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Abstract
LhARA, which stands for “Laser-hybrid Accelerator for

Radiobiological Applications”, is a novel and flexible facil-
ity dedicated to research in radiobiology. A proton beam
of energy up to 15 MeV can be produced by a laser driven
source, the beam then enters a Fixed Field Alternating (FFA)
gradient accelerator for acceleration to produce a variable ex-
traction energy between 15-127 MeV. To avoid uncontrolled
beam loss, the operational tune was picked carefully to avoid
resonances. The magnetic field must be adjusted to ensure
that the tune stays at the same working point for different
energy ranges. The FFA ring uses combined-function spiral
magnets, which create a radial magnetic gradient through
distributed conductors wrapped around the pole, each car-
rying a different current. A three-dimensional study was
carried out in OPERA 3D and the parameters of the magnet
were optimized. The results showed that resonances up to
fourth order were avoided for the entire range of acceleration
for different operational energies.

INTRODUCTION
The Laser-hybrid Accelerator for Radiobiological Appli-

cations (LhARA) is an innovative and versatile facility de-
signed specifically for radiobiology research [1]. It produces
a proton beam through laser-driven interactions, which is
then captured by a Gabor lens [2]. The facility’s design
includes two stages: a proton beam up to 15 MeV can di-
rectly enter a low-energy in-vitro end station or be redirected
through an injection line into a Fixed Field Alternating (FFA)
gradient accelerator for further acceleration. A more detailed
description of the whole facility can be found in [3]. The use
of fixed field magnets means that acceleration can proceed
as rapidly as the RF cavities permit. The FFA also supports
variable extraction energy; proton beams from 15 MeV to
127 MeV can be produced. The ability to produce variable
energy, high repetition rate, and ultra short beams allows
LhARA to investigate a wide spectrum of radiobiological
effects. In order to avoid beam loss, the magnets must meet
the following requirements:

• Zero chromaticity during acceleration (constant tune)

• Constant working tune point for different energy ranges

• Sufficient physical and dynamical apertures

MAGNET SPECIFICATIONS
The FFA ring is composed of ten identical cells; each

featuring a single combined-function spiral magnet with
∗ tk1218@ic.ac.uk

nonlinear magnetic gradient radially providing focusing in
the transverse plane. The entrance and exit faces of the
magnet form a spiral from the machine centre, creating a
non perpendicular angle between the magnetic pole and the
orbits. This provides additional focusing and defocusing
actions through edge focusing; therefore strong focusing is
realized without a reverse bending magnet, minimizing the
circumference of the machine.

The magnetic field profile is achieved through a combina-
tion of distributed conductors: a main coil, and 18 trim coils.
The main coil, wound around the pole, produces a uniform
dipole field. The trim coils cross the pole face and return
toward the pole’s outer radius as shown in Fig. 1; they are
individually powered to generate the necessary field gradient.
The trim coil returns are designed to maximize power effi-
ciency, with their magnetic fields contributing constructively
to the main dipole field. To minimize field errors, the trim
coils are arranged in two overlapping layers on the pole face.
This configuration has been shown to reduce magnetic field
errors by a factor of five compared to a non-overlapping
arrangement [4]. The current settings can be adjusted to
accommodate different energy ranges while maintaining the
same field index 𝑘 in order to be at the same working tune
point.

Figure 1: (Top) Opera-3D model showing a piece of trim
coil wrapped around the pole. The trim coil crosses the
pole face and returns around the side of the pole. (Bottom)
Upper half of the magnet with all the coils. The centre of
the machine is towards the right of the image

The LhARA FFA magnet is an H-type magnet with 50 mm
thick clamps added on either side all connected via a com-
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mon iron yoke. This configuration was found to better con-
tain the fringe fields than having separate clamps. The pa-
rameters of the magnet are listed in Table 1.

Table 1: Parameters of the magnet

Cell type Spiral
k value 5.23
spiral angle (deg) 53.9
Magnet opening angle (deg) 12.24
Full gap size (mm) 96
Minimum radius of the pole (mm) 2770
Minimum orbit excursion (mm) 2880
Maximum radius of the pole (mm) 3740
Maximum orbit excursion (mm) 3530
Target horizontal ring tune 2.79
Target Vertical ring tune 1.17

PROCEDURE
A constant tune can be achieved using non-scaling mag-

nets [5], but scaling magnets offers operational simplicity.
Optimizing the magnet for a single energy level naturally ex-
tends across the entire acceleration range. This is especially
beneficial for variable energy extraction, where uniform be-
havior across different energy ranges is essential. The goal
is to ensure that the integrated magnetic field 𝐵𝐿 along the
midplane adheres to the scaling law:

𝐵𝐿 = 𝐵𝐿0 ( 𝑟
𝑟0

)
𝑘+1

(1)

where 𝑟0 is the reference radius chosen and 𝐵𝐿0 the inte-
grated magnetic field at that radius.

The integrated field 𝐵𝐿 is defined as:

𝐵𝐿(𝑟) = ∫ 𝐵(𝑟, 𝜃)𝑟𝑑𝜃 (2)

where 𝑟 and 𝜃 are cylindrical coordinates. An example of
how 𝐵(𝑟, 𝜃) varies with 𝑟 and 𝜃 is shown in Fig. 2.

The field index k is defined as:

𝑘(𝑟) = 𝑟
𝐵𝐿(𝑟)

𝜕𝐵𝐿(𝑟)
𝜕𝑟 − 1 (3)

Both the field index 𝑘 and the spiral angles 𝜁 of the field
should be kept as constant as possible. The spiral angles are
calculated using the angle of the centre of moment, 𝜃𝐶𝑂𝑀
on the longitudinal gradient of the field along a constant
radius.

𝜃(𝑟)𝐶𝑂𝑀𝐸𝑛,𝐸𝑥
=

∫ 𝜕𝐵(𝑟,𝜃)
𝜕𝜃 𝜃𝑑𝜃

∫ 𝜕𝐵(𝑟,𝜃)
𝜕𝜃 𝑑𝜃

| 𝜕𝐵(𝑟,𝜃)
𝜕𝜃 <0, 𝜕𝐵(𝑟,𝜃)

𝜕𝜃 >0 (4)

The sign of edge focusing at the boundaries of the mag-
net are opposite; defocusing and focusing in the horizontal
plane for the entrance (En) and exit (Ex) side of the magnet

Figure 2: Azimuthal field profile at different radius on the
midplane for the highest extraction energy case (127 MeV).
At higher radii the flat top of the field is distored due to
saturation effects.

Figure 3: Azimuthal field gradient at a constant radius on
the midplane. Using where the gradient crosses zero as a
boundary, the integrals can be split into two sections: en-
trance and exit of the magnet

respectively. 𝜃𝐶𝑂𝑀 is calculated separately with boundaries
shown in Fig. 3.

The spiral angles can then be calculated as:

(r)En,Ex = arctan (𝑟
𝜕𝜃(𝑟)C𝑂𝑀En,Ex

𝜕𝑟 ) (5)

RESULTS
Two different energy ranges were investigated. The maxi-

mum energy case: 15 MeV injection energy accelerated to
127 MeV and a lower energy case: 7 MeV injection energy
accelerated to 57 MeV. After optimization, the final values of
the 𝑘 index and spiral angles 𝜁 were calculated and shown in
Fig. 4 and Fig. 5 respectively. The oscillations in the results
are due to the discretizations of the trim coils, the amplitude
of the oscillations cannot be decreased by further optimiz-
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ing the current settings. 3D field maps were obtained and
tracked in Fixfield [6], the ring tunes were plotted against
resonances up to fourth order as shown in Fig. 6.

Figure 4: Field index 𝑘 of the magnet for two different energy
ranges.

Figure 5: Spiral angles of the magnet. The exit spiral angle
decreases at large radii due to saturation effects.

Figure 6: Ring tune variation of two energy ranges. The
working tune points overlap and avoid any resonances up to
the fourth order.

CONCLUSION
To demonstrate the ability to produce variable extrac-

tion energies, two separate energy ranges with 57 MeV and
127 MeV extraction energy respectively were investigated.
The current settings have been optimized to keep the inte-
grated fields as close to the scaling condition as possible
with the same field value 𝑘; while scaling 𝐵𝐿0 to accommo-
date different energy ranges. The ring tune variation of the
LhARA FFA is already shown to be small enough to avoid
resonances up to fourth order for the energy ranges stated
above.

Further work will be done on reducing the fringe field
extent variation to further reduce the tune spread, allowing
a greater margin of error. The performance of the ring will
also be confirmed for the full extraction energy range (15-
127 MeV). Finally, a study at different energy ranges is
needed to check that the dynamic aperture is sufficient for
machine operation.
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