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Magnet specifications

Scaling spiral FD doublet magnet

3 - 12 MeV proton energy range

Minimum full gap height: 80 mm

k-value: 6 - 11 (Central scenario: k=8)

Spiral angle: 45 deg

Max magnetic field in the good field region ~0.8 T

Magnet length at r=4 m: 31 cm (F), 15 cm (D), 15 cm between F and D
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Beam excursion

To accommodate 3 to 12 MeV protons, the excursion is going to vary for 
different k-values.

k=6: 45 cm excursion

k=8: 35 cm excursion

k=11: 27 cm excursion

Need to fix a point (injection, extraction?)
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Trim coils

Flat sheet of trim coils below the pole

Necessary to tune the k-value
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Moreover, the gap shaping solution has shown 
limitation at smaller radii and so large gaps. This would 
be even more difficult with a greater energy extent that 
would require greater gaps at low energy. 

We have so decided to explore the solution of parallel 
gap with distributed conductors for the field law 
generation. 

 

 
Figure 3: Tunes for various gap shapes in the model 
FFAG-spi [5]. 

DISTRIBUTED CONDUCTORS 
Magnet Parameters 

Main parameters are listed in table 1. The gap has been 
determined as the sum of the  useful gap for the beam 
(30mm) plus the conductor dimension (2x5mm) and 1mm 
of play in between. As it requires large current densities 
the conductor has been chosen with a cross section of 
5mmx15mm. 

The number of conductors has been set to 40, a 
sufficiently large number to lower field fluctuations in 
between conductors to an acceptable level [6]. 

 
Table 1: Main Magnet Parameters 

spiral angle (°)  53.7 
field index coefficient  5.15 
number of conductors  40 
maximum field (T)  1.7 
radius of maximum field (mm)  3300 
gap between conductors (mm)  32 
physical gap (mm)  44 
conductor height (mm)  5 
conductor width (mm)  15 
minimum pole radius (mm)  2610 
maximum pole radius (mm)  3610 

 
2D Calculation 

A first model has been done in 2D (Fig. 4) to get the 
initial input of the 3D model. The field law is created by 
distributed conductors on the pole. A main coil is also 
added to contribute to the constant field generation.  

An iterative procedure has been used to determine the 
set of currents to achieve the required magnetic law.  A 
first attempt has been done by linking directly the field to 
the current of the corresponding conductor. As the effect 
of a conductor is seen at every radius, it was very difficult 

to converge. A new scheme has been used by linking the 
current to the local field derivative. 

The current law is shown in Figure 5 with a maximum 
of about 1600A in the last conductor. This important 
current density creates a high saturation in the yoke of 
more than 2T. The total ampere-turns needed are 
46000At, 60% more than in the gap shaping solution. 

 

 
Figure 4: 2D model. 

 

 
 

Figure 5: Current law. 
 

3D Calculation 
The previous current distribution law has been 

introduced in a 3D model (Fig. 6). In this case we have 
considered a constant chamfer of 20mm at 45°. As the 
saturation (Fig. 7) between 2D and 3D is different few 
iterations have been necessary to achieve the required 
field law (Fig. 8). The fringe field length can then be 
calculated.  

The figure 9 shows the variation of fringe field with 
machine radius. They decrease from 664mm to 865mm. 
In the case of the gap shaping magnet the maximum 
fringe field was about 734mm.The variation with radius 
of 201mm should be compared to the gap shaping case 
where it was 222mm. We were expecting a much smaller 
variation than the gap shaping case and we find about the 
same. 

 
Figure 6: 3D model. Distributed conductors in red, main 
coil in yellow. 

Proceedings of PAC09, Vancouver, BC, Canada FR5REP095

Low and Medium Energy Accelerators and Rings
A12 - Cyclotrons, FFAG 5003

D. Neuvéglise, PAC09, FR5REP095 

Taylor series around r0:

Valid also for k1=0 (flat pole)
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Figure 11 - Conceptual diagram showing effect of return trim coil current on the trim field offset 
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Number of trim coils

Flat sheet of trim coils across the pole. 

Reasonable minimum number of trim 
coils (>12) to achieve sufficient field 
quality after numerical optimisation.
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Results and Conclusions 
The same approach was followed for each magnet concept. The number of trim coils along the pole 
was varied to study its effect on performance/error and efficiency. At each design point the trim coil 
currents were optimised for three field-index working points, k = 6, 8, 1129. 

Dipole with Pole-Faced Trim Coils 
Figure 22 shows that more trim coils along the magnet pole gives better control of the field profile, 
thus reducing error. Higher field-indexes translate to smaller radial excursions which means that 
there are effectively fewer trim coils covering the good field region (between rinj and rextr). For that 
reason error increases with k. 

 

Figure 22 - Magnetic field error vs the number of trim coils along the pole face 

Using the Taylor series approximation method, error is between 1-10% for all design points. The 
(local) numerical optimiser then fine tunes each trim coil current reducing the error to between 0.1-
1% (only applies to k=830). Note that the error appears to converge on approximately error=2e-4 
when there are 12 or more trim coils. It is not clear whether this flat-lining is physical or the result of 
numerical simulation error. 

Conductors are typically rated to a given current density so it is useful to know what the maximum 
value will be in the trim coils (see Figure 23). It is interesting to note that the difference between the 
results from each method (approximate Taylor series method and numerical optimiser) is small – 
especially as the number of conductors increases. Looking at the underlying data, the optimiser only 
needs to finely adjust individual trim currents within ±3% to minimise the magnet error. This tells us 
that the Taylor series approximation method is fundamentally well suited to setting the trim coils 
currents (for this magnet concept at least). 

                                                           
29 All three were approximated using the Taylor series approach (see steps 1 to 3). To save computing time, 
only the k=8 working point was further optimised using a numerical optimiser (step 4). 
30 JB advised that this is the most common use case. Therefore, only k=8 was optimised numerically because 
the simulations are time consuming. 
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Manufacturing options

Pros:

Easier (faster) to design

Better control of fringe field 
with radius

Cons:

Less energy efficient

Stronger trim coils
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Pros:

Energy efficient

Small trim coils

Cons:

Gap shape opposite of fringe 
field extent 

Pole shape to optimise (longer 
design)

Flat pole Shaped pole
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Pole shape solution k=6
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Pole shape solution k=8

8

Main coil current adjusted for B(428.1 cm)=0.7574 T
12 trim coils used (max density 2.6 A/mm2)
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Pole shape solution k=11

9

-9000

-8500

-8000

-7500

-7000

-6500

-6000

-5500

-5000

-4500

 400  405  410  415  420  425 -0.3

-0.25

-0.2

-0.15

-0.1

-0.05

 0

 0.05

 0.1

 0.15

B
z 

[G
au

ss
]

er
ro

r [
%

]

r [cm]

Theory
POISSON

error [%]

Main coil current adjusted for B(428.1 cm)=0.9285 T
10 trim coils used (max density 8 A/mm2, bad 
optimisation?)

MC: 50 kA
Trims: 13 kA



JB Lagrange

Flat pole solution
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Figure 23 - Maximum current density vs number of trim coils 

The results show that for the optimised k=8 tune configuration the peak trim coil current density is 6 
A/mm2. This is high but not infeasible for a normal conducting coil. It might also be reduced by: 

1. Optimising the crossover radius so that it is not necessarily at the pole midpoint; 

2. Testing different trim coil heights. There is a trade-off between a larger trim cross section 

and an increased pole gap which requires more current to generate the same field strength.  
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Approach 
Two studies on different magnet concepts were carried out in parallel. In each the trim coil currents 
are optimised for multiple ISIS-II hFFA transverse-tune configurations to determine the minimum 
field error the concept is capable of achieving. The two concept designs are: 

1. A dipole magnet with a single set of pole-faced trim coils (see Figure 20) 
2. A flat-pole magnet with anisotropic inter-pole and single set of trim coils (see Figure 21) 

 

Figure 20 - Opera 2D model of a dipole magnet with pole-faced trim coils 

 

Figure 21 - Dipole magnet with anisotropic inter-pole 

The optimisation takes place in multiple steps, most requiring many simulations: 

1. The main dipole field coil current is optimised 
 This corrects for the reluctance of the magnetic yoke 
 See “Optimising the Main Dipole Current”, page 16 

2. Each trim harmonic is approximated individually using the Taylor Series Method 
 For this step the dipole coil is switched off 
 The current scalar is optimised to find the best fit coefficient 
 See “Approximating Trim Coil Currents”, page 5 

3. Sum the dipole and individual trim harmonics to evaluate the approximate field profile 
 At this point the magnetic field error can be evaluated 

4. Optimise the individual trim coil currents to minimise error 
 A local optimiser is used for this step 
 The final ‘best effort’ field error is then evaluated 
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Anisotropic iron

Concept from Y. Iwashita (2004) 

2 advantages:

Control the extent of fringe field 
(scaling law)

Low pass filter for discrete 
number of trim coils
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Y. Arimoto, Nuclear Physics B, 149 (2005) 277–279 
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Figure 1. Top view of the PRISM-FFAG magnet.
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Figure 2. Cross section view of the F magnet.

C type yoke which enables injection or extrac-
tion of the beam on the outside of the PRISM-
FFAG ring. The field gradient is produced by a
slanted main pole. The magnetically anisotropic
interpole is located below the main pole and gen-
erated by alternatively laminating ferromagnetic
and non-magnetic material along the r axis. In
these calculations, the packing factor of ferromag-
netic material is set to 0.5; the pitch of the lam-
ination is assumed to be infinitesimal. In case
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Figure 3. k + 1 value and F/D ratio evaluated
from BL integral for the NIP type magnet (left)
and the IP type one (right).

0

0.5

1

0 2 4 6 8
θ ( Degree )

N
or

m
ar

iz
ed

 B
z

r=590 cm
r=610 cm
r=630 cm
r=650 cm
r=670 cm
r=690 cm
r=710 cm

z = 10 cm

0 2 4 6 8
θ ( Degree )

r=590 cm
r=610 cm
r=630 cm
r=650 cm
r=670 cm
r=690 cm
r=710 cm

z = 10 cm

Figure 4. Normalized Bz vs θ at z = 10 cm for
the NIP type magnet (left) and the IP type one
(right).

of the non-inter pole type magnet, the gap is re-
duced by 10 cm, equal to the thickness of the
inter-pole along the z-axis.

The main pole gradients are adjusted so that
k+1 value of 5.6 and F/D ratio of 6.1 can be ob-
tained for the non-interpole (NIP) type magnet
and the interpole (IP) one in the TOSCA calcu-
lation. Fig. 3 shows calculated k + 1 values and
F/D ratio for BL integrals plotted as a function
of r. Here, F/D is the ratio of BL integral of
the focusing component to that of the defocus-
ing component. The closed circles are the k + 1
values of F component; the open circles are that
of the D component; the open squares are F/D
ratio. The left figure shows results of the NIP
magnet and right one shows that of the IP one.
The target values are obtained for both magnets
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of the non-inter pole type magnet, the gap is re-
duced by 10 cm, equal to the thickness of the
inter-pole along the z-axis.

The main pole gradients are adjusted so that
k+1 value of 5.6 and F/D ratio of 6.1 can be ob-
tained for the non-interpole (NIP) type magnet
and the interpole (IP) one in the TOSCA calcu-
lation. Fig. 3 shows calculated k + 1 values and
F/D ratio for BL integrals plotted as a function
of r. Here, F/D is the ratio of BL integral of
the focusing component to that of the defocus-
ing component. The closed circles are the k + 1
values of F component; the open circles are that
of the D component; the open squares are F/D
ratio. The left figure shows results of the NIP
magnet and right one shows that of the IP one.
The target values are obtained for both magnets
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No inter pole with inter pole 
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Fringe field fall-off

Fringe field extent used in field model 
for lattice design to be confirmed in 3D 
magnet design

Dynamic aperture limited by octopole 
component in fringe field

Need to control fringe fields, not only 
from integral of the fields but also from 
harmonic analysis
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Scaling FFA
• exp(mr) field in vertical or r^k field in horizontal can satisfy the condition.

• It is a remarkable finding (idea of scaling FFA)!
• Not only focusing strength (quadrupole), all the multipoles scale with momentum (Chris Rogers).

• However, this is only a part of the whole story.
• Fringe fields plays the essential role.

• Unlike synchrotron, we do not know 
multipoles strength along the orbit 
until we find the orbit.
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Ring size

Reasonable outer radius of FETS-FFA 
would be 4.7 m to fit in building R9.

At the moment with the H-type magnet, 
the outer radius is ~5 m.

 2 solutions to overcome the issue:

C-type magnet (magnet design)

Reduce extraction radius (lattice design)
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Summary

Magnet prototype to be completed by 2025

2D study almost finished

3D model in OPERA-TOSCA to be started soon
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