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Abstract

LhARA the ‘Laser-hybrid Accelerator for Radiobiologi-
cal Applications’, will be a novel, uniquely flexible, facil-
ity dedicated to the study of radiobiology. LhARA will use
a high-power pulsed laser to generate a short burst of pro-
tons or light ions. These will be captured using strong-fo-
cusing electron-plasma (Gabor) lenses. Acceleration using
a fixed-field accelerator (FFA) will deliver proton beams
with energies up to 127 MeV and ion beams, such as C%,
with energies up to 33.4 MeV/nucleon. The laser-hybrid
source allows high instantaneous dose rates of up to
10° Gy/s to be delivered in short (740 ns) pulses.

The laser-hybrid approach will allow the exploration of
the vast “terra incognita” of the mechanisms by which the
biological response to radiation is modulated by the beam’s
characteristics. The technologies to be demonstrated in
LhARA have the potential to allow particle-beam therapy
to be delivered in completely new regimens, providing a
variety of ion species in a range of spatial configurations
and exploiting ultra-high dose rates.

This contribution describes the status of the LhARA pro-
ject in the context of the lon Therapy Research Facility.

INTRODUCTION

Cancer was responsible for over 15% of deaths world-
wide in 2020 [1], yet over 25 million life-years could be
saved if radiotherapy (RT) capacity can be scaled up [2].
Approximately 50% of UK cancer patients will receive ra-
diotherapy as part of their treatment. The majority of this
is delivered utilising conventional techniques with MeV X-
rays, but proton and ion beam therapy (PBT) may offer sig-
nificant advantages in some cases. These therapies cur-
rently utilise dose-rates of the order of 1 Gy/min delivering
fractionated treatment over the course of several weeks.
Recent evidence points to potential benefits of using ultra-
high dose-rates (>40 Gy/sec), so-called FLASH-RT [3].

LhARA

Serving the Ion Therapy Research Facility (ITRF),
LhARA aims to develop & demonstrate novel technologies
for generating and transporting proton & ion beams that
will enable dose delivery well into the FLASH regime. A
systematic radiobiology programme is currently in devel-
opment by the LhARA collaboration, which will enhance
the understanding of the interactions between high energy
particles with biological tissue and lay the foundations for
future generations of radiotherapy.

LhARA is conceived to be developed in two stages.
Stage 1 will generate high flux proton and ion beams from
laser- target interactions via the Target Normal Sheath Ac-
celeration (TNSA) mechanism. Gabor electron plasma
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lenses will capture & focus the beam with a number of op-
tical configurations offering flexibility of the transverse
profile dimensions. Beam transport through a vertical
matching arc will deliver the beam to a low energy, in-vitro
end station located on the first floor of the facility. Stage 2
will see a switching dipole and beamline installed after the
final Gabor lens for subsequent beam injection into an FFA
ring. An extraction line will transport the beams to two fur-
ther end stations, one vertical beam in-vitro station and the
other horizontal for in-vivo work. A pre-conceptual design
report (pre-CDR) with a full description of the LhARA
baseline design can be found in [3, 4].

Laser Driven lon Source

Laser sources offer significant advantages over conven-
tional sources and are key to the performance of the pro-
posed LhARA facility. The LhARA concept requires the
following beam parameters, which we are designing the
source to provide:
10° protons at 12-15 MeV at 15 msr divergence
108 carbon at 4 MeV/u + 2% at 15 msr divergence
Production of other ion species
10 Hz repetition rate
Long term operation

The performance of LhARA’s baseline design was ascer-
tained by tracking a beam generated from laser-target in-
teraction simulations with the PIC code Smilei [5]. This
beam, however, was limited to 2D due to the demanding
computational requirements for a full 3D simulation, with
the third dimension generated by extrapolation [6]. We are
currently performing experimental and numerical studies
to inform the LhARA design. High fidelity 3D particle-in-
cell simulations (using the Osiris 4.0 framework [7]) are
being used to predict the target and laser parameters for op-
timal beam generation. These predictions will be validated
by experiments at the SCAPA laser facility at the Univer-
sity of Strathclyde. Further issues with debris and target
delivery are also being investigated at the Zhi laser at Im-
perial College London.

Beam Capture with Gabor Lenses

E-field based beam focussing techniques may poten-
tially offer short focal length operation at reduced power
dissipation, if they can be proven. A cylindrical non-neutral
plasma [8] offers the ideal system whereby the focusing
length, (in terms of the electron number density, plasma
length, and ion energy,) is given by Eq. (1).

1 e’ngl

e @)

f 4e0U

Where #. is the of electron number density, / is the length
of the plasma column and U is the ion energy. Such plas-
mas are readily confined in cylindrical Penning-Malmberg
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traps, see Figure 1 and theoretically offer a significant (x40)
reduction in focal length for a given B-field.
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Figure 1: Schematic of a Penning-Malmberg trap showing
the confined electron plasma column.

lon Acoustic Imaging

Though great progress has been made recently in the sta-
bilisation and repeatability of beams produced by TNSA,
clinical application will require that the deposited dose dis-
tribution be measured in real-time. An ion-acoustic dose
mapping system is under development for this purpose
which exploits the ultrasound waves generated by the ab-
sorption of the ion beam energy. To evaluate the feasibility
of this approach a hemispherical sensor array has been
specified to evaluate the recovery of the relative spatial dis-
tribution of the absorbed dose using an iterative time-re-
versal algorithm. To confirm the fundamental ability of
ion-acoustic imaging to recover the beam deposition pro-
file, a three-stage simulation [9] has been developed using
Geant4 [10] and k-Wave [11]. The three stages are:

e generation of the beam-induced energy distribution

e pressure wave generation, propagation and detection,

e pressure-map reconstruction.

To compute each stage of the simulation, the active vol-
ume was split into cubic voxels with sides 0.1 mm.

End Station User Consultation.

The LhARA consortium includes extensive radiobiolog-
ical expertise with further links to a wider range of re-
searchers with an interest in radiobiology. In the currently
funded period, the collaboration envisages four consulta-
tion exercises, one of which has been completed and doc-
umented. To date the following key user requirements have
been identified: the vertical beam lines are viewed as es-
sential to retain. User end stations must provide atmos-
phere control for hypoxic investigations, and co-located ar-
eas for sample preparation are mandatory. The user stations
must be served by automated handling equipment which
may include robots and space for these must be included
early in the engineering design.

A PhD studentship has been secured via EUPRAXIA-DN
to work on the diagnostic challenges directly related to
LhARA. An extensive literature review of beam diagnostic
techniques for ultra-high-dose-rate beams is in progress to
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identify potential technologies or R&D areas. Work has
also begun on adapting the gas profiler, identified as a po-
tential diagnostic tool, which is minimally disruptive to the
beam and allows monitoring of the beam intensity, profile,
and energy. A successful application to the University of
Liverpool Faculty Impact Scheme for £15k will allow gas-
profiler measurements of protons and carbon ions during
the summer of 2023 at the Dalton Cumbria Facility in
Whitehaven.

Facility Design and Integration

The LhARA facility will be developed in two stages (see
fig 2.) Stage 1 will deliver proton beams with energies in
the range 12-15 MeV +/-2% delivered via a vertical arc to
an in-vitro end station. Stage 2 will extract the stage 1 beam
before the vertical arc and post-accelerate it in an FFA be-
fore delivering the resultant 127 MeV beam either via a
second vertical arc to a second vertical beam end-station
for high energy in-vitro work or to a horizontal beam in-
vivo end station, Figure 2. To date, the majority of the de-
velopment work has been directed to Stage 1. The stage 1
beamline includes five Gabor lenses, to capture and focus
the beam using several optical configurations to deliver a
range of different beam sizes at the end station. The Gabor
lenses are modelled as equivalent strength solenoids, with
optimisation constraints of 1.4 T field limit which simulta-
neously constrains both the Gabor lens cathode voltage &
magnetic field strength of contingency solenoid options.

For the studies presented here, we maintain our current
strategy of down- sampling the proton beam to the 15 MeV
+ 2% target energy and assume that the beams co-propa-
gate for 5 cm after which the higher energy protons of in-
terest have advanced beyond the lower energy electron
beam.

The LhARA lattice was initially designed in Madx [12]
& Beamoptics [ 13], neither of which consider space charge
effects. Start-to-end particle transport modelling with the
original beams demonstrated that space charge impacted
the beam transport performance in stage 1, primarily due
to further emittance growth between the nozzle and the first
Gabor lens. Initial simulations in GPT showed similar per-
formance issues, resulting in a non-ideal beam profile de-
livered to the end station.

To provide both the desired spot size flexibility & injec-
tion line operation, a new configuration is being investi-
gated that includes a further two Gabor lenses. [14] This
new configuration has yet to be fully evaluated but initial
indications are that it offers improved flexibility particu-
larly in delivering smaller beam sizes to the end station and
the FFA. The new configuration requires additional length
in the beamline, but this can be accommodated within the
building footprint as currently configured.

The overall success of the LhARA facility requires an
integrated approach for the accelerator components, end
stations, control rooms, building, services, as well as staff
and user needs such as preparation laboratories, offices,
meeting rooms and amenities.
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Figure 2: Illustration of proposed LhARA beamline showing the FFA and three user end-station.

Considerable effort has been expended to optimise the
laser-target/Gabor lens interface. The needs of all stake-
holders will be solicited and taken into account from an
early stage of the project to ensure that the facility design
and implementation plan meets the requirements.

The site plan has been laid out on an area estimated at 72
x 32 m?, of which 57 x 32 m? is the footprint of the main
building, next to which a 15 x 32 m? exterior fenced pen
houses the water-cooling chillers, water storage tank, water
pumps and transformers. The building height is sufficient
to allow the implementation of an overhead crane both to
install and decommission the facility. For installation,
maintenance and decommissioning of the vertical beam
lines, permanently installed platforms next to the accelera-
tor components are envisaged.

CONCLUSIONS

LhARA will use a high-power pulsed laser to generate a
short burst of protons or light ions capable of delivering
extremely high instantaneous dose rates of up to 10° Gy/s
in short (10-40 ns) pulses. To reach the energies required
for in-vivo research, acceleration using a fixed-field accel-
erator will deliver proton beams with energies up to
127 MeV and ion beams, such as C°*, with energies up to
33.4 MeV/nucleon. To verify the dose, a unique single shot
ion-acoustic diagnostic is being developed.
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