electron density have been demonstrated in the literature including energy spectrometry of the emitted ions,
these techniques can be developed if required.

2.4 Beam transport and delivery to the low-energy in-vitro end station

The beam-transport and beam-delivery systems are required to provide beam at the low-energy in-vitro end
station that is optimised for radiobiology. This requires that the dose distribution at the cell layer be uniform
and that beam losses along the beamline are minimised so that the dose which can be delivered is maximised.
The design must also provide space for diagnostics and the installation of RF cavities for longitudinal phase-
space manipulation and for the transfer of the beam to the post accelerator in Stage 2. The ion flux created
at the laser-driven source appears to diverge from a point. The transport line has therefore been designed to
minimise regions in which the beam is brought to a secondary focus so as to reduce the impact of space-charge
forces on the beam phase space.

The initial lattice for the transport line was developed in Beamoptics [99] and MADX [100] was used to pro-
vide an idealistic description of the machine. Both programs calculate optical functions using transfer matrices
and consequently have very good agreement one with the another. To understand accurately the performance of
the machine, Monte Carlo particle tracking from the laser target through to the end station has been performed.
This requires space charge to be included in the particle tracking and the simulation of the interaction of the
beam with the materials of the end station. The approach taken was to use two separate programs. The first
is BDSIM [101], a Monte Carlo simulation program which uses the Geant4 [102], ROOT [103], and CLHEP
toolkits to track particles through the 3D geometry and fields of a particle accelerator. BDSIM has the capabil-
ity to record energy deposition arising from particle-matter interactions including the production of secondary
particles. BDSIM is ideally suited to the simulation of beam losses and was used to quantify machine efficiency
and to model accurately the beam profile and material interactions in the end station. The GPT [104] Monte
Carlo software package was used to evaluate the full 3D impact of space charge through particle tracking in
electromagnetic fields. The space charge routine used in GPT for all simulations was spacecharge3Dmesh with
the Poisson solver method MGCG and a fixed-sized mesh of 50, 50 and 150 mesh lines in the x, 4 and z direc-
tions respectively. However, GPT lacks the detailed particle-matter interaction functionality that BDSIM can
provide. The results obtained with both BDSIM and GPT are presented in the sections which follow so that the
impact of space charge forces can be seen in the comparison.

In order to compare the tracking simulations with the beam-optics calculations, an idealised Gaussian beam
was generated with a spot size of 4 yum FWHM, with an angular divergence of 50 mrad, 35 fs FWHM bunch
length, and an energy spread of 1 x 10~ MeV. The maximum estimated bunch charge is 1 x 10° protons.
This small initial spot size and the large bunch charge will result in significant space charge forces leading to
emittance growth at production. However, the presence of a substantial flux of electrons produced from the laser
target will have a compensating effect. To simulate this effect, the beam was first propagated using GPT for
5 cm without space charge and then for a further 5 cm with space charge. At this point the beam was at the exit
of the laser-target vessel and the beam distribution was written out. Subsequent tracking of the beam through
the capture section to the end station was then performed using BDSIM or GPT using the beam distribution
generated using the procedure outlined above.

Figure|/|shows an overview of the Stage 1 beam transport-section as visualised in BDSIM. Standard BDSIM
geometry is used for visualising all the machine components. The beam line can be considered to be composed
of five sections: beam capture; matching and energy selection; beam shaping; vertical arc matching; and an
abort line. The total length of this beam line is 17.255 m.

The Gabor lens assumed for LhARA has a peak cathode voltage of 65kV, an inner radius of 3.65 cm, and a
length of 1.16 m [105]]. The capture section uses two such lenses to reduce the beam’s transverse momentum
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Figure 7: Beam transport for Stage 1 of LhARA visualised in BDSIM, showing 5 machine sections. The
capture section is composed of two Gabor lenses (orange cylinders). The matching and energy selection section
includes three Gabor lenses, two RF cavities (grey cylinders) and an octopole magnet (green disc). The beam
shaping and extraction section includes a second octopole and a beam shaping collimator (black vertical bar).
The vertical matching arc directs the beam into the low-energy in-vitro end station and is composed of two 45°
dipoles and 6 quadrupoles.

to approximately zero. Beyond the capture section, an RF cavity permits control of the bunch length and
manipulation of the longitudinal phase space. A third Gabor lens then focuses the bunch in both transverse
planes to a small spot size through a 2.55 m long drift tube. This space has been allocated for collimation and
diagnostics. A second RF cavity is located immediately after the focal plane to provide further longitudinal
manipulation. Two further Gabor lenses bring the beam parallel once more in preparation for the vertical 90%
arc. The effective length (i.e. the region where particles see the effect of the field) of all five Gabor lenses is the
same, 0.857 m, and all lenses operate below the maximum cathode voltage.

A parallel beam provides significant flexibility in the beam shaping and extraction section; the length of this
section can be varied to accommodate the switching dipole and other components required for shaping the beam
to match the requirements of the radiobiological experiments. Delivering uniform dose distributions for both
protons and ions with traditional passive scattering is non trivial given the low energy of the beam and potential
shot-to-shot variations. A system to switch scattering material depending on particle species would be required
to minimise beam degradation, which would introduce additional challenges of including a vertical nozzle
within the end station. Therefore, it is proposed to include octupole magnets, a technique which has been been
demonstrated in a number of facilities [106H108]]. The third order focusing provided by the octupoles provides
a perturbation to the first order focusing from the Gabor lenses, which should result in improved uniformity
after sufficient transport through the beam line. Typically, octupoles would be located where the beam profile
is large in one axis and small in the other to reduce aberrations and transverse coupling. As far as is known,
octupoles have not been used in beam lines where focusing is achieved with solenoids or Gabor lenses alone,
therefore further simulation efforts are required to ascertain their performance and optimal beam line location.
A suitable position for placing an octupole was identified to be after the final Gabor lens where the beam is
large, so its effect on the beam is expected to be limited. However, octupoles were not included in the GPT
simulations as GPT does not have a standard component with an octupolar field. Using octupoles will produce
a transverse distribution of the beam that is typically rectangular and would require collimation to match the
circular geometry of typical cell culture plates that would be used in the in-vitro end station. A collimator is

16



555

560

565

570

580

585

590

595

positioned at the start of the vertical arc to provide sufficient time for particles with large transverse momentum
to move sufficiently off axis. The switching dipole to Stage 2 would be located between the second octupole
and the collimator, requiring the octupole to be ramped down for Stage 2 running.

The vertical arc is a matching section consisting of two 0.8 m long identical dipoles and six 0.1 m long
quadrupoles in two identical sets of three different strength magnets. All six have a vacuum aperture of 5 cm
and the field gradient is constrained to ensure normal conducting magnets can be used. The parallel beam
leaving the vertical arc propagates through a 2m drift tube to penetrate the concrete shielding of the end-
station floor and to bring the beam to bench height. The arc is designed as an achromat which cancels the
vertical dispersion. Transparent optics, in which the phase advances in both transverse planes is a multiple of
m, are used. This choice ensures that the first order transverse map through the arc is equivalent to the identity
transformation. In this design the beam properties are dictated by the settings of the Gabor lenses upstream
of the arc. The presence of the vertical dispersion in the can is exploited for momentum selection using an
additional collimation system.

The abort line consists of a drift followed by a beam dump as shown in figure[7} To abort the beam requires the
first vertical dipole to ramp down, having the advantage of preventing charged-particle transportation through
the magnetic fields to the end station. Sufficient space will be available beneath the vertical arc for a beam
dump of the appropriate length and material to absorb a 15 MeV beam. A detailed design of the abort line and
beam absorber will be done as part of the R&D programme. Alternative options using fast switching magnets
will also be considered.

Simulations were run in both BDSIM and GPT, from the start of the capture section through to the end
station, to verify the optical performance of the beam line. The physics model required to track particles
through a plasma lens is currently not available in either BDSIM or GPT. The behaviour of the Gabor lens can
be approximated by solenoid magnets using the conversion from Gabor lens anode voltage to solenoid current,
see equations 5 and 10 in [84]. This has the advantage that the parameters of the equivalent solenoids are
established early in the design process. The solenoid fields were constrained such that the anode voltage of the
Gabor lens that was represented by the solenoid did not surpass the specified peak voltage. The length of the
equivalent solenoids were set to the effective focusing length of the Gabor lens with an additional 15 cm of drift
tube included before and after every solenoid to accommodate the physical length of the Gabor lens. Two zero-
voltage RF cavities were included to guarantee that sufficient space for the longitudinal phase manipulation
cavities was included. Thus the effect of the RF cavities was not included in the simulations which follow and
will be studied in the R&D phase.

10000 particles were simulated corresponding to a total bunch charge of 1 x 10°, which is the estimated
maximum flux. Thus, these simulations can be considered as the pessimistic case where space charge will
have its strongest impact. Figure [§] shows a comparison of horizontal and vertical transverse beam sizes in
BDSIM and GPT with space-charge effects included. Reasonable agreement is seen between BDSIM and GPT
despite the simulation of space charge, with a nominal beam size at the location of the cell layer of 1.538 cm
horizontally and 1.205 cm vertically. Emittance growth is observed prior to the first solenoid affecting optical
performance throughout the remainder of the machine. However, the resulting beam dimensions at the end
station are not significantly different from the BDSIM simulation results and it may be possible to adjust the
quadrupoles in the vertical arc to compensate for this. In both BDSIM and GPT simulations, the transmission
efficiency of the beam line is nearly 100%.

The presence of additional emittance growth beyond the initial few centimetres of transport was difficult to
observe. Since the Gabor lens focuses in both axes, the focal point at which the energy-selection collimator
is placed may be of concern if the effect of space charge has been underestimated. Quadrupolar focusing in
the vertical arc also produces small beam dimensions. However, focusing is confined to one axis at a time,
mitigating the potential for emittance growth due to space-charge forces. Further tuning of the Gabor lens
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Figure 8: Horizontal (blue) and vertical (green) beam size, o, and o, respectively, in Stage 1 simulated with
(GPT, dashed lines) and without (BDSIM, solid lines) space-charge effects are shown as a function of distance
from the laser target, S. The beam line elements are shown above the figure. The equivalent solenoids used to
model the Gabor lenses are shown as the orange cylinders, the quadrupole, dipole, and octupole magnets are
shown in blue, red, and green respectively.

voltages in the capture section may counter the non-zero transverse momentum seen entering the vertical arc,
compensating the space-charge effect. The Twiss betatron functions in both transverse planes are shown in
Figure 9] for both BDSIM and MADX.

The phase-space distributions at the start of the lattice, which is 10 cm downstream of the laser target, are
shown in figure The beam is Gaussian and has grown significantly from the original spot size. Unusually,
the time distribution is slightly asymmetric, however this is not anticipated to be a concern as this is expected
to grow significantly as a result of the Gaussian energy spread. The phase-space distributions at the focal plane
in the energy-selection section reveal transverse aberrations arising from the solenoids, as shown in figure [T}
The phase-space data was taken from the results of BDSIM simulations. These are a concern. However, the
simulation of the Gabor lens using an electromagnetic field map is likely to change these aberrations, thus a field
map needs to be implemented in the simulation before study of these aberrations continues. The longitudinal
phase space shows that the bunch length has grown by two orders of magnitude compared to figure[T0] This is
due to the energy spread of the 15 MeV beam and is primarily seen as a spread in velocity.

Figure [12] shows the beam phase-space and particle distributions at the end of the Stage 1 beam transport
recorded in BDSIM when not simulating the octupole fields and collimation. The transverse aberration has
persisted to the end station. However, despite its more pronounced appearance, the divergence is smaller by
approximately a factor of twenty. The spatial profile is Gaussian as expected. The beam phase space at the end
station when octupoles and the beam shaping collimator were simulated is shown in figure [I3] Both octupoles
were arbitrarily set to a strength of K3=6000 with a magnetic length of 0.1 m and pole tip radius of 5cm,
which, for a 15 MeV beam, corresponds to pole tip field of 0.42 T. A 2 cm thick iron collimator was positioned
1.5 m downstream of the end of the octupole with a 40 mm diameter aperture. The transverse beam profiles
in figure [13| show improved beam uniformity, indicating that the octupole and the beam shaping collimator
are producing the desired effect. Further studies are needed to improve beam-profile uniformity using more
realistic input beam distributions. The total beam width is 3.58 cm horizontally and 3.46 cm vertically which is
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Figure 9: Horizontal and vertical Twiss beta functions in BDSIM and MADX. The beam-line elements are
shown above the figure. The equivalent solenoids used to model the Gabor lenses are shown as the orange
cylinders, the quadrupole, dipole, and octupole magnets are shown in blue, red, and green respectively.

sufficient to irradiate one well in a six-well cell-culture plate. The beam transmission through the collimator is
estimated to be approximately 70%.

To obtain a more realistic input beam distribution, a simulation of the interaction between the laser and
the laser target was performed using EPOCH [109]. The distribution of energy and angle obtained from this
simulation is shown in figure [I4] The peak energy has been set to 15MeV and the angle is with respect to
the laser direction. The angular distribution of the beam was shifted to centre it at -45° to make the particle
distribution centred about the beam axis. The 2D results from the EPOCH simulation were then extrapolated
into 3D, using the assumption that the distribution for the angle out of the simulation plane is Gaussian, and the
results were filtered such that only particles between 10-15 MeV were considered. The initial treatment of the
beam was the same as for the idealised Gaussian beam, i.e.: the first 5 cm was drifted without space charge and
the second 5 cm was drifted with space charge. Space charge was also simulated throughout the remainder of
the beam line using GPT. Figure [15|shows a significant difference compared to the idealised Gaussian beam in
figure|10]in all six phase space dimensions. Notably, the population of particles at the design energy of 15 MeV
is the lowest in the distribution, as expected.

At the end station, the beam displays significant emittance growth indicating that significant beam losses are
observed, see figure [I6] A large vertical beam size is artificially observed along the beam line as the beam
line elements were set for 15 MeV optics. These losses continue to propagate in the simulation until they reach
the plane where particle coordinates are written out. By selecting only those particles with a kinetic energy
of 15MeV + 2%, the transverse particle distributions begin to show characteristics of a Gaussian beam. Poor
statistics however prevents any definitive conclusions being drawn. It should be noted that the effect of the
energy selection by collimation is not studied here allowing a beam with a broad energy spread to reach the end
station. Therefore, implementing the energy selection collimator should improve this significantly.

The proposed design is capable of delivering beams of the desired size to the in-vitro end station. Initial
studies indicate that a uniform beam can be delivered with further optimisation of the octupoles and collimator.
Space charge has impacted the performance of the transport line but it is believed that this can be mitigated with
minor adjustments to the Gabor lenses in the capture section. The beam focus in both planes in the energy-
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Figure 10: Beam phase space distributions in the transverse plane, (X,Y); X’ and Y’ give the slope relative
to the Z axis. The transverse phase space is shown in figures a and b. The longitudinal phase space, kinetic
energy and time, 7', is shown in c. The phase-space distributions are plotted 10 cm from the laser target.
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Figure 11: Beam phase space distributions in the transverse plane, (X,Y); X’ and Y’ give the slope relative
to the Z axis. The transverse phase space is shown in figures a and b. The longitudinal phase space, kinetic
energy and time, 7', is shown in c. The phase-space distributions are plotted at the focus at S = 6.02m.
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Figure 12: Beam phase space distributions in the transverse plane, (X,Y); X’ and Y’ give the slope relative
to the Z axis. The transverse phase space is shown in figures a and b. The longitudinal phase space, kinetic
energy and time, 7, is shown in c. The phase-space distributions are plotted at the in-vitro end station without
octupolar focusing.
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Figure 13: Beam phase space distributions in the transverse plane, (X,Y); X’ and Y’ give the slope relative
to the Z axis. The transverse phase space is shown in figures a and b. The longitudinal phase space, kinetic
energy and time, 7', is shown in c. The phase-space distributions are plotted at the in-vitro end station with the
octupoles included.
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Figure 14: Distribution of energy and angle from a proton beam simulation using EPOCH showing a peak
energy of 15 MeV. In this simulation O degrees is the direction of the laser.

selection system needs to be investigated in more detail as it may contribute to further emittance growth if
space-charge effects have been underestimated by the GPT simulations.

24.1 Alternative design

The baseline design for the transport line described above maintains cylindrical symmetry as far as possible until
the start of the vertical bend. As a result, the beam is focused in both transverse dimensions. An alternative
design, in which quadrupole magnets replace the Gabor lenses in the matching and energy selection section
has been developed to allow a focus to be produced in one plane at a time. This alternative design has been
conceived to mitigate the effects of space charge in the event that they can not be managed in the baseline
scheme. Figure|l7|shows an overview of the alternative design. The fourth and fifth Gabor lenses are replaced
by four quadrupoles all of length 0.1 m. The total length of this design is 15.439 m.

The beam size as a function of position along the beam line using an idealised Gaussian beam is shown in
figure [I8] Without space charge, simulations show that a beam size of 2.5 mm is achievable. However, the
initial emittance growth due to space charge has a significant impact on the beam size. A larger beam size at
the entrance to the first quadrupole results in an asymmetric bunch size, and ultimately to a divergent beam
entering the end station. Despite appearing to suffer significantly from space-charge effects, it is believed that
re-optimising the Gabor lenses in the capture section and the quadrupoles in the matching and energy selection
section could compensate for the space-charge effects seen here and that beam parameters similar to those
without space charge may be recovered. In the extraction section, beta is sufficiently low to enable injection
into the FFA, as seen in figure However, the design of the injection line may need to be re-optimised when
the effect of space charge is included. Transmission through the alternative Stage 1 lattice is nearly 100%.
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Phase space distributions and beam profiles for the beam derived from the EPOCH simulation

10 cm after the laser target. Distributions in the transverse plane, (X,Y"); X’ and Y’ give the slope relative to
the Z axis. The transverse phase space is shown in figures a and b. The longitudinal phase space, kinetic energy

and time, 7T, is shown in c.
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Figure 17: Beam transport for the alternative design for the Stage 1 transport lattice visualised in BDSIM.
Gabor lenses are shown as orange cylinders, the RF cavities is shown as a grey cylinder, quadupole magnets
are shown in red, and dipole magnets are shown in blue. The matching and energy selection section is modified
to include one Gabor lens , one RF cavity, four quadrupoles, and two octupoles (green discs). The capture
section, vertical matching arc, and abort line are taken over from the baseline scheme. The octupole magnet is
not present in the beam shaping and extraction line.
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Figure 18: Horizontal and vertical betatron function, 3, (blue) and /3, (green) respectively, as a function of
distance along the beam line from the laser target. The beam-line elements are shown above the figure. The
equivalent solenoids used to model the Gabor lenses are shown as the orange cylinders, the qudruopole, dipole,
and octopole magnets are shown in blue, red, and green respectively.

27



670

675

680

685

I:I:II 1 =

0.016
-»=- GPT, Space Charge; oy; N = 1.0E+04 /)<
0.014 - -»%- GPT, Space Charge; o,; N = 1.0E+04 ,,z’
' —3— BDSIM; 0,; N = 1.0E+04 e
0.012 - —3— BDSIM; 0y; N = 1.0E+04 | /"x’
X I”l< I/
0.010 1 N / X
R N I / JRe
£ 0008 - T / .~
N ,)(\)* 1 /z’
Oi x’, \ ll ,)( e
0.006 - L o ??‘\)2(, X
- ' L
Y
0.004 - VoA X
l| I’ 3‘ >,t‘\ Il
0.002 A @ ,
0.000 - ¢
0 2 4 6 8 10 12 14

Figure 19: Horizontal and vertical beam size, o, (blue) and o, (green) respectively, in the alternative matching
and energy selection section lattice simulated with (GPT, dashed lines) and without (BDSIM, solid lines) space
charge effects as a function of distance from the laser target, S. The beam-line elements are shown above
the figure. The equivalent solenoids used to model the Gabor lenses are shown as the orange cylinders, the
quadrupole, dipole, and octupole magnets are shown in blue, red, and green respectively.

Two octupoles have been included in optimal positions within this design. The first is at S=5.665 m where
the vertical beta is around an order of magnitude smaller than the horizontal beta, and the second at S=6.065 m
where the reverse is true. The phase-space distributions shown in figure [20] are significantly less uniform than
those produced by the baseline lattice. The final beam size is a factor three smaller; the smaller beam at the
octupole locations experiences a smaller field strength. The beam derived from the EPOCH simulation was not
tracked through the alternative lattice since its present optical performance using an idealised Gaussian beam
shows the lattice design needs to be re-optimised.

The alternative design provides a solution that is more resilient to space-charge effects than the baseline.
However, space charge again appear to have an impact on machine performance and a re-optimisation of the
design is required. With an ideal beam, only the lower bound on the desired beam size is achievable. The

octupoles, despite being optimally located, require further simulation to determine whether a uniform beam
distribution at the end station can be achieved.

2.4.2 Simulation of the low-energy end station

BDSIM was used to investigate the energy deposition of the proton beam as it passes through the materials
in the end station. The vacuum window was simulated with 0.075 mm of mylar, followed by 0.25 mm of a
scintillating-fibre layer consisting of polystyrene. A 5Smm gap of air provides clearance for the automatic
positioning of cell samples. Following the air gap, 1.3 mm of polystyrene represents the maximum thickness
of a cell culture plate which contains a 0.03 mm thick cell layer. The cell layer is modelled using the Geant4
material “G4_SKIN_ICRP”, the composition of which is taken from the NIST database [110]]. Finally, the cell
layer is followed by 2.4 mm of water to represent the cell nutrients.

In figure 2] three different proton energies were simulated through the end station. The beam energy was
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Figure 20: Transverse (a & b) and longitudinal (c) phase space distributions and beam profiles in an alternate
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Figure 21: Energy loss as a function of depth in the low-energy in-vitro end station for three mono-energetic
proton energies: 10 MeV; 12 MeV; and 15 MeV. Each beam was simulated using 10* particles at the start of the
beam line.

Gaussian distributed with a spread small enough for it to be fully contained within the end station such that
there would be no losses due to containment. The purpose of these simulations was to investigate the location
of the Bragg peak relative to the expected position of the cell layer. Figure[2T]shows that the beam with a kinetic
energy of 10 MeV does not reach the cell layer, but the 12 MeV beam has the Bragg peak located close to the
cell sample layer. The 15 MeV beam has a Bragg peak located beyond the cell layer. The ability to deliver
various energies will allow the investigation of radiobiological effects for irradiations using different parts of
the Bragg peak.

An idealised 15 MeV beam distribution with an energy spread of 2% was simulated. The distribution of
energy deposited in the various materials through which the beam passes is shown in figure[22] The simulation
results show that the mean energy of protons entering the cell samples is about 7.92MeV with an energy
spread of about 0.17 MeV. The total energy deposited within the cell layer was calculated to be 1.32 GeV
(9.15 x 1075 Gy) for 7247 particles.

To compare to the idealised 15MeV beam, a 15MeV beam with an energy spread of 2%, which is the
maximum energy spread specified for the radiobiology studies, filtered from the beam derived from the EPOCH
simulations was generated. The energy distribution of this beam is shown in figure [23] as it enters and as it
leaves the cell layer. The mean energy at the entrance to the cell layer is 7.63 &= 0.20 MeV and the total energy
deposited within the cell layer was ~ 1.39MeV (9.63 x 10~% Gy) for 7247 particles. Scaling this up to the
expected maximum number of protons per pulse of 10? gives a maximum dose per pulse of about 1.33 Gy for
15 MeV protons.

A 12MeV beam with an energy spread of 2% filtered from the beam derived from the EPOCH simulation
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Figure 22: Simulation results of the energy distribution of particles entering and exiting the cell layer for an
idealised 15 MeV beam.

was also tracked through the end station and the resulting energy distribution at the cell layer is shown in
figure Compared to the 15 MeV case, a very small fraction of the protons survived to exit the cell layer,
which is due to the Bragg peak being located just before the cell sample with a mean energy at the entrance of
the cell sample layer being approximately 0.95 £ 0.49 MeV. The total energy deposited in the cell layer was
1.39MeV (9.63 x 10~% Gy) for 1866 particles. Scaling this to 10? protons gives a maximum dose per pulse of
about 5.16 Gy for 12 MeV protons.

2.4.3 Technical challenges and R&D programme

The beam transport and delivery to the low-energy in-vitro end station does not require major technological
R&D beyond the development of the Gabor lens. However, there are a number of areas in which further study
is required to improve the design of LhARA and to evaluate its expected performance. Some of these areas
require input from experiment. For example, understanding shot-to-shot variations in the flux from the laser-
driven source requires measurements of particle spectra and will be dependent on the stability of the target and,
to a lesser extent, on the stability of the laser.

The accuracy of the simulation will be improved with the inclusion of the electromagnetic fields of the Gabor
lens. In the R&D programme, a finite-element analysis of the Gabor lens design will be performed to produce
an electromagnetic field map of the lens. The field map will also be used to investigate the efficiency of the
energy selection section and for optimisation of the collimator. The simulation results presented above are
based on the equivalent-solenoid model of the Gabor lens. These results demonstrate that the LhARA lattice
can be implemented using solenoids should the Gabor lens R&D programme fail to deliver a lens that meets
the requirements of LhARA.

As part of the facility-design effort, the use of octupoles, collimators and RF cavities will be developed and
the beam-abort line will be designed. It is anticipated that the cavity performance required for LhARA is well
within the present state of the art. Bunching and manipulation of the longitudinal phase space will be studied
using BDSIM and GPT. The requirements for diagnostics also needs to be studied.
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Figure 23: Simulation results of the energy distribution of particles entering and exiting the cell layer for a
physical 15 MeV beam.
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Figure 24: Simulation results of the energy distribution of particles entering and exiting the cell layer for a
physical 12 MeV beam.
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The proximity of the switching dipole to other magnetic elements yields the possibility of overlapping fields,
particularly when ramping down to deliver beam to the low-energy end station. Although the bunch repetition
rate of 10 Hz should provide enough time for the field to ramp down, this will be investigated in the design of
the switching dipole. The position of the switching dipole will be optimised to ensure that it does not impact
beam transport in the remainder of the beam line. Similarly, the ramp down time of the first vertical dipole will
be investigated in order to safely abort the beam.

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

A Fixed field field alternating gradient accelerator (FFA), based on the spiral scaling principle [111-H114], will
be used for LhARA in Stage 2. This will provide post acceleration of the ion beams in order to obtain energies
greater than the 15MeV protons and 4 MeV/u (C5T) ions delivered by the laser. FFAs have many advantages
for both medical and radiobiological applications such as: capability to deliver high and variable dose; rapid
cycling with repetition rates ranging from 10 Hz to 100 Hz or beyond; and the ability to deliver various beam
energies without the use of energy degraders. In terms of size, an FFA is relatively compact due to the use of
combined function magnets, which lowers the overall cost compared to conventional accelerators capable of
delivering variable energy beams such as synchrotrons. Extraction can be both simple and efficient, with the
possibility to use multiple extraction ports. Furthermore, FFAs can accelerate multiple ion species, which is
very important for radiobiological experiments and typically very difficult to achieve with cyclotrons.

A typical FFA is able to increase the beam momentum by a factor of three, though a greater factor is achiev-
able. For LhARA, this translates to a maximum proton-beam energy of 127 MeV from an injected beam of
15MeV. For carbon ions (C%T) with the same rigidity, a maximum energy of approximately 33.4 MeV/u can
be produced.

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. 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, a second in-vitro end station is included in the design of LhARA. The extraction line from the FFA
leads to a 90° vertical arc to send 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 detailed design of the
high energy abort line will be done as part of the facility design in the R&D programme, including radiation
calculations to ensure that dumping the beam will not cause stray radiation in the end stations.

2.5.1 Injection line

In order to inject the beam into the FFA ring, the optics of the Stage 1 beam line needs to be modified to reduce
the Twiss beta function propagating through the injection line. One solution consists of keeping the first two
Gabor lenses in the capture section at the same focusing strength as in Stage 1 and to reduce the focusing
strength of the third lens. This will change the position of the focal point used for energy selection. Therefore
the position of the collimator will need to be moved downstream from its position in Stage 1 and requiring a
dedicated collimation system for Stage 2. The shift in position will be relatively small and the collimator will
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Figure 25: Twiss 3, and 3, functions for the modified Stage 1 to allow injection of the beam into the FFA. S
goes from the laser target to the entrance of the switching dipole at the start of the injection line.

still be located in the drift between the third and fourth Gabor lenses. The position of the second RF cavity
will also need to be changed to between the second octupole and the switching dipole. The focusing strength
of the fourth Gabor lens must be increased close to its limit, while the strength of the fifth lens must to be
reduced. This lattice can also be achieved using normal conducting solenoids of the same length and equivalent
focusing strength, though the solenoid corresponding to the fourth Gabor lens would be close to the magnetic
field saturation limit. The optics of this modified Stage 1 lattice is shown in figure 25]

The beam is diverted by a switching dipole into the injection line, which transports the beam to the injection
septum magnet. In the injection line, the beam is carefully matched in both transverse planes and to the
dispersion dictated by the periodic conditions in the FFA cell. As is natural for horizontal FFA machines, the
beam is injected from the inside of the ring. In order to deliver beam into the median plane of the ring, the
injection line needs to cross one of the straight sections between the FFA magnets. Another option would be to
use a vertical chicane to avoid crossing the beam pipe of the ring. This would introduce vertical dispersion that
would need to be corrected and would have the additional complication that the Stage 1 beam line, the injection
line, and the median plane of the FFA ring would not be in the same horizontal plane.

The in-vivo beam line of Stage 2 is aligned parallel to the capture and matching sections of Stage 1. This
choice reduces the footprint of the LhARA facility but places an additional constraint on the design of the
FFA. As a result the geometry of the injection line is complicated and requires the use of six bending magnets,
each with the same parameters, in addition to the switching dipole and the injection septum. The injection
line also requires the use of ten quadrupoles, 10 cm in length. The Twiss beta functions from the input of the
switching dipole to the output of the injection septum are shown in figure [26] and the dispersion is shown in
figure The presence of dispersion in the injection line allows a collimator to be installed for momentum
selection before injection. The collimator will be placed between the fourth and fifth ‘regular’ dipoles, where
dispersion is large and the horizontal betatron function is relatively small. The layout of the injection line from
the switching dipole to the injection septum together with the FFA ring, some of its subsystems and the first
part of the extraction line are shown in figure [28]
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Figure 27: Dispersion function in the Stage 2 injection line from the entrance of the switching dipole until the
end of the injection septum.
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Figure 28: The layout of the injection line from the switching dipole to the injection septum together with the
FFA ring, some of its subsystems and the first part of the extraction line.

As soon as the design of the FFA magnet is available and its fringe field extent is understood, all parts of
the injection line and injection system located close to FFA magnets can be accurately simulated, taking field
leakage into account. This will be considered as a part of the R&D programme. In addition, further optimisation
of the optics will be performed and an alternative solution using a vertical chicane to inject the beam inside the
FFA ring will be studied.

2.5.2 FFA ring

A scaling spiral FFA ring has been designed for post acceleration in Stage 2. The spiral scaling principle defines
the field profile in the median plane using the following equation:

k
B, = By [g)} F (0 —1In [}];0] tanC) ;

where By is the magnetic field at radius Ry, k is the field index, { correspond to the spiral angle and F' is the
so called 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 crossing
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 cell number 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 to allow for injection and extraction. Each 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 both transverse phase spaces using only a single magnet per
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Table 4: Summary of the main design parameters of the FFA ring for LhARA post-accelerator at the Stage 2.

Parameter units value
Number of cells 10
k 5.33
Spiral angle degrees 48.7
Rm]’ m 2.92
Regt m 3.48
Rz m 4
Bext T 1.405
Orbit excursion m 0.56
Straight section length at injection m 1.2
Straight section length at extraction m 1.43
Magnet packing factor 0.34
Magnet opening angle degrees 12.24
Magnet gap at injection (full) cm 4.7
Max Bp,mj Tm 0.562
Max Bpeyt Tm 1.685
Ring tunes (2.83, 1.22)
Yr 2.516
RF frequency MHz 1.46-6.48
h 1,2 o0r4
RF voltage kV 8 (for 2 cavities)

cell without requiring a negative bend as is necessary for radial FFA machines, which significantly reduces the
machine size. Table 4] presents a summary of 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[29] while the working
point of the machine against the main resonance lines is shown on the tune diagram presented in figure [30
Tracking studies were performed using a step-wise tracking code using Runge-Kutta integration and assuming
an ideal scaling law in the median plane with fringe fields specified using Enge functions to define the magnetic
field, as shown in figure 31} This tracking code [115]] uses a 1 mm integration step size and off the median plane
extrapolation of up to sixth order. The dynamical acceptance for 100 turns, shown in figure [32| and figure
for the horizontal and vertical planes respectively, are significantly larger than the beam emittance even using
the most pessimistic assumption. These results confirm that a good machine working point has been chosen.

A full aperture, fast injection of the beam will be performed using a magnetic septum, installed on internal
side of the ring, followed by a kicker magnet situated in a consecutive lattice cell, as shown in figure
The specifications of the injection system are dictated by the parameters of the beam at injection, which are
summarised for the nominal proton beam in table[5] The beam at injection has a relatively small emittance and
short bunch length, which limits the intensity accepted by the ring due to the space-charge effect. If the beam
emittance before injection is larger by a factor of 1.7 with respect to the nominal value, then an intensity of
about 10 protons would be accepted by the ring at the space charge limit. Fast extraction of the beam over the
full aperture will be performed using a kicker magnet followed by a magnetic septum installed in a consecutive
lattice cell close to the extraction orbit. This will bend the beam outside of the ring as shown in figure 28]
Table [6] summarises the selected parameters of the injection and extraction elements.

Acceleration of the beam to 127 MeV will be done using an RF system operating at a harmonic number
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Figure 29: Twiss 5y, (blue), 5, (purple) functions and dispersion (green) in one lattice cell of the FFA ring.
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Figure 30: The working point of the FFA ring at (2.83, 1.22) on the tune diagram.
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Figure 32: The results of the horizontal dynamical acceptance study in the FFA ring. A 1 mm offset is assumed
in the vertical plane.
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Figure 33: The results of the vertical dynamical acceptance study in the FFA ring. A 1 mm offset is assumed
in the horizontal plane.

Table 5: Summary of the main parameters for the proton beam at the injection to the FFA ring. These
parameters correspond to the nominal (maximum) acceleration mode of operation.

Parameter unit value
Beam energy MeV 15
Total relative energy spread +0.7%
Nominal physical RMS emittance (both planes) | 7 mrad | 4.1x10~"

Incoherent space charge tune shift -0.2
Bunching factor 0.05
Total bunch length ns 17.5

Beam intensity 5.7x108
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Table 6: Summary of estimated parameters for the injection/extraction systems of the FFA ring.

Parameter unit value
Injection septum:
nominal magnetic field T 0.53
magnetic length m 0.9
deflection angle degrees | 48.7
thickness cm 1
full gap cm 3
pulsing rate Hz 10
Extraction septum:
nominal magnetic field T 1.12
magnetic length m 0.9
deflection angle degrees | 34.38
thickness cm 1
full gap cm 2
pulsing rate Hz 10
Injection kicker:
magnetic length m 0.42
magnetic field at the flat top T 0.05
deflection angle mrad 374
fall time ns 320
flat top duration ns 25
full gap cm 3
Extraction kicker:
magnetic length m 0.65
magnetic field at the flat top T 0.05
deflection angle mrad 19.3
rise time ns 110
flat top duration ns 40
full gap cm 2
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h = 1 with an RF frequency range from 2.89 MHz to 6.48 MHz. The RF voltage required for 10 Hz operation
corresponds to only 0.5 kV, however the energy acceptance at injection would be limited to +0.1% so 8kV is
required to increase the energy acceptance to +0.7%, which is achievable with just two cavities [116].

Normal conducting spiral scaling FFA magnets, similar to the ones needed for LhARA, have been constructed
successfully [114} [117] using two different techniques. The scaling field requirement was achieved either by
distributing coils along the surface of a flat pole or by using a conventional gap-shaping technique to achieve the
required field profile specified by the field index parameter k. The first method allows & to be tuned by applying
different currents in each coil. For the LhARA FFA, we would envisage using a variation of the coil dominated
design recently proposed at RAL in R&D studies for ISIS upgrade. In this design the nominal k is achieved
using a flat pole surface and a distribution of windings along the pole with a single current flowing and the
tunability of k can be achieved using up to three additional winding layers that can be powered independently.
This reduces the number of independent power supplies needed, while providing the necessary tunability. The
fringe field extent across the radius of the magnet needs to be carefully controlled by a field clamp in order to
achieve zero chromaticity. An active clamp, in which are additional windings are placed around one end of the
magnet, may be used to control the flutter function to control independently the vertical tune of the FFA ring.
In addition, since the magnetic field of the FFA ring needs to be adjusted to provide variable energy operation,
a laminated design may be required in order to reduce the time for the field to change. The magnet gap of
4.7 cm given in table [d]is estimated assuming the flat pole design of the magnet. The details of the design will
be addressed in as part of the R&D programme.

2.5.3 Extraction Line

To design the extraction line from the FFA it was assumed that the emittance of the 127 MeV beam at extraction
will be determined by the nominal emittance of the 15MeV beam at injection, which is 0.41 7 mm mrad.
Acceleration in the FFA ring shrinks the emittance by a factor of three due to the adiabatic damping effect.
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 defines the physical emittance at extraction to be 0.137 7 mm mrad (RMS).

In another scenario, the normalised emittance at injection is pessimistically assumed to be larger by a factor
of 10, which means the physical emittance of the beam at 127 MeV will then be 1.37 m mm mrad. Thus a
particular Twiss beta value will give different beam sizes since the emittance is different in the two scenarios.
This factor for the emittance growth was purposely chosen to be pessimistic in order to take into account the
possible under-estimate of the space-charge effect in the GPT simulations and to make allowance for the fact
that space-charge simulations in the injection line and the FFA ring have not been done.

A beam energy of 40 Mev was chosen for comparison with the maximum energy of 127 MeV as this has
a smaller penetration depth of 15 mm in water compared to 120 mm for a 127 MeV beam. Table [/| gives the
Twiss beta value for different beam sizes for 40 MeV and 127 MeV protons for the two scenarios assuming a
Gaussian beam distribution. For variable energy operation in LhARA, the injection energy will be varied and
the ring will always accelerate by a factor of three in momentum. This means the adiabatic damping factor will
be the same and therefore the beam emittance for 40 MeV is the same as 127 MeV. This acceleration scheme
is possible because the optics and physical apertures that define the beam are approximately the same for all
energies. Space charge will result in an energy-dependent effect on the emittance of the beam.

The first part of the extraction line takes the beam coming out of the extraction septum of the FFA, which
has the optics parameters given in table The beam then passes through two bending dipoles, that have
differing lengths, and four quadrupoles, each of length 0.3 m, which brings the beam line parallel to the low-
energy beam line and ensures that dispersion is closed. Closing the dispersion is critical as off-momentum
particles will follow trajectories different to those followed by particles with the design momentum, which will
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Table 7: Beam emittance values and target 5 values for different beam sizes for 40 MeV and 127 MeV beams.
The beam size is taken to be four times the sigma of the transverse beam distribution.

40 MeV protons 127 MeV protons 127 MeV protons
(Nominal) (Nominal) (Pessimistic)
RMS Emittance (€, €,) [T mm mrad] 0.137 0.137 1.37
B [m] for a 1 mm spot size 0.46 0.46 0.039
£ [m] for a 10 mm spot size 46 46 4.5
B [m] for a 30 mm spot size 410 410 40

Table 8: Beam parameters at the exit of the extraction septum of the FFA used as input to the extraction line.

Bo[m] | By[m] | o oy | Dy[m] | Dp,
1.0928 | 2.1003 | 0.6923 | -0.9297 | 0.5506 | -0.1813

significantly impact the size and shape of the beam downstream. The length of the extraction line up to this
point is 6.55 m.

The second part of the extraction line consists of four quadrupoles each of length 0.3 m which transports the
beam to the first dipole of the vertical arc beam line that serves the high-energy in-vitro end station. These
quadrupoles are used to match the beam to the required beam size and produce a round beam. The last four
quadrupoles are flexible enough that different /3, , values can be matched. However, it is not able to match the
smallest target value of 3, , = 0.039. Figure [34] shows the Twiss beta functions for five quadrupole settings
that can match beams with 3, , = 410 m in magenta, 3, , = 46 min red, 3, , = 40 m in green, 3, , = 4.5m
in black and 3, , = 0.46 m in blue. The length of this part of the extraction line is 6.2 m, bringing the total
length of the extraction line to 12.75 m.

2.5.4 High energy in-vitro beam line

The high energy in-vitro beam line transports the beam from the exit of the extraction line and delivers it to the
high energy in-vitro end station. The 90° vertical bend is a scaled version of the low energy vertical arc and
consists of two bending dipole magnets and six quadrupole magnets. To accommodate higher beam energies,
the lengths of the magnets were scaled in order to ensure that peak magnetic fields were below the saturation
limits of normal conducting magnets. The bending dipole magnet lengths were increased to 1.2 m each and the
quadrupole lengths were tripled to 0.3 m each. 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 about
0.9 m taller than the low-energy arc. This height difference can easily be accommodated by having a longer
drift after the low-energy arc.
The arc has been designed to fulfil the following criteria for the beam optics:

* 5oc,y,in = /Bx,y,out;

® Qgyin = Qg yout = 0;

° Dz,y,in = Dx,y,out =0

¢ Dpac,y,in = Dp:r,y,out =0;

* Ap, = n -7, where n is an integer; and

* Apy = m - m, where m is an integer.
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Figure 34: (3, and 3, functions for the full range of extraction beamline matching to 3, , = 410 m (magenta),
Bz,y = 46 m (red), B, , = 40 m (green), B, , = 4.5m (black) and 3, , = 0.46 m (blue).
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Figure 35: Comparison of MAD-X and BDSIM simulation of 40 MeV (left) and nominal 127 MeV (right)
proton beam passing through the high energy in-vitro arc simulated with 10* particles (in BDSIM).

The quadrupole strengths for the scaled high-energy in-vitro arc that meet these criteria were obtained using
MAD-X and tracking simulations using BDSIM show good agreement, see figure [35] The input beam distri-
bution was assumed to be Gaussian and based on the Twiss parameters coming out of the extraction line and
provided in table [9| which gives a beam size of about 10 mm.

GPT was used to investigate the effects of space charge and the beam size plotted as a function of length
along the arc is given in figure 36| The GPT simulations used 10000 macro particles to represent a total bunch
charge of 1 x 10°. Space charge has a noticeable impact on the beam size for the 40 MeV and 127 MeV nominal
emittance proton beams. It is expected, however, that the effects of space charge can be compensated to obtain
the desired beam size in the matching section before entering the arc by modifying the quadrupoles in the arc.

GPT simulations of the pessimistic emittance 127 MeV proton beam through the high-energy in-vitro arc
gives the results seen in figure It can be observed that for 3, , = 4.5 m entering the arc, there is a discrep-

Table 9: Beam parameters at the end of the extraction line used to design the high energy in-vitro arc and the
in-vivo beam line.

Bz [m] ﬁy [m] | ag Ay D, [m] | Dp,
46 46 0] 0 0 0
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Figure 36: GPT simulation investigating the effects of space charge for a 40 MeV (left) and a 127 MeV (right)
nominal emittance proton beam passing through the high energy in-vitro arc simulated with 10* macro particles.
The solid lines are simulations without space charge and dashed lines with space charge.
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Figure 37: GPT simulation investigating the effects of space charge for a pessimistic 127 MeV beam distribu-
tion passing through the high energy in-vitro arc simulated with 10* macro particles. The beam distribution is
generated with an initial 8, , = 4.5m (left) and 3, , = 40m (right). The solid lines are simulations without
space charge and dashed lines with space charge.

ancy in the beam size exiting the arc due to space-charge effects similar to that seen for the nominal emittance
beams. However, the larger beam size of 3, , = 40m shows a smaller discrepancy in the beam size due to
space charge.

BDSIM was used to track the beam, without space-charge effects, from the start of the extraction line to
before the vacuum window of the end station for a nominal emittance 127 MeV proton beam. The resulting
evolution of the RMS beam size as a function of position along the beam line is shown in figure [38] It should
be noted that these results are for 3, , = 46 m at the input of the arc whereas the extraction line can provide a
matched beam for the various Twiss beta values as shown in figure [34] Thus the beam size in the end station
can be adjusted.

To investigate the range in water of the 127 MeV beam, a simulation with BDSIM was done from the start
of the high-energy in-vitro arc through to the end station. For the purposes of the simulation, a similar design
to the low-energy end station was used but with the air gap increased from 5 mm to 5 cm and a water phantom
was placed at the end of the air gap instead of a cell culture plate. The water phantom used in the simulation
was based upon the PTC T41023 Water Phantom. The simulation results given in figure [39] shows the Bragg
peak for a monoenergetic 127 MeV proton beam is located at a depth of 16.9 cm, which is 10.9 cm into the
water. A target volume was defined around the region of the Bragg peak from 16 cm to 17 cm with a diameter
of 3 cm, which is equal to the size of the beam. The energy deposited within the target volume was found to be
231 GeV, which gives a dose of 5.2 x 1076 Gy, or 0.58 Gy when scaled up to 10? protons.

For comparison, a 33.4 MeV/u carbon ion beam was also simulated through an end station design similar to
the low-energy in-vitro end station, but with the cells replaced with water and the range of the carbon ions can
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Figure 38: BDSIM simulation for a nominal 127 MeV proton beam from the start of the extraction line to the
in-vitro end station where the extraction line quadrupoles are set to provide a matched beam with 3, , = 46 m
at the beginning of the arc. The plot shows the evolution of RMS beam size (in x and y) as a function of position
along the beam line.

be seen in figure 0] The range in water for carbon ions is significantly less with a range of 3.3 mm. As before,
studying the Bragg peak region at a depth in the end station between 9.5 mm and 10.5 mm gives an integrated
deposited energy of 1258 GeV, which gives a dose of 2.85 x 107> Gy and a corresponding dose of 5.24 Gy for
10 carbon ions.

2.5.5 in-vivo beam line

If the first dipole of the high-energy in-vitro arc is not energised then beam is sent to the in-vivo end station.
From the end of the extraction line, 7.7 m of drift is necessary to clear the first bending dipole of the in-vitro
arc, to provide space for the five 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 at the end is reserved for scanning magnets to be installed to perform
spot scanning and to penetrate the shielding of the in-vivo end station. In total the in-vivo beam line is 15.6 m
in length.

The optics are required to match the input beam parameters, given in table[9] to the exit conditions given in
table [/l The design required a compromise between competing requirements of: flexibility to match to various
values of 3, ,; minimising the number of magnetic elements in the beam line; and minimising the overall length
of the beam line. Quadrupole settings were obtained using MAD-X, where additional care was given to avoid
small 3, ,, values throughout the beam line to try to limit both space charge and kinematic effects.

The design is relatively flexible in matching various 3, , values, but is not able to match the smallest target
value of 3, , = 0.039 m. Figure [41]shows five separate settings for the four quadrupoles matching to 3, , =
410 m in magenta, 3, , = 46 min red, 8, , = 40m in green, 3, , = 4.5m in black and 3, , = 0.46 m in blue.
With the exception of the settings for 3, , = 410 m, which has a minimum of about 0.08 m, the other settings
all have a minimum /3, ,, above 0.2 m.

To verify that the optics design could provide the required beam sizes, simulations were performed with
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Figure 39: Simulation of the expected range in a water phantom for a 127 MeV proton beam.

BDSIM using an input Gaussian beam generated with the assumptions given in tables [7] and [9] Figure [42]
shows the results of the simulation for a 40 MeV proton beam matched in order to obtain a beam size of about
1 mm, 10 mm and 30 mm. The simulations were repeated using GPT in order to investigate the effects of space
charge, see figure 3] It can be seen that the effect of space charge for 40 MeV is non-negligible and causes
discrepancies in the evolution of the beam size. However, it is expected that adjustments to the quadrupoles
can be made to compensate for this effect in order to obtain the required beam size, though the 1 mm beam size
case is clearly the most challenging.

Simulations for a nominal emittance 127 MeV beam shows overall agreement of Twiss beta between BDSIM
and MAD-X, presented in figure @ The quadrupoles have been matched to give 3, , = 0.46m, 3, , = 46m
and 3, , = 410m. The simulations were repeated in GPT, see figure FEI, and the results show that the effect
of space charge causes some discrepancy in the resulting beam size. As in the case for the 40 MeV beam,
adjusting the quadrupoles could compensate for the effects of space charge. The beam profile and phase-space
plots at the end station from the GPT simulations with space charge are presented in figure 6]

In contrast, simulating the pessimistic 127 MeV proton beam in GPT shows space-charge effects have less
of an impact on the beam size, as shown in ﬁgure The quadrupoles were matched to give 3, , = 4.5m and
Bzy = 40m.

Although for the larger beam sizes it is possible to obtain a parallel beam coming out of the last quadrupole,
for the smaller beam sizes the beam needs to be focused as it comes out of the last quadrupole. This will
have repercussions for the scanning magnets which will be located downstream of the last quadrupole and this
requires further investigation.

BDSIM was used to simulate a 127 MeV proton beam, without space charge, from the start of the extraction
line to the end of the in-vivo beam line with settings matched to 3., = 0.46m. Figure @ shows that the
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Figure 41: 3, and (3, functions for the in-vivo beam line matching from initial 3, , = 46 m to 8, , = 410m
(magenta), 35, = 46 m (red), 3, , = 40 m (green), 3, , = 4.5m (black) and 3, , = 0.46 m (blue).
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Figure 42: MAD-X and BDSIM comparison simulations of the in-vivo beamline for a 40 MeV proton beam

with quadrupoles matched to 3, , = 0.46 m (upper left), 3, , = 46 m (upper right) and 3, ,, = 410 m (bottom)
for 10* particles.
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Figure 43: GPT simulations of the in-vivo beamline for a 40 MeV proton beam with quadrupoles matched to
Bz,y = 0.46 m (upper left), 3, , = 46 m (upper right) and 3, , = 410m (bottom) for 10* macro particles to

investigate the effects of space charge. The solid line is for no space charge and the dashed line is when space
charge is turned on.
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Figure 44:

MAD-X and BDSIM comparison simulations of the in-vivo beamline for a nominal 127 MeV proton

beam with quadrupoles matched to 3, , = 0.46 m (upper left), 3, , = 46 m (upper right) and 3, , = 410m
(bottom) for 10* particles.
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GPT simulations of the in-vivo beamline for a nominal 127 MeV proton beam with quadrupoles
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particles to investigate the effects of space charge. The solid line is when space charge is turned off, the dashed
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Nominal 127.4 MeV Proton Beam Profile
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Figure 46: Beam profile and phase space plots in the end station for the nominal emittance 127 MeV proton
beam from GPT simulations with space charge on. The top plots are for quadrupole settings matched to 3, , =
0.46 m, the middle plots are matched to 3., = 46 m and the bottom plots are matched to 3, , = 410 m for 10*

macro particles.
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Figure 47: GPT simulations of the in-vivo beamline for a pessimistic assumption for the 127 MeV proton
beam with quadrupoles matched to 3, , = 4.5m (left) and 3, , = 40 m (right) for 10* particles to investigate
the effects of space charge. The solid line is when space charge is turned off, the dashed line when space charge
is turned on.

0.0040 b3

ox; N = 1.OE+04

I o, N=10E+04
0.0035 -

0.0030

0.0025 -

T,y /M

0.0020 4

0.0015

0.0010

0.0005

Figure 48: RMS beam size as a function of position along the beam line for a 127 MeV proton beam starting
at the extraction line going through to the end of the in-vivo beam line. The final four quadrupoles are matched
in order to obtain 3, , = 0.46 m.

required beam size can be achieved using the matched quadrupole settings, with the option to fine tune the
quadrupole settings to optimise the beam size and shape.

2.5.6 Technical challenges and R&D programme

The R&D effort needed to realise the FFA post-accelerator is related to the spiral FFA magnet design and the
FFA RF system. The magnetic field needs to satisfy the scaling law dictated by the zero-chromaticity condition
and be tunable in order to alter the machine working point, which is needed for variable energy operation.
The choice of technology for realising the magnet will determine whether a prototype magnet needs to be
constructed. If the novel technology based on a flat pole surface with a distribution of windings and a single
current flow is chosen, the construction of a proof-of-principle prototype will be necessary. The engineering
design of the FFA magnet will dictate the extent of the fringe fields and the field leakage into the straight
sections. This will influence the design of the injection line, the injection and extraction systems and the
positioning of the RF cavities in the ring.
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The other fundamental element of the FFA machine is the RF system. The parameters of the LhARA FFA
ring and the requirements of the RF system leads to a choice of technology based on magnetic alloy loaded RF
cavities [116. [118]], to obtain the necessary RF frequency swing. Although such cavities exist and are being
operated in a number of machines, they are not commercially available, in particular with the size constraints
of the LhARA ring. The R&D task will require transferring the expertise in this technology to the UK, which
will be beneficial for LhARA and potentially useful for other applications such as the ISIS upgrade at RAL.

The challenge of providing beams of various sizes, particularly the smallest beam size, to the high-energy
in-vitro end station and the in-vivo end station will also require further study.

2.6 Instrumentation

It is convenient to divide the beam-line instrumentation into three parts: that required for the laser system; that
required for the low-energy Stage 1 beam line; and that required for the FFA and the high-energy Stage 2 beam
line. In addition to the instruments for the beam line itself, instruments for dosimetry in the end stations are
required.

The beam characterisation techniques detailed in the following sections are considered primarily for proton
beams. For ion beams the non-disruptive beam-line instrumentation can be adapted, depending on the bunch
charge. Instrumentation that intercepts the beam will be destructive in the case of low ion-beam energy. Some
alternative ideas on ion-beam instrumentation can be found in [[119]].

Instrumentation for monitoring of the systems, for example for the RF system and for the controls and
monitoring system, will also be required. Such instrumentation is not expected to require specific development
but will be included in the technical specifications of the relevant systems.

2.6.1 Laser system

It is proposed to use a Ti:Sapphire laser with a wavelength of 800 nm and delivering near 1J of energy in 30 fs
pulses, with a repetition rate of 10 Hz [[120]. It is expected that the laser will be supplied as a turn-key unit from
a suitable industrial vendor. The laser focal spot will be characterised using a camera-based system and high
speed wavefront measurements. The techniques to be used are well understood and it is intended to buy the
necessary equipment from commercial vendors.

2.6.2 Beam diagnostics for the low energy beam

Beam position and size measurements are necessary at the low-energy in-vitro end station. For the Stage 1
beam, the maximum energy of the protons depends on the power of the laser and is therefore directly related to
the cost of the laser system. A compromise solution has been proposed, which allows irradiation of cell layers
grown on the bottom of standard plastic culture containers. It is essential to have a means of characterising
the beam at the end station. While Gafchromic film is capable of providing integrated beam dosimetry, a
shot-by-shot characterisation using a very thin detector with a fast response is needed. A device known as
the SciWire has been proposed [121], in which 2 planes of 250 um square-section scintillating optical fibres,
with the fibre directions in two planes orthogonal to each other, are mounted immediately on the air side
of the mylar window. The arrangement of the scintillating fibres for a SciWire layer is shown in figure 9]
Detection of the scintillation light from the SciWire fibres may be by CMOS cameras, or using photodiodes.
If the instrumentation is sufficiently fast, it could be used to derive feedback signals for beam line steering.
By placing several of these layers together, the energy-intensity profile of the beam can be measured from the
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Figure 49: Arrangement of the 250 um square cross-section fibres that make a layer of the SciWire detector.
A layer consists of two planes of fibres orthogonal to each other.

penetration depth of the particles. This is a destructive measurement but can be useful as a diagnostic during
the commissioning of the Stage 1 beam line and during operation.

Figure [21] shows the physical layout of the end station, with the beam passing through a single plane of
scintillating fibres and impinging on the base of the cell culture container. The positions of the Bragg peaks
are also shown for three different energies, namely 10 MeV, 12 MeV and 15 MeV. It can be seen that a beam
energy of at least 12 MeV is necessary to be able to position the Bragg peak close to the cell layer. Since the
Stage 1 design of LhARA will deliver a beam with a peak energy of 15 MeV, this may allow more than a single
SciWire plane to be used, providing a 2D intensity profile.

An additional technology which might be evaluated is the use of monitors consisting of metal electrodes on
very thin ceramic substrates, as reported in [122] and manufactured in industry [[123]]. This might provide an
intensity profile measurement with very little disruption to the beam.

2.6.3 Beam diagnostics for the high energy beam

For the FFA and subsequent high-energy beam lines, existing facilities will be used as examples to provide
the specification of the diagnostic systems needed for commissioning and during operation. It is expected that
conventional beam instrumentation, such as beam-position monitors and beam-current transformers, will be
sufficient in the transfer line to the in-vivo end station and the high-energy in-vitro end station, though the
location of these devices and their performance with very high bunch intensities and short pulse widths needs
to be investigated.

The design of the FFA for LhARA is based on the RACCAM project [[124] and uses magnets with a large
aperture in the horizontal plane. Such magnets require custom solutions to provide beam position measure-
ments though similar measurements have been made at other facilities that utilise scaling FFA magnets with
similarly large apertures, such as the Kyoto University Institute for Integrated Radiation and Nuclear Science
(KURNS). The development of specialised diagnostics will be part of the R&D programme. The large aperture
is challenging from the point of view of pickup design, with KURNS making use of multiple pickup elec-
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trodes spaced across the width of the vacuum chamber. The short, high current bunches are challenging for the
electronics design.

The proton therapy facility at PSI uses a 250 MeV cyclotron, followed by transfer lines to the treatment
rooms [125]. The extracted beam from the cyclotron is reduced to the desired energy by a carbon-wedge
degrader, which is tuned in real time to give the desired depth of the Bragg peak in tissue. Space for instru-
mentation in a cyclotron is very limited, and the RF fields inside the machine are problematic. One probe is
available, inserted radially and with 2 interchangeable heads. One head measures total beam current and the
other used a scintillating screen and CCD camera to look at the beam profile and position. A kicker magnet is
provided to dump the beam if requested by the patient safety system (PaSS). For initial setup of the cyclotron,
test foils were placed in the beam [126]. This requires breaking the vacuum but can still be useful for initial
alignment.

Beam current and profile are measured using ionisation chambers on the beam lines. These exist in different
types, with full-area electrodes being used as a beam current measuring device and segmented electrodes being
used to measure the profile. If an ionisation chamber is sufficiently low mass and the beam energy high enough,
then it can be left in the beam permanently. Thicker chambers are mounted on pneumatic actuators so they can
be withdrawn from the beam when not in use. Indeed, the movable chambers at PSI are made deliberately thick
enough to cause enough disruption to the beam current, so that the PaSS system is triggered if a monitor is
inadvertently left in the beam as treatment commences. If a monitor is to be in the beam permanently, it is best
to place it at a point where the transverse beam size is small and the dispersion is large, to minimise the effects
of scattering. Insertable monitors are separated from the vacuum by 35 pm thick Ti windows. The Position and
Halo Monitor is an ionisation chamber with an open bore, which is mounted in a modified vacuum bellows such
that it intercepts the beam halo, to provide a measurement of beam position and transverse dimensions. Halo
monitors should be placed where the beam size is large. For very high beam currents, ionisation chambers may
saturate and so secondary emission monitors (SEM) are used. These are made from thin parallel wires placed
in the beam and the secondary emission current induced in the wires gives a beam profile. Beam position can
be measured if 2 orthogonal planes of wires are used. At the PSI facility, a SEM is placed at the output of the
cyclotron to monitor the beam injected into the beam lines. A destructive measurement of beam profile can
be made using a fluorescent screen, viewed by a video camera positioned so as to be protected from radiation
damage. Once again the screen is mounted on an actuator so it can be withdrawn when not in use. Beam loss
monitors are usually placed downstream of bending magnets to detect beam instabilities and trigger the PaSS
system in case of problems. In the straight sections multi-layer Faraday cups (MLFC) are provided, which
can be inserted into the beam as a destructive measurement. A Faraday cup gives an absolute beam current
measurement and a MLFC gives, in addition, the position of the Bragg peak (in copper). This can then be
used to predict the position of the Bragg peak (in water) at the output of the beam line, or correlated with
measurements on a water phantom. The MLFCs at PSI are made from sheets of copper 0.1 mm or 0.2 mm
thick, separated by 75 micron Kapton insulators. The DAQ needs to be able to store calibration data etc. and
apply corrections in real time. It is necessary to be able to find the beam centre from a profile, even when the
profile may be non-Gaussian and possibly asymmetric. Custom electronics with wide dynamic range is used
where needed and FPGAs can be used to perform fast fitting and pattern recognition of beam profiles.

In the prototype FFA EMMA at Daresbury Laboratory [127], the bunch executes up to 10 turns during
acceleration with a spiral path that sweeps out half the pickup aperture (48 mm diameter). For accelerator tune
measurements, a beam may be circulated continuously, at constant energy. EMMA is made up of 42 F-D cells,
equipped with a total of 81 BPMs. A BPM consists of a button electrode pickup, 2 front-end modules close to
the beam line and a VME module containing the ADCs. In the VME module, memory to store the pickup data
for up to 4000 turns is provided. Research towards a US neutrino factory was geared towards an FFA [128]]
and in this case the instrumentation proposed is based on a system with one high-resolution 4-button BPM per
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quadrupole magnet. There are in addition 20 straight sections where beam-line instruments can be added and
the instruments planned were: optical transition radiation (OTR) foils, phase probes for beam-RF comparison,
a wall-current monitor and wire scanners. The extraction line will be equipped with a dispersive region for
momentum measurement, a pepper-pot emittance monitor and a transverse deflection cavity with fluorescent
screen for bunch shape measurements. An integrating current toroid or a Faraday cup was spectified to provide
beam charge measurements.

A suite of instruments for LhARA might include a system of BPMs to give position information throughout
both Stage 1 and Stage 2 beam lines. Where these would be fitted and the geometry of the pickup blocks needs
to be the subject of study and coordination with the accelerator designers. LhARA presents challenges which
are different to those in the examples given here, particularly with respect to the large aperture of the FFA
and the high intensity and short bunch structure of the beam. The response of beam pickups would need to
be simulated and/or measured, due to the unusual geometry. Beam profiles could be measured by SEM grids
on both Stage 1 and Stage 2 beam lines but these should be on pneumatic actuators for at Stage 1, to avoid
scattering. Both the Stage 1 and Stage 2 beam lines might be fitted with MLFCs for a definitive measurement
of beam current and the Bragg peak position (in copper). The MLFCs are a destructive measurement so would
be mounted on pneumatic actuators, but backed up with integrating current transformers for normal running.
Beam loss monitors would be placed next to bending magnets, as necessary.

2.6.4 Dose calibration for high-intensity beams

The development of appropriate approaches to dosimetry is a key challenge to be faced for the low-energy
proton beams typically obtained with laser-target acceleration systems [129]. Dosimetric characterisation of
the proton beam and the dose absorbed by biological samples will be achieved using a range of techniques.
The aim is to develop online beam measurements, which will be calibrated against Nuclear track detectors
(NTDs) and/or Gafchromic films (also termed radiochromic films, RCF). NTDs and RCFs will therefore be
used as the standard for measuring the dose in the end stations and as a reference for other techniques such as
the SmartPhantom.

The nuclear track detectors and Gafchromic films will first be optimised for the specific characteristics of
the laser-driven proton beam. This will include correction and calibration factors due to the quenching of the
detector response caused by the ionisation clustering of the low energy proton beam and the impact of high dose
rate on the detector response. Detector characterisation will be carried out in conventional, well characterised,
proton and photon beams.

2.6.4.1 Dosimetry of low energy laser-driven protons with nuclear track detectors

Nuclear track detectors (NTDs), such as CR39 plastic [[130], and fluorescent nuclear track detectors (FNTDs),
such as AI203:C,Mg crystals [131]], can provide information on the fluence of the proton beam. It is then pos-
sible to estimate the dose rate and uniformity from the fluence. Moreover, following calibration with reference
beams, it is possible to extract information about the energy distribution of the incident beam. Both detectors
are biocompatible and a cell monolayer can be cultured on them. Used in combination with light or fluorescent
microscopy, track detectors can provide very accurate information about the energy, location within the cell and
number of proton traversals for each cell, making it a powerful tool for radiobiological investigations.

After exposure, CR39 detectors are developed by etching the plastic in a strong alkali solution, which etches
preferentially along tracks where the polymer has been traversed by ionising particles. The etch rate is pro-
portional to the ionisation density, yielding information on the energy of the incident particle. The tracks are
measured using standard light microscopy.
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FNTD crystals contain colour centres, which are capable of trapping secondary electrons from incident ion-
ising particles. The electrons can be de-excited using light of a suitable wavelength, resulting in fluorescence
near 750nm. Confocal laser scanning microscopy can thereby be used to study particle or ion tracks. The
strength of the fluorescence signal has been shown to correlate with Linear Energy Transfer (LET) along the
track, which is itself an important quantity for characterising biological effects.

2.6.4.2 Dosimetry of low energy laser-driven protons with Gafchromic films

Gafchromic film can be used to make dosimetric measurements of low energy ion beams. The film provides
high spatial resolution and stacking the film can provide information on the energy distribution of the incident
beam. This enables the reconstruction of a detailed dose and LET map in the cell plane. For LhARA, a
customised, unlaminated EBT3 film will be used, which is made with a protective layer on one side only. This
means that, on the other side, the active layer can be directly exposed to radiation. The absence of a dead
layer in front of it is a key requirement for low energy protons, which are characterised by very short range.
Gafchromic films consist of a single or double layer of radiation-sensitive organic microcrystal monomers,
on a thin polyester base with a transparent coating layer. Due to polymerisation of monomers by ionising
radiation, the active layer colour becomes darker. Dose measurements are made by measuring through the
optical density of the film using a scanner and visible light. The overall spatial resolution is mainly dominated
by the resolution used in the scanner. To obtain a good compromise between pixel fluctuations and resolution,
typically a resolution of 100-200 pm is used.

In the literature, it has been reported that there is a significant dose under-response in some Gafchromic film
types, with increasing LET in the vicinity of the Bragg peak, see [[132], [133] and [134]. This effect has been
attributed to a saturation of the polymerisation process. As part of the R&D programme this effect will be
characterised carefully in order to correct for it in dosimetric measurements.

2.6.5 Online dose monitoring

In order to verify the dose delivered to the sample, and measure any shot—to—shot variations, it is essential to
be able to perform a measurement of the dose delivered in each shot while samples are being irradiated. W
e therefore intend to develop custom instrumentation capable of measuring the dose from single shots, with
NTDs and RCFs only being used for calibration purposes. For the low energy beam the possibility of using a
SciWire layer for online dose measurements will be investigated in the R&D programme. In the current design,
one plane of the SciWire is included, which would provide a 1D intensity profile. Using a SciWire layer, which
adds another 250 um of plastic in the path of the beam, would provide a 2D intensity profile and if the energy
spread of the beam is sufficiently small, then the dose profile at the cell layer can be reliably calculated from
this.

For the high energy proton beam, it is possible to sample energy deposition as a function of depth to determine
the location of the Bragg peak and calculate the energy deposited in the sample. This concept is being developed
for the SmartPhantom [135]. The SmartPhantom is a water phantom which is instrumented with scintillating
fibres, in order to infer the dose distribution with distance through the phantom. A diagram of the arrangement
is shown in Figure [50]

The detection elements of the SmartPhantom are based on 250 um diameter polystyrene scintillating fibres.
Each fibre station consist of 2 planes of fibres, in which the fibre directions are orthogonal. A beam’s-eye view
is shown in Figure [50] (left), showing how the 2 orthogonal planes of fibres cover the area to be irradiated.
The outer green rectangle represents the water tank, the inner green rectangle the maximum beam size. The
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Figure 50: Arrangement of the SmartPhantom.

central shaded area covers the largest size sample flask for irradiations. A diagram of the assembled phantom
from above is shown in Figure [50] (right), in which the 5 fibre stations are shown, mounted on a support frame
(shown in grey) and inserted from above into the water tank (green rectangle). The beam is incident from the
left in this view. The first prototype scintillating fibre planes for the SmartPhantom have been constructed, with
experience having been gained in the fibre winding and gluing techniques.

Other approaches to online dosimetry include proton tomography, as researched by the PRaVDA collabora-
tion, who have built a prototype silicon tracker for proton tomography [[136]. Burker et al. [137] are developing
a similar detector system to PRaVDA, in this case for ion tomography.

In proton radiotherapy, secondary neutrons from the proton interaction can lead to unwanted dose in healthy
tissue. Gioscio et al. [138]] have built a prototype 250 pm scintillating plastic fibre tracker with a SPAD array
(fabricated by LFoundry), in order to monitor secondary neutron tracks.

2.6.6 Fast feedback controls and monitoring

For radiobiological studies, delivering precise quantities of dose and ensuring dose uniformity is very important.
To smear out effects due to shot—to—shot variations, it is preferable to deliver the desired dose to a sample in
many shots. It is then possible to compensate for such effects by adjusting the accelerator. However, since the
accelerator will operate at 10 Hz, such a system would have to determine the dose delivered to the sample and
then make the necessary adjustments to the accelerator within 0.1 s.

Taking again the example of the PROSCAN facility at PSI [125]], the requirements of such a system can be
investigated. Analogue signals from beam instruments need to be digitised and fed back to the machine control
system (MCS). For example, the BPM currents (current signals from ionisation chambers here) are fed to a
LogIV unit, which contains a logarithmic transimpedance amplifier and ADC. The LoglV unit then outputs
digitised signals which are accessible via the VME backplane. The digitised signals are read by a VPC digital
back end electronics module, which contains 2 FPGAs. The System FPGA runs the firmware common to all
VPC applications, such as the high speed VMEbus interface to the MCS. The User FPGA runs the firmware
which implements the local storage and processing algorithms. RAM is provided to store lookup tables (for
example for linearising pickup signals) and instrument waveforms for readout via the MCS. The User FPGA
is used to calculate quantities derived from raw pickup data, such as total beam current, beam vertical position,
beam horizontal position, beam sizes, etc. Limits can be set on parameters which can be used in an interlock
system, via fast optical data links. BPM data is sampled at SkHz and fed back to the MCS for applying beam
corrections.
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Since LhARA is a unique facility the specific requirements and technologies needed to deliver a fast feedback
and control system may be somewhat different, therefore the development of a fast feedback and control system
will be part of the R&D programme.

2.6.7 Technical challenges and R&D programme

Several technical challenges have been highlighted that will be addressed in the R&D programme. The gen-
eral instrumentation needs of LhARA will also be addressed with input from beam instrumentation experts,
beam controls experts and the accelerator designers to ensure the solutions eventually chosen are optimal. In
particular it is necessary to understand where commercially available solutions can be used and where custom
solutions are needed, preference being given to commercially available solutions wherever practical.

The areas to be investigated in the R&D programme are outlined in the following subsections.

2.6.7.1 Online dosimetry and dose profile

This includes the development of the SmartPhantom concept to provide online dose measurements in the high-
energy end stations and the development of the SciWire concept and thin ceramic monitors for dose profile
measurements in the low energy in vitro end station.

2.6.7.2 Absolute dosimetry at ultra-high dose rates

This will focus on the measurement and characterisation of nonlinear response of film detectors at high dose
rates and investigate the ability to use films for calibrating the online dose monitors.

2.6.7.3 Low energy beam diagnostics

The SciWire concept and the use of thin ceramic films for online beam intensity profile measurements and
offline energy profile measurements will be developed. The application of conventional diagnostics for non-
destructive beam-current and beam-position measurement will be investigated as well as destructive (high ac-
curacy) beam current measurements using conventional technologies, such as multi-layer Faraday cups, for
calibrating the non-destructive measurements. Destructive emittance measurements using conventional tech-
nology such as slit-grid/slit scanners or pepper-pot emittance monitors will be studied.

2.6.7.4 Fast feedback and controls

Initially the R&D for the fast feedback system will focus on Stage 1 and will be dependent on specifics of
the low-energy beam instrumentation and online dose measurement. The accelerator response and tuning ca-
pabilities will need to be studied as well as development of an automated system for tuning the beam. This
would require online simulation of the beam transport and material interactions in the end station. This could
be done using a Monte Carlo simulation of the LhARA beam line that would run on firmware. This can then
be extended to include the Stage 2 accelerator components.
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2.6.7.5 High energy beam diagnostics

This will mainly focus on developing a beam position measurement device for the FFA. The application of
conventional diagnostics for beam current, position and profile measurement in the transfer lines will be inves-
tigated including the ability to measure bunch length, which is important in the transfer line to the in vivo end
station. Emittance measurements using conventional technology will also be investigated.

2.7 Software and computing

Software and computing is needed throughout the LhARA programme for simulation; controls and monitor-
ing; data acquisition; and offline processing. A number of simulation activities that are required during the
R&D programme will require access to existing high-throughput computing (HTC) farms, high-performance
computing (HPC) farms and dedicated servers. Smaller computing platforms and stand-alone machines will be
needed for the experimental activities, some of which may be shared by a number of activities. Other resources,
such as software licenses, will also be managed as a shared resource.

During the design studies, detailed design and, later, in the operational phase, various components of the
facility will need to be simulated. Some of the main types of simulation that would need to be performed are:

* Particle tracking of the beam line;

* Particle interactions with materials for dose estimation and radiation shielding design;

* Finite element analysis of electromagnetic fields and mechanical properties such as stress, thermal ex-

pansion, etc.);

* Space charge simulation; and

* Plasma simulation of the interaction of the laser with the target.
Particle tracking and dose estimation simulations are better suited to HTC farms whereas the other simulations
would benefit from the use of HPC farms. Software not compatible with an HPC farm would need to be
installed on a dedicated stand-alone server such as an Intel Xeon server with 192 Gb RAM and 40 cores.

In operation the LhARA facility will generate data from its various accelerator and instrumentation compo-
nents which must be integrated into a global data acquisition system to provide a common interface and to allow
synchronisation of data and communication across systems. After acquiring the data, common processing will
be required, for example to calibrate the data and to pack it in a common container for storage. There are a
number of accelerator and instrumentation components being studied in the R&D programme and as part of
this experimental work, specific interfaces to the global data acquisition system can be developed.

A controls and monitoring system will need to be developed to run the LhARA facility. This will include a
user interface that will provide controls for the various components of LhARA and display monitoring infor-
mation about the state of the components, the state of the personnel protection system and information about
the operational environment. The controls and monitoring system will therefore need to interface to a variety
of equipment, with some devices requiring low-level communication and specific interface hardware.

2.7.1 Technical challenges and R&D programme

While there are no major technical challenges foreseen for the software and computing needs of LhARA,
specific computing platforms will need to be developed, primarily for data acquisition and for controls and
monitoring. The details mentioned above outlines the requirements of the various components of LhARA and
the computing resources and capabilities needed. In addition to the hardware resources required, staff will be
needed to develop the systems, provide technical support and to manage this activity.
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The R&D programme includes the development of the data acquisition system and the controls and mon-
itoring system to be used for running the LhARA facility. The development of the global data acquisition
system will include the hardware and software needed to process and store data from the various components
of LhARA though interfacing to specific systems will be done as part of the development of that system. Sim-
ilarly, the controls and monitoring system will provide a high-level interface to the various components of
LhARA though low-level control will be done as part of the development of that component.

2.8 Biological end stations

Our ambition is that LhARA serves a systematic programme of radiobiology through which the microbiological
effect of different ion species on cellular biology can be determined and a detailed, quantitative understanding
of the underlying mechanisms can be developed. In order to achieve this, high-end and fully equipped in-vitro
and in-vivo end stations will be housed within the LhARA facility that address the radiobiological research
requirements.

2.8.1 In-vitro end stations

Beam to the in-vitro end stations will be delivered vertically. These beams will be used for the irradiation of 2D
monolayer and 3D cells systems (spheroids and patient-derived organoids) in culture. One of the end stations
will have a beam line capable of delivering up to 15 MeV protons, whereas the second end station will house a
beam delivering 15-127 MeV protons and up to 33 MeV/u carbon ions. The vertical nature of the beam allows
the cell culture dishes and other vessels to be kept flat, which is important for both the health of the cells but
also to optimise throughput of multiple irradiations.

The beam line within the end-stations will be housed within sealed units/chambers which will be directly
sourced with the appropriate gases (carbon dioxide and nitrogen), allowing for the cells within plates/dishes
to be incubated for a short time in stable conditions prior to and during irradiation. This will also enable the
chamber to act, where necessary, as a hypoxia unit used to mimic the micro-environment of solid tumours
where the oxygen concentrations of which can be significantly lower (from 0.1-5%) than the surrounding
normal tissues. The high dose rate, “FLASH”, has been heavily linked with oxygen depletion, so the ability
to house cells in specific oxygen concentrations will allow further investigation of the underlying biological
mechanisms and identification of optimal delivery conditions into this radiotherapy modality for normal tissue
sparing and local tumour control. Furthermore, the sealed units will contain robotics to enable simple movement
of the numerous cell culture plates/dishes housed within to be placed in front and away from the beam line (see
section [2.8.3). Having two separate end stations, along with the associated multiple workspaces, will increase
the productivity of the research when multiple groups/researchers are using the in vitro end stations.

The in-vitro end stations will be housed within a research laboratory equipped with the up-to-date and state-
of-the-art facilities required for developing successful and productive radiobiology research programmes. These
facilities will be used to carry out exhaustive investigations into various biological end-points in both normal
and tumour cell models, and which will be developed based on our experience of having established an in-vitro
radiobiology laboratory at the Clatterbridge Cancer Centre that has been used successfully to enhance radiobiol-
ogy research using protons beams [42,[139]. Therefore, not only will the laboratories allow RBE measurements
through routine clonogenic assays, but will expand significantly on the examination of more complex biological
end-points (e.g. senescence, autophagy, inflammation and angiogenesis). The research laboratory will include
all the vital equipment and machinery for bench top science, sample processing and analysis, such as refriger-
ated centrifuges and microscopes (e.g. light and fluorescent microscopy), along with the equipment required for
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contaminant-free cell culture (e.g. humidified CO2 cell culture incubators, Class II biological safety cabinets),
and for the storage of biological samples and specimens (e.g. —20°C/—80°C freezers and fridges). There will
also be a robotic workstation which will be used for the handling and processing (e.g. harvesting, counting and
plating of cells into multi-well plates) of large sample numbers post-irradiation, which will particularly assist
in high-throughput screening experiments (e.g. drug-radiation combinations, sSiRNA/CRISPR-Cas9 screens).

Two specific pieces of equipment important to the radiobiology research programme are a hypoxia chamber
and an X-ray irradiator. As mentioned above, the hypoxia chamber will allow cells in culture to be incubated
in different oxygen concentrations mimicking those particularly of solid tumours, but this unit will be separate
from the in vitro end-stations to allow processing of cells post-irradiation but also the analysis of biological
end-points requiring long term incubation in a hypoxic environment. The X-ray irradiator is central because
it will allow direct comparisons between the cellular response (e.g. relative biological effectiveness; RBE) to
conventional X-ray irradiation, and proton and carbon ions delivered by the accelerator. Finally, an ultra-pure
water system will provide the laboratory with highly purified and distilled water which is crucial for highly
sensitive and precise biochemical assays and experiments.

The ability to perform biological research in vitro to the highest degree of quality and having the facilities
to use a myriad of techniques and experiments yielding data on numerous biological end-points is imperative
to the discovery and understanding of the cellular response to the various types of particle irradiation provided
by the LhARA beam. Furthering our knowledge of the underlying biological mechanisms, but also the impact
of dose delivery and combinatorial treatments, through in vitro research will allow particle beam therapy to be
translated into future effective patient treatment.

2.8.2 In-vivo end station

The in-vivo end station will be housed on the basement floor and will be served with protons with energies of
up to 127MeV and carbon ions with energies up to 33 MeV/u. These beams will be capable of penetrating
deeper into tissues allowing the irradiation of whole animals. The ability to perform in-vivo preclinical studies
is vital for the future effective translation of the research into human cancer patients where optimum treatment
strategies and reduction of side-effects can be defined. The in-vivo end station will allow the irradiation of a
number of small-animal models (e.g. xenograft mouse/rat models) which can further promote an examination
of particular ions on the appropriate biological end-points (e.g. tumour growth). The end station will contain a
small-animal handling area which will allow for the anaesthetisation of animals (e.g. mice) prior to irradiation.
To enable the irradiation of small target volumes with a high level of precision and accuracy, an image guidance
system (e.g. computed tomography) will be available. The animals will subsequently be placed in temperature-
controlled holder tubes enabling the correct positioning of the relevant irradiation area in front of the beam line.
There will be allowance for measurements using Gafchromic film and other diagnostics as the beam enters the
end station, enabling accurate dosimetry. The beam size is sufficient to give flexibility in the different irradiation
conditions, in particular through passive scattering, pencil beam scanning, and micro beams illumination (via
collimation), to be investigated at both conventional and FLASH dose rates. It is envisaged that the animals
post-irradiation will be then taken off site at a nearby animal-holding facility for a follow-up period where
biological measurements (e.g. tumour growth or normal tissue responses) will be conducted.

2.8.3 Development of radiobiological capability

Automated sample processing via robotics is essential to the radiobiology programme in order to promote
the processing of large sample sizes, as well as the use of high throughput screens. Separate from the robotic
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workstation present in the research laboratory, robotics will be housed within the sealed chambers in the in-vitro
end stations, and will be developed to accommodate a range of different formats (e.g. multi-well cell culture
plates, and dishes). The robots will be programmed to enable movement of the plates/dishes to precisely
position the cells in front of the beam line for irradiation, before then moving them to an appropriate area
within the chamber for incubation. This would reduce manual handling time, but also significantly speed up
the irradiation times of samples within individual plates/dishes (or areas within the multi-well plates), and
ultimately the amount of biological results and data that can be generated in a single irradiation session.

Another area that would be useful to explore is the comparison of the results of cell irradiations with simu-
lation data. Several codes exist that predict DNA damage patterns by simulating micro-track structures. The
possibility of studying this with LhARA will be investigated.

2.9 Staging considerations

The configuration of LhARA, in which the beam from the laser-driven source is transported directly to the low-
energy in-vitro end station and accelerated to serve both the high-energy in-vitro end station and the in-vivo
end station, makes it natural to propose that the LhARA be constructed in two stages. The facility will be sited
either in an existing building or a new, purpose-built, building. The principle components of Stage 1 include:

* The laser and target;

* The proton and ion capture, matching and energy selection sections;

* The 90° bend that takes the beam to the low-energy end station; and

* The low-energy in-vitro end station.
The installation and commissioning of these components will be coordinated so as to maximise the scientific
output of LhARA. Thus, prior to the completion of the construction of Stage 1, the goal will be to achieve the
following scientific milestones:

* First demonstration of the capture of a laser-driven ion beam using a Gabor lens system;

* Demonstration of the energy selection capabilities of a Gabor lens system;

* Irradiation of cells with a laser-driven ion beam.

Stage 2 will then incorporate:

* The injection line to the FFA;

* The FFA;

e The extraction line from the FFA and the transfer line to the in vivo end station;

* The high energy in vitro arc;

* The high energy in vitro end station; and

* the in vivo end station.

Staging LhARA in this way will allow the performance of the laser and capture system to be optimised whilst
at the same time delivering an in-vitro radiobiology programme using 15 MeV protons and maximising scien-
tific output throughout the construction of both stages. This would require the capability to deliver beam to the
low-energy in-vitro end station during installation and commissioning of Stage 2, which would require addi-
tional shielding and personnel protection. The options for staging and the impact on the scientific programme
will be studied as part of the conceptual design.

The design of LhARA includes the capability to manipulate the longitudinal phase-space of the beam. This
would allow the study of radiobiological effects with bunches that have a very short spread in time or allow the
reduction of the energy spread of the bunch. Space has been allocated in the Stage 1 beam line and in the transfer
line to the in-vivo end station to incorporate the RF cavities needed for this. The potential for manipulating the
longitudinal phase space and the design of the RF cavities will be studied in the R&D programme. There are
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Figure 51: Isometric view of the accelerator level.

other beam configurations that may be of interest, such as micro beams, and the possibility of delivering such
beams with LhARA will be investigated in the R&D programme.

3 Infrastructure and integration
3.1 Facility layout

The LhARA facility will encompass two floors of roughly 52 m length and 18 m width. The ground floor will
contain the laser, accelerator, in-vivo end station and required support equipment and facilities, see figures [51]
and The first floor will house the laboratory area and the two in-vitro end stations, see Figure 53] The
location of this facility is expected to be at an STFC National Laboratory or equivalent research institute.
Depending on the available locations, an existing building or a new construction will be used.

The entire facility will require radiation protection in the form of concrete shielding, which will delineate
the facility into three principal areas: a radiation controlled access area, a laser controlled access area, and a
laboratory limited access area. The radiation controlled access area will contain the laser target (not including
the laser source), Stage 1 and Stage 2 of the accelerator and all end stations. The laser controlled access area
will contain only the laser source. Both controlled access areas will restrict machine operation while being
accessed. The laboratory limited access area will contain all laboratory facilities and will not restrict machine
operation while in use. Access to the radiation controlled areas is provided through interlocked labyrinth
passages for personnel access and a removable interlocked shielding wall for equipment installation. The end
stations include beam housings around the irradiation areas, which provides additional shielding to lower the
background radiation during experimentation.
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3.1.1 Laser rooms

The laser will occupy two rooms: a 12 m by 5 m room housing the laser system and a 5 m by 5 m room housing
the laser target. There will be a shuttered pass-through between the rooms.

3.1.2 Stage 1 and Stage 2 accelerator

The ground floor will contain both Stage 1 and Stage 2 of the accelerator and encompasses approximately 24 m
by 18 m. It contains floor space for manipulation and maintenance of equipment. Bridges are provided for
access to the edges of the accelerator and inside the FFA ring.

3.1.3 End stations

There will be three end stations: two in-vitro and one in-vivo. The first in-vitro station is placed at the end of
Stage 1 of the accelerator and is accessed via the first-floor laboratory. The second in-vitro station is placed at
the extraction point of the FFA ring in Stage 2 of the accelerator and is accessed via the first-floor laboratory.
The in-vivo station is placed at the end of Stage 2 and is accessed via the ground floor.

3.1.4 Support equipment

Initial provisions have been made in the layout for the location of support equipment, such as power supplies
and control systems. They are to be located outside of the radiation controlled access area due to the sensitivity
of the electronic equipment. Space will also be made available for plant systems, such as water, electrical and
air handling.

3.2 Safety

It is assumed that LhARA will be built at an STFC National Laboratory or equivalent research institute which
has an established safety-management system and culture in place. At STFC a comprehensive set of Safety
Codes has been developed to cover the hazards associated with working in such an environment. STFC Safety
Codes applicable to the construction and operation of LhARA include:

* SC6 — Risk management;

* SC13 — Construction (design and management);
SC16 — Biological safety;
* SC22 — Working with lasers;
* SC23 — Working with time-varying electromagnetic fields;

» SC29 — Management of ionising radiation at work; and

* SC34 — Electrical safety.
In practice at STFC these codes are backed-up by the knowledge, skills and experience of staff and by appointed
responsible persons such as Radiation Protection Advisors, Laser Responsible Officers, and Authorising Engi-
neers. For a laser/accelerator facility such as LhARA adherence to these codes will typically involve a process
of hazard identification, risk assessment and mitigation including (but not limited to) appropriate shielding,
an independently verified and audited Personnel Protection System (PPS), a full commissioning plan, written
operating instructions, training, and signage.
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Although not strictly a safety system, consideration must also be given to a Machine Protection System
(MPS) to ensure equipment is protected from damage caused by exceeding normal operating parameters.

3.2.1 Laser safety

STFC operates many high-power lasers and has lasers with operating parameters comparable to those for
LhARA. In particular, Gemini [[140] Target Area 2 operates at just below the energy conditions (0.5J, 5Hz,
30fs) and Target Area 3 above (15, 0.3 Hz, 30fs). Though lower repetition rates, the safety considerations on
these facilities are the same and STFC is well equipped to mitigate and control the associated hazards and risks.
Any challenges associated with the higher repetition rates (such as target debris and coating) are already being
investigated as part of EPAC (Extreme Photonics and Applications Centre) [141] , a much higher energy 10 Hz
laser facility.

3.2.2 Accelerator safety

The ISIS [142] [[143] and ASTeC [144] departments in STFC have extensive experience in the operation of a
variety of accelerator facilities and test stands. The most directly comparable to LhARA is the Front End Test
Stand (FETS) [145] , which is currently undergoing commissioning at Rutherford Appleton Laboratory. The
FETS operating parameters (H™ ions, 3 MeV, 60 mA, 2 ms, 50 Hz) exceed LhARA in beam power, but at lower
energy. The safety considerations for FETS are therefore similar to those for LhARA, and this in combination
with experience of running the much higher power ISIS Neutron and Muon Facility, gives confidence that STFC
is well equipped to mitigate and control the expected accelerator hazards and risks for the LhARA facility.

3.2.3 End stations

Any administration of chemicals or drugs to the cells will be performed in Class II biological safety cabinets
that are situated in the main research laboratory. If necessary, plates and dishes will be sealed prior to irradiation
in the end-stations to avoid both exposure to the end-user and release to the surrounding environment.

Radiation protection in the end station will follow the same protocols as the rest of the accelerator ensuring
adequate shielding and personnel protection.

3.2.4 Radiation

For a facility such as LhARA radiation safety is a primary concern. Regulation 8 of the Ionising Radiations
Regulations 2017 (IRR17) [146] requires STFC to undertake a radiation risk assessment before commencing
a new work activity involving ionising radiation. A radiation risk assessment will be considered suitable and
sufficient if it addresses the requirements of paragraph 70 and 71 of the IRR17 Approved Code of Practice.
Particular matters to be considered under paragraph 70 are the nature of the sources/hazard, radiation dose rates,
likelihood and levels of contamination, relevant dosimetry, engineering controls and design features, planned
systems of work, suitable PPE, access restriction arrangements, reasonably foreseeable accidents and incidents,
consequences of failure of control measures and steps taken to prevent or limit the consequences of accidents.
For paragraph 71 consideration must be given to actions to achieve ALARP, engineering control measures, PPE
requirements, dose constraint requirements, measures for pregnant women and nursing mothers, investigation
levels, maintenance and testing schedules for control measures, contingency plans, training, designation of
areas, access restriction, classification of works, management responsibilities and performance monitoring.
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3.3 R&D plan

The infrastructure and integration of the LhARA facility will require R&D in four key areas: risk analysis
(project risks), risk assessments (safety risks), radiation simulations, and controls development.

Development of the risk analysis will cover all aspects of the facility, not just technical risks. Project man-
agement risks, such as funding and resource availability, must be considered fully to ensure timely delivery of
a fully functioning facility. These risks will be scored based on an assigned impact and probability, controls
will be put in place, and then the risks will be re-evaluated based on the effect of the controls, with the goal to
minimise all risks to an acceptable level.

Using a similar methodology, a safety-risk assessment will be performed to describe and control all potential
safety risks in the facility. The safety-risk assessment will, to a reasonable degree, identify all pieces of equip-
ment that require safety mitigations and identify control measures to be put in place. The risks will be scored
in the same way as the project risks, based on impact and probability. Control measures will be developed as
needed, with the first choice will always be to avoid the risk; other solutions, such as engineering controls,
signage, training, and PPE will be considered only after avoidance has been ruled out.

Coupled closely with the safety-risk assessment, there will be an additional effort to develop radiation simu-
lations to characterise the radiation hazards in and around the LhARA facility. Current estimates of shielding
have been made on best practice principles and in comparison to similar facilities, but a full analysis and simu-
lation of the facility will allow the shielding to be optimised and the ensure its placement is correct.

The last area to require R&D will be the control systems. It is expected that the facility will use the Exper-
imental Physics and Industrial Control System (EPICS). The logic and organisation of this system can begin
to be developed during the R&D phase, which will enable the accelerator design to progress with a full under-
standing of what types of controls and instrumentation will be possible.
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A Project plan

The project plan for LhARA, see figure|54] includes:

* A programme of radiobiology;

* A programme for technology transfer, patient and public involvement, and outreach;

* A five-year R&D programme to address the technical challenges outlined in section [2}

* The schedule for constructing Stage 1 and Stage 2;

* Allocation for a project office; and

* Milestones for the Gateway process.

The radiobiology programme will commence at the start of the LhARA programme and continue through to
the end. Work will be done at existing facilities prior to completing construction of LhARA Stage 1, building
on existing collaborations and forging new ones. This will help develop techniques for LhARA and at the same
time generate scientific output. The staff needed to deliver this are: a work package manager; one PDRA; and
one PG student.

The programme of technology transfer for systems, near clinical aspects, and outreach is important to: trans-
late the scientific output generated by LhARA into techniques and devices that can be applied in a clinical
environment; involve patient and public participation right from the outset; and to communicate this to various
audiences. This approach will help LhARA have a positive impact on clinical radiotherapy as early as possible.
To achieve this one coordinator at 20% and one PDRA is needed.

The technical aspects of the five year R&D programme have been detailed in the various subsections on
technical challenges within section [2| The staff required to complete the R&D programme include:

* Facility design: one work package manager; two engineers; one PDRA; and one PG student. Some this
effort will also cover the work needed for Stage 1 R&D, such as performance evaluation and design of
the vertical bend.

» Stage 1 R&D: three work package managers.

— Gabor lens: two PDRAS; engineering support; and three PG students.
— Laser: one engineer at 30%; one PDRA; and one PG student.
— Investigation of space charge: one PG student.

» Stage 2 R&D: two work package managers.

— FFA: one magnet engineer at 50%; one RF engineer at 50%; two PDRAs; and three PG students.
— Injection, extraction and performance evaluation: one PDRA.

— Longitudinal phase space and performance evaluation: one PDRA; one PG student.

— Final beam preparation and performance evaluation: one PG student.

* End Stations: work package manager, PDRA, and one PG student. The staff working on the radiobiol-
ogy programme will also contribute to this at the 50% level.

* Instrumentation: one work package manager; two PDRAs; and three PG students.

* Software and computing: one work package manager; one technician; one PDRA; and one PG student.

Important milestones in the project plan are:

1. Gateway 0 — strategic assessment;
Gateway 1 — business justification;
Gateway 2 — delivery strategy;
Capture technology choice made;
Gateway 3 — investment decision;

AN e

Completion of Stage 1 construction; and
7. Completion of Stage 2 construction.
The principal ldeliverables of the LhARA project are the:
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30 Detailed magnet desig 960 days ~ Wed 03/03/21Tue 05/11/24 MAG_ENG_1[50%],MAG_PDRA_1,MAG_PG_1
[31] Magnet prototype 520 days  Wed 02/02/21Tue 30/01/24
[32] RF cavity design and 780 days Wed Tue 27/02/24 RF_PDRA_1,RF_PG_1,RF_ENG_1[50%]
performance 03/03/21
[33] Injection and 300days  Wed Wed 22/05/24 34SF — _PDRA_1
extraction design 29/03/23
34 Stage 2 performance 220 days Wed Tue 25/03/25 29FF > PDRA_1,52_PG_1,52_PG 2,52 PDRA 2
evaluation 22/05/24 i/
[35]  Longitudinal phase 520days  Wed Wed 22/05/24 34SF _PDRA 2,52 PG 1
space manipulation 25/05/22
design, simulation and
[36] 520days  Wed Wed 22/05/24 34SF _PG_2
25/05/22
[37] End stations 1300days Wed 01/04/2(Tue 25/03/25 T 1
[38|  Automation,sample  1300days Wed Tue 25/03/25
handling, imaging 01/04/20
[39] Simulation of the end sta 780 days ~ Wed 30/03/22 Tue 25/03/25 38FF bio_PG 2
40 | Instrumentation 1300 days  Wed Tue 25/03/25 r 1
01/04/20
|41 Low-energy beam diagno520 days  Wed 01/04/2C Tue 29/03/22
[42|  onlinedosimetryand  780days  Wed Tue 28/03/23 INST_PG_1[50%]
dose profile 01/04/20
[23] Absolute dosimetry at 780 days ~ Wed Tue 28/03/23 INST_PG_1[50%]
ultra-high dose rates 01/04/20
[44] Fast feedback and contro 780 days ~ Wed 30/03/22Tue 25/03/25 41 INST_PG 3
45 High-energy beam diagnc780 days ~ Wed 30/03/22Tue 25/03/25 41 INST_PG_2
46 | Software and Computing 780 days  Wed 30/03/2:Tue 25/03/25 r 1
a7 Development of a global 780 days ~ Wed Tue 25/03/25 27FF PG_1,COMP_TECH_1[50%]
data acquisition and 30/03/22
processing system
Development of the 780 days  Wed Tue 25/03/25 27FF NM_PDRA_1,COMP_TECH_1[50%]
controls and monitoring 30/03/22
| 49 | construction 1670 days  Wed 30/08/2:Tue 22/01/30 r 1
|50 | LhARA Stage 1 construction520 days  Wed 30/08/2: Tue 26/08/25 60 FD_Eng_1,FD Eng 2
51 LhARA Stage 2 construction 1300 days ~ Wed 29/01/25 Tue 22/01/30 13 FD_Eng_1,FD_Eng_ 2
| 52 | Project office 2666.5 days Mon 01/06/2(Tue 20/08/30 5755 o
|53 | Project leader 2666.5 days Mon 01/06/2( Tue 20/08/30
|54 Project manager 2666.5 days Mon 01/06/2( Tue 20/08/30
|55 | WP managers 2666.5 days Mon 01/06/2( Tue 20/08/30
| 56 | Gateway process 847days  Mon 01/06/2(Tue 29/08/23 r d
['57| GWO - Strategic assessmen0 days Mon 01/06/2C Mon 01/06/20 01/06 1
| 58| GW1 - Business justificatiol 0 days Fri05/02/21 Fri05/02/21 57FS+9 mons %0502 |
[59| GW2 - Deliverystrategy 0 days Fri15/10/21 Fri15/10/21 58FS+9 mons,11 % 15/10
[60| GWS3 - Investment decision0 days Tue 29/08/23 Tue 29/08/23 12FS+1 mon %) 29/08
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Figure 54: Gantt chart for the LhARA project.



2015

2020

2025

2030

1. Full IConceptual Design Report;
2. Technical Design Report for Stage 1; and
3. Technical Design Report for Stage 2.

The project office will be created when the Gateway 0 milestone is achieved. It will look after the adminis-
trative aspects of the project and will require one person to administer the project and provide support for the
project leader, the project manager and the work package managers. The conceptual design report deliverable
will be an input to achieve the “Gateway 2 — delivery strategy” milestone and the technical design report for
Stage 1 will be an input to achieve the “Gateway 3 — investment decision” milestone. The Construction of
Stage 1 will commence after the investment decision is made and construction of Stage 2 will commence after
the technical design report for Stage 2 has been completed.

Capital resources for the project and the total FTEs required are detailed in Appendix

B Costs

The top-level breakdown of the capital costs for the LhARA project is given in table The costs presented
in this appendix should be regarded as first estimates that will be challenged and refined as the full CDR, and
subsequently the Technical Design Reports for Stage 1 and Stage 2 are developed. The following subsections
include further detail and breakdown of these costs.

Description Optimistic Most likely | Pessimistic
cost (£k) cost (£k) cost (£k)
Laser 2197 2746 3295
Capture 409 545 681
Stage 1 607 759 1139
Stage 2 6924 8656 12984
End stations 799 999 1198
Integration 2612 3265 4898
R&D 400 500 600
Safety 595 850 1275
Building 4060 9160 18320
Installation and commissioning
Total 18603 27480 44390
Total (incl. VAT) 22324 32976 53268

Table 10: Cost breakdown for the LhARA project.

Details of the staff effort required is given in section[B.12] The uncertainty on the cost is based on the method
used to derive the cost for each item. This is categorised as: guess, comparative, parametric, budget price from
a supplier and firm quote from a supplier.

B.1 Laser

The cost for the laser system was derived using a bottom up approach and known costs, where available. A
summarised cost breakdown for the laser system is given in Table[T1]
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Description Optimistic Most likely | Pessimistic
cost (£k) cost (£k) cost (£k)
Laser 1967 2458 2950
Chambers and Vacuum System 39 49 59
Laser Plasma Accelerator 82 102 123
Leakage Laser Diagnostics 21 26 32
Cameras 39 49 59
Proton Spectrometer 7 8 10
Motorised stages 20 25 30
Pointing Stabilisation System 2 3 3
Computing 5 6 7
General Electrical 16 19 23

Table 11: Cost breakdown for the laser system.

B.2 Capture

The cost breakdown for the capture system that is based on Gabor lenses is given in Table In the event that
after studying the Gabor lens it is decided to use an alternative technology for the capture, then the cost is likely
to increase.

Description Optimistic Most likely | Pessimistic
cost (£k) cost (£k) cost (£k)

Gabor Lens (x5 @ £100 each) 375 500 625

Power Supply (x5 @ £3k each) 11.25 15 18.75

Cooling 22.5 30 37.5

Table 12: Cost breakdown for the capture system.

B.3 Stagel

The cost for Stage 1 was derived using a combination of comparative, parametric and budget price methods.
The magnet, power supplies and beam dump costs have been compared to equipment of approximately equal
size and use at ISIS. The beampipe, frames and rails have been parametrically determined from costs of new
proton beamlines under development at ISIS. The cost of diagnostics has been based on budgetary prices from
suppliers for a specified quantity of installations. The breakdown of the cost for Stage 1 is given in Table[13]

B.4 Stage 2

The cost for Stage 2 was derived using a combination of comparative, parametric, guess and budget price
methods. The quadrupole and dipole magnets, power supplies and beam dump costs have been compared to
equipment of approximately equal size and use at ISIS. The beampipe, frames and rails have been paramet-
rically determined from costs of new proton beamlines under development at ISIS. The FFA magnets and RF
cavities have been estimated via guesses, while also comparing to the most closely comparable equipment in
use at ISIS. The cost of diagnostics has been based on budgetary prices from suppliers for a specified quantity
of installations. The breakdown of the cost for Stage 2 is given in Table[T4]
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Description Optimistic Most likely | Pessimistic
cost (£k) cost (£k) cost (£k)

Quadrupole Magnets (x12 @ £10k each) 96 120 180

Dipole Magnets (x9 @ £10k each) 72 90 135

Power Supplies (x21 @ £3k each) 50 63 95

Beam Dump 24 30 45

Beampipe (12m @ £3k/m) 29 36 54

Frames (12m @ £5k/m) 48 60 90

Rails (12m @ £5k/m 48 60 90

Diagnostics (12m @ £25k/m) 240 300 450

Table 13: Cost breakdown for Stage 1.

Description Optimistic Most likely | Pessimistic
cost (£k) cost (£k) cost (£k)

Quadrupole Magnets (x20 @ £10k each) 192 240 360

Dipole Magnets (x10 @ £10k each) 80 100 150

Power Supplies (x32 @ £3k each) 77 96 144

Beam Dump (x2 @ £15k each) 48 60 90

FFA Magnets (x10 @ £250k each) 2000 2500 3750

FFA magnet power supply (x10 @ £75k each) | 600 750 1125

RF Cavities (x4 @ £300k each) 960 1200 1800

RF Power supply/drive system (x4 at £400k | 1280 1600 2400

each)

Kicker Magnets (x2 @ £200k each) 320 400 600

Septum Magnets (x2 @ £200k each) 320 400 600

Kicker & Septum power supplies (x4 @ £60k | 192 240 360

each)

Bunching Cavities (x4 @ £30k each) 96 120 180

Beam pipe (25m @ £3k/m) 60 75 113

Frames (25m @ £5k/m) 100 125 188

Rails (25m @ £5k/m 100 125 188

Diagnostics (25m @ £25k/m) 500 625 938

Table 14: Cost breakdown for Stage 2.

85




2055

2060

B.5 End stations

The cost breakdown for the end stations is the cost to equip the end stations, see Table These costs have
been based on budget prices from suppliers. The costs for other equipment such as consumables is not included
and the cost for the end station automation is included in the costs for the R&D programme.

Description Optimistic Most likely | Pessimistic
cost (£k) cost (£k) cost (£k)

Refrigerated centrifuge (x2) - Eppendorf | 9.6 12 14.4

5804R

Refrigerated ultracentrifuge - Beckman Coul- | 40 50 60

ter Optima MAX-XP

Hypoxia chamber - Baker InvivO2/Don Whit- | 32 40 48

ley

Ice Flaker machine - Scotsman AF80 2 2.5 3

CellRad x-ray irradiator - Faxitron 56 70 84

Class II cell culture cabinet (x4) - Esco | 22.4 28 33.6

Airstream

Digital microscope - Invitrogen EVOS | 16 20 24

M5000

Light microscopes (x3) - Nikon Eclipse | 7.2 9 10.8

TS100

CO2 cell incubator (x2) - Panasonic 11.2 14 16.8

Fridges/-20°C Freezers (4 each) 1.6 2 2.4

-80°C Freezers (x2) - Panasonic 16 20 24

MilliQ water - Avidity 60L 4.8 6 7.2

Colony counter - Oxford Optronix GelCount | 20 25 30

Fluorescence microscope/Live cell imaging 80 100 120

Robotic workstation (research laboratory) — | 160 200 240

Tecan/Beckman

End station cabinet (hypoxia enabled) - Bak- | 160 200 240

erRuskinn/Don Whitley

Robotics within end station cabinets (x2) 160 200 240

Table 15: Cost breakdown for the end stations.

B.6 Integration

The costs for the integration were estimated using comparative and parametric methods based on new proton
beamline projects currently in development at ISIS. The costs for integration are given in Table [16]

B.7 R&D

The costs for R&D were derived using a combination of comparative and guess methods. Material costs for
computing includes cost for CPU nodes as well as infrastructure related costs such as networking (including
cable pulling), etc. The costs for the R&D are given in Table

86



2065

Description Optimistic Most likely | Pessimistic
cost (£k) cost (£k) cost (£k)
Vacuum systems (35m @ £34k/m) 952 1190 1785
Electrical services (35m @ £25k/m) 700 875 1312.5
Water services (35m @ £20k/m) 560 700 1050
Control system 400 500 750
Table 16: Cost breakdown for integration.
Description Optimistic Most likely | Pessimistic
cost (£k) cost (£k) cost (£k)
Gabor lens prototype material 200 250 300
Computing hardware 160 200 240
Instrumentation prototype hardware 40 50 60

Table 17: Cost breakdown for the R&D programme.

B.8 Safety

The costs for the necessary safety systems have been based on parametric and comparative methods using

examples from safety systems at ISIS. The costs for the safety systems are given in Table[I8]

Description Optimistic Most likely | Pessimistic
cost (£k) cost (£k) cost (£k)

Shielding 385 550 825

Access Controls and PPS 210 300 450

Table 18: Cost breakdown for the safety system.

B.9 Building

The building cost was derived from the actual cost for a building of comparable size to that needed for LhARA.

The optimistic cost for the building structure is listed as zero in the event that an existing building can be re-

purposed for use with LhARA. The supporting works, such as mechanical and services, would still be required
2070 for this existing building. The costs for the building requirements are given in Table[T9]

B.10 Installation and commissioning
The cost breakdown for installation and commissioning is given in Table[20] This cost covers global installation,

commissioning and integration costs. Installation and commissioning costs for specific equipment will be
included in the cost of that item.

2075 B.11 Project

There are no specific capital costs envisaged to managed the project. There is one person included in the project
plan to administer the project and provide support for the project leader, project manager and work package
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Description Optimistic Most likely | Pessimistic
cost (£k) cost (£k) cost (£k)
Building structure 0 3360 6720
Mechanical and electrical 980 1400 2800
Externals and services 1750 2500 5000
Enabling and preparation works 980 1400 2800
Cranes 350 500 1000
Table 19: Cost breakdown for building.
Description Optimistic Most likely | Pessimistic
cost (£k) cost (£k) cost (£k)

Table 20: Cost breakdown for the laser system.

managers and this is included in the staff requirements detailed in section[B.12]

B.12 Staff

The required staff effort is given in Table 21]in terms of FTEs needed for the different roles specified in the
project plan, see section [Al Thus this only includes staff where specific positions have been identified. It
is expected that more effort will be needed, especially for construction, though to determine this with any
confidence requires a more detailed analysis of the project plan. A rough guide for the number of FTEs needed
for this can be taken from past experience and is expected, in terms of cost, to be of the same order as the capital

cost.
Type of position Number of
FTEs

Academic 10.7
Administrative 10.3
Engineering 27.9
Post-doctoral Research associate 61.2
Post-graduate student 50.7
Technical/support 5.1

Table 21: Breakdown of the staff effort estimated as required for the execution of the LhARA project.

It should be noted that the academic FTEs are for work package managers, which have been included in
the project plan at 20%. Other academic effort, for example for supervising students and providing specific

technical expertise, is not included but will be required.
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