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Abstract
Fixed Field Alternating gradient (FFA) accelerator is an

option as a proton driver for the next generation spallation
neutron source (ISIS-II). To demonstrate FFA suitability for
high intensity operation, a 3 to 12 MeV proton prototype ring
is planned at RAL, called FETS-FFA. The main magnets
are a critical part of the machine, and several characteristics
of these magnets require development. First the doublet
spiral structure has never been designed before, and the es-
sential feature of operational flexibility in terms of machine
optics requires a wide range of changes for the field gradi-
ent. Finally, control of the fringe field is a challenge both
mechanically and from the nonlinear optics point of view.
This paper will discuss the design of the prototype magnet
for FETS-FFA ring.

INTRODUCTION
A major upgrade of the ISIS facility [1], called “ISIS-II”,

is under study and a roadmap has been established [2]. One
of the considered options for the proton accelerator is the
use of FFA (Fixed Field alternating gradient Accelerator).
This arrangement has several advantages. First, it brings
longitudinal flexibility and so allows beam stacking [3]. It
is also more reliable, and more sustainable from an energy
consumption point of view, as a whole accelerator system
since the main magnets are operated in DC mode. Third,
as long as acceleration voltage is sufficient, high repetition
rate (more than 100 Hz) can be achieved. However, no high
intensity pulsed FFA has been built so far. An FFA test ring
called FETS-FFA is proposed [4] to confirm these features
experimentally and to build engineering experience, using
the 3 MeV beam from RAL’s R&D injector, FETS [5]. As
a critical part of the hardware a magnet prototype is being
designed. Essential features for this magnet are

• zero-chromaticity during acceleration,

• dynamical aperture larger than physical aperture to
avoid uncontrolled losses,

• flexibility in terms of tune point to allow different oper-
ation as a function of intensity.

The scaling law keeps zero-chromaticity during acceleration
by following the equation

𝐵𝑧 = 𝐵0 ( 𝑟
𝑟0

)
𝑘

ℱ (𝜃 − tan 𝜉 ln ( 𝑟
𝑟0

)) (1)
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with 𝐵0 the field at the reference radius 𝑟0, 𝜉 the logarithmic
spiral angle, 𝑘 the constant geometrical field index and ℱ
the arbitrary longitudinal function. Other solutions can be
used to retain the zero-chromaticity of the lattice [6].

A reverse bend magnet (D-magnet) is included to allow
a change in vertical tune, while the 𝑘-value must be able to
vary to change the horizontal tune. It leads to large change
of beam excursion as seen in Fig. 1, that needs to be taken
into account in the magnet design. Two solutions are under
study, with a fixed injection radius and a fixed extraction
radius. So far, the magnet prototype study only investigated
the fixed extraction option.
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Figure 1: Closed orbits (3 MeV in purple, 12 MeV in red) in
the lattice for different tune points. The average extraction
closed orbit is fixed at 4.42 m.

MAGNET SPECIFICATIONS
The magnet specifications are presented in Table 1. They

are based on the 16-fold symmetry lattice design of the
prototype ring [7].

The lattice design computes a maximum vertical beta-
function at injection of 1.85 m, corresponding to a vertical
beam size of 34.1 mm for a normalised 50 𝜋 mm.mrad emit-
tance. Considering a 5 mm thick vacuum chamber, it leads to
a vertical gap of ±40 mm. The horizontal magnet excursion
is computed from orbit excursion between 3 and 12 MeV
for different tune scenarios, as presented in Fig. 1 and a
maximum horizontal beta-function of 2.6 m and 2.9 m at
injection and extraction, respectively.

While the average extraction design radius is fixed at
4.42 m, the maximum outer radius of the machine would
be around 4.7 m to fit the ring in the planned building at
RAL, which does not leave enough space for a return yoke
on the outside of the ring. A C-type magnet is thus chosen
to overcome this issue.
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Table 1: Magnet Specifications

Cell type FD spiral
Number of cells in the ring 16
Cell opening angle 22.50 deg.
Spiral angle 45.0 deg.
k-value range (central scenario) 6 – 11 (8)
Injection, Extraction proton energy 3, 12 MeV
F Magnet opening angle 4.50 deg.
D Magnet opening angle 2.25 deg.
Short drift opening angle 2.25 deg.
Full gap size 80 mm
Good field region excursion 580 mm
Maximum vertical field in GFR 1 T
Fixed average extraction radius 4.42 m

No overlap

Overlap

Figure 2: 2D model of no overlapped (top) and overlapped
(bottom) trim coils.

MAGNET MANUFACTURING OPTIONS
Several options were considered for the manufacturing

of the magnet, and 2D study was done to investigate them
using the COMSOL [8] and OPERA [9] software. The
conventional way to create the gradient of the combined
function magnet is by shaping the pole. Another solution is
by having a flat pole covered with trim coils powered with
different currents. Due to the fact that the 𝑘-value has to be
flexible, the use of trim coils is necessary in any case in this
project, even if the required power of these trim coils will
be smaller if a pole shape is used. In addition to that it was
found that the total power consumption of the F magnet is
comparable or lower for a flat-pole with trim coil than for
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Figure 3: Field error along the radius line in the 2D model
after current optimisation for no overlapped (purple) and
overlapped trim coils (red).

Figure 4: 3D model of overlapped trim coils for a single
magnet.

a pole-shaped magnet for small gradient (𝑘 ≈ 8). This is
due to the higher averaged gap that the main coil sees in
the pole shape option, increasing the power consumption
compared to an equivalent main coil in the flat pole option.
The number of trim coils was chosen to be 10 since it was a
good balance between the number of coils and the achievable
field error.

A third solution was considered, using anisotropic inter-
pole [10]. This solution presents an advantage regarding
fringe field extents compared to pole shape magnets, and
plays the role of a low-pass filter in the case of discrete trim
coils. However, the maximum field is limited since the inter-
pole will saturate easily. It was found that overlapped trim
coils as presented in Fig. 2 could dampen the high orders
oscillations due to the finite number of trim coils. Indeed the
field error shown in Fig. 3 for equivalent cases is reduced by
a factor 5 with overlapped trim coils compared to without
overlapped coils (with an iron shape not optimised at larger
radii).

We decided to choose a flat pole with overlapped trim
coils since the field quality shown was satisfactory, it eases
the future optimization of the fringe field extents, and it
speeds up the project by removing the design of a pole shape
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magnet. The field quality of the solution with overlapping
trim coils made the anisotropic inter-pole not required. A
3D model made in COMSOL of a single magnet with these
specifications was successfully computed and is presented
in Fig. 4.

Figure 5: Preliminary 3D model doublet in COMSOL to
study fringe fields A top view of the model is shown in the
top right corner.

3D PRELIMINARY DESIGN
Dynamic aperture is mainly limited by the octopolar com-

ponent of the field in the fringe field [11], so careful study is
needed to check that the proper parameters of the lattice are
chosen for our purpose. The first design was done with Enge
fringe field model [12] with linear polynomial (equivalent
to tanh), with constants taken from the Raccam project [13].

The trim coils have been chosen to be 20 mm thick, lead-
ing to a full iron pole gap of 120 mm. This gap is a major
parameter for the fringe field extent of the magnet, and 3D
preliminary magnetic model of the doublet was built to study
the fringe field model. In this model with no trim coil and
built in COMSOL (see Fig. 5), field profiles along constant
radii have been calculated. These field profiles show that
the linear Enge model used in the original lattice design
was a poor fit compared to an Enge model up to the third
order, especially for the F magnet. An example of these fits
is presented in Fig. 6. The lattice design was thus shifted
to a third order Enge model to match a more realistic fringe
field behaviour.

CONCLUSION
A roadmap for research, design and construction of a next

generation, short pulse neutron source, ISIS-II, has been
established. To demonstrate the feasibility of FFA as a high
power pulsed proton driver, a prototype ring is planned at
RAL. As part of this project, a magnet prototype is designed
to meet the requirements of the ring. Several manufacturing
options were investigated, and a flat pole with 10 overlapped
trim coils was chosen. This choice was made to satisfy
the required field quality while keeping the tight schedule
of the project. Moreover, the total power consumption is
comparable to a pole shape magnet for our application.
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Figure 6: Fits of the vertical field profile along the cell in
the preliminary field model at a constant radius of 4.087 m
with linear Enge model (dotted green) and with Enge model
up to the third order (black).

The numerous and complex coils makes the use of COM-
SOL for the doublet case a difficult task, with a necessary
RAM of more than 128 GB. The next step is thus to imple-
ment the doublet magnet in OPERA 3D with the trim coils
to investigate the addition of field clamps on the outside of
the doublet. A mechanical design is planned and the man-
ufacturing of the prototype is intended by the end of 2024.
A more detailed publication on this work is planned in the
near future.
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