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Abstract

The Laser-hybrid Accelerator for Radiobiological Appli-
cations (LhARA) represents a transformative approach to
ion-beam therapy and radiobiological research. LhARA
proposes to utilize a laser-driven proton and ion source,
combined with advanced beam delivery systems, to pro-
vide highly flexible, high-repetition-rate, and ultra-short ion
bunches suitable for radiobiological research. The LhARA
project has entered a new phase of research and development
following on from its first stage of preliminary activity. Here,
we present a status update on recent LhARA progress. High-
lights include an improved parametrised source description,
the latest design of the FFA magnets including simulated
fields and tune calculations in particle tracking, and updates
to beam delivery schemes in LhARA’s end stations for gen-
erating flexible beam conditions.

INTRODUCTION

LhARA is a proposed state-of-the-art particle accelera-
tor that will serve a cutting edge radiobiological research
program [1,2]. LhARA will employ the transverse nor-
mal sheath acceleration (TNSA) mechanism in a laser-target
acceleration scheme to generate proton bunches. A multi-
stage facility, shown in Fig. 1, LhARA will transport short
bunches of 10° protons at a nominal energy of 15 MeV +2%
at a 10 Hz repetition rate, a limit of the laser. These highly
divergent beams will be captured with Gabor plasma lenses,
yielding bunches between 1-3 cm in diameter. A matching
arc will transport the beams vertically upwards after which
a beam delivery system will provide further flexibility prior
to delivery to a radiobiology end station.

LhARA’s second stage will see the beam accelerated via
a fixed field alternating gradient accelerator (FFA) which
offers both variable energy and fast extraction, both require-
ments of the radiobiology community. LhARA’s FFA will
accelerate protons up to 127 MeV after which beams can be
delivered to one of two high energy end stations. LhARA’s
FFA is a scaling spiral, 10 cell ring. Each cell contains a
single combined-function spiral magnet. Previous iterations
of the FFA design were unable to achieve sufficient vertical
focusing to maintain orbit due to the fringe field in the 3D
field map being longer than assumed during the original
design. To correct this, the magnet spiral angle was changed
to 53.9° and the machine re-tuned.
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Figure 1: Schematic layout of the LhARA accelerator.

PARAMETERISED SOURCE
DESCRIPTION

LhARA’s previous source description in accelerator track-
ing simulations were shown to contain unphysical artefacts
that are considered unreliable. Now, a parametrised beam
description is used from which Monte Carlo particle energies
are generated via inverse transform sampling. The kinetic
energy spectrum of the TNSA model in [3] is given by

o[ E) o

where N is the number of protons produced per unit solid
angle, K is the kinetic energy, n, and 7, are the hot electron
density and temperature respectively, c; is the proton acous-
tic velocity, #;,., is the laser pulse duration, and Sy, iS
the effective area over which the TNSA mechanism takes
place. This equation is unable to predict the high-energy
cut-off known to occur in the TNSA process. To compensate,
we apply the model described in [4], with the cut-off energy
being given by

Plas
Kppax = X22Zm,c? f—;;:”, 2)

where Z is the charge, m, is the electron mass, c is the speed
of light, fis a energy conversion efficiency value, P, ,, is
the laser power, Py is the relativistic power unit, and X is
obtained by solving
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where f is the time over which the acceleration may be
treated as ballistic. A user defined low energy cut-off is
applied to prevent the introduction of infinities in the inverse
transform sampling as K approaches 0. This region of the
spectrum is also less well understood experimentally and not
of biological interest. The resulting Monte Carlo spectrum
and theoretical spectrum from Eq. 1 are shown in Fig. 2.
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Figure 2: Monte Carlo generated kinetic energy spectrum
(black) compared to the theoretical spectrum (red) with high
energy and user-defined low energy cut-offs.

FFA MAGNETS

The goal of the FFA magnet design is zero chromaticity;
this avoids resonance crossing in the tune space to avoid
beam loss. One of the ways to achieve this is to arrange the
magnetic field on the midplane with the scaling law. This
has the advantage of optimizing for a single energy level
naturally extends across the entire acceleration range. The
integrated scaling law is defined as

r k+1

BL(r) = BL (—) “)
To

where ry is the reference radius chosen and BL, the inte-

grated magnetic field at that radius. The integrated B field
BL is defined as

BL(r) = jB(r, 0)rdo (5)

where r and 6 are cylindrical coordinates, and the field index
k defined as:

_ I 9BL _
~ BL ar

k(r) (6)

Figure 3: Opera 3D model showing the upper half of the
magnet with trim coils wrapped around the pole. Clamps
on either sides to contain the field.
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The field profile is generated by a distribution of trim coils
that cross the pole face and return on the side. The current
settings are then adjusted for variable energy operation. The
magnet, shown in Fig. 3 was designed in Opera 3D, with two
different energy ranges investigated. The maximum energy
case: 15 MeV at energy accelerated to 127 MeV and a lower
energy case: 7 MeV at injection accelerated to 57 MeV.
After the current settings were optimised, 3D field maps
were obtained and tracked in Fixfield [5]. The results are
shown in Fig. 4, with the working tune points avoiding any
resonance up to the fourth order. A more detailed description
of LhARA’s FFA magnet design can be found in [6].

Tune Diagram of LhARA
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Figure 4: Ring tune variation of two energy ranges. The
working tune points overlap and avoids any resonance up to
the fourth order.

INJECTION LINE

The change in FFA spiral angle required the injection line
to be redesigned to prevent the ring straight section crossing
colliding with the FFA magnet, and to permit sufficient space
for installation and maintenance of injection magnets.

The nominal injection line assumes initial conditions of
Biy=25m, a,,=0,and D, =0 from stage 1. Optimis-
ing the stage 1 beam line to match these conditions proved
challenging due to emittance growth during transit through
the Gabor lenses, up to approximately 4.3 x 10~° m rad at
the injection line switching dipole. Stage 1 has therefore
been optimised to meet a smaller S, , of ~ 18 m. With this
reduced B, the injection line quadrupoles are re-optimised
in MADX [7], with the resulting optics seen in Fig. 5 in
close agreement to the nominal design performance. The
injection line is therefore considered strongly flexible.

BEAM DELIVERY SCHEMES

Magnetic Mini-Beam Focusing

Following on from the magnetic beam focusing
quadrupole doublet configuration, presented in [8], where a
line-focus minibeam was simulated; the current configura-
tion is being developed to produce a spot-focus minibeam
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Figure 5: Horizontal (blue) and vertical (red) Twiss 8 func-
tions and horizontal dispersion (black) in the FFA injection
line. Both the nominal design (solid line) and rematched op-
tics (dashed line) with modified initial conditions are shown.

from a 1 cm beam. This new configuration comprises of
two quadrupole triplets, shown in Fig. 6. All optimisations
have been carried out using the same method as [8].

2m

Figure 6: Magnetic beam focusing system with quadrupoles
(red) and an octupole (green); after the end of the vertical
arc leading to the Stage 1 in vitro end station.

Both quadrupole triplets consist of a defocusing magnet,
a focusing magnet, and a second defocusing magnet. The
first triplet has magnet lengths of 0.1 m with K; strengths of
30.26 m~2 and -53.39 m~2, respectively. The second triplet
has magnet lengths of 0.04 m and K strengths of 302.56 m~2
and -551.73 m~2. Due to their high magnetic fields and close
proximity, they have been designed as permanent magnets to
mitigate the high power consumption and currents required.

Figure 7 presents the beam size (o, ) from the end of the
vertical matching arc up to the Stage 1 in vitro end station,
where o, ,, describes the rms beam radii. This focusing
system gives a o, ~ 0.74 mm and ¢, ~ 0.46 mm, at the end
of the system. This configuration only satisfies the condition
to be classed as a minibeam (¢ < 0.5 mm) in the y-z plane,
so more optimisations will be necessary to reduce o,

Beam Uniformity

Conventional beams at the end stations must achieve at
least 95% transverse profile uniformity with minimal im-
pact on delivered dose. Octupole-based magnetic shaping
is a promising approach, although it produces a uniform re-
gion narrower than the full beam width [9]. The remaining
non-uniform region would require collimation, reducing the
effective dose. Octupoles are most effective under strong
transverse asymmetry, and the uniform width is maximized
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Figure 7: Horizontal (blue) and vertical (green) beam radii
along the magnetic focusing system. The survey above the
plot shows the positions of all the quadrupoles magnets (red).

when the phase advance to the target is approximately n3- [9].

The quadrupoles used for mini-beam focusing can be tuned
to achieve the necessary asymmetry and phase advance.

An initial simulation in BDSIM [10], with an octupole
acting in the x-plane and positioned as shown in Fig. 6, used
a strength of K3 = —3905 m~* and produced the transverse
phase space at the end station shown in Figure 8. This
distribution achieves the target (95 + 0.5) % uniformity in
the x-plane within the predicted 1.88 cm width, capturing
55.7% of the beam.

y/ mm

Figure 8: Transverse beam profile at the end of LhARA
Stage 1 with an octupole acting on the x-axis. Red dashed
lines indicate the predicted uniform region width of 1.88 cm.

SUMMARY & OUTLOOK

The most recent updates to the LhARA accelerator design
have been presented. The Stage 1 design remains strong

with the presented efforts demonstrating LhARA’s flexibility.

Stage 2 remains the primary focus going forwards, with the

FFA magnet highlighting the excellent promise of the design.
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