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Abstract

A rapid cycling hybrid synchrotron has been proposed for
the acceleration of muons from 375 to 750 GeV. The bend-
ing in a hybrid synchrotron is created with interleaved cold
and warm dipoles; the warm dipoles modulate the average
bending field for the different particle momenta.

A key challenge for the warm dipole magnets is the ramp
rate, which is equivalent to frequencies of 400-1000 Hz.
Recently a design has been suggested which employs 6.5%
Si steel for the return yoke and FeCo for the poles. In simu-
lations the design has shown a good performance (up to 2T)
due to the FeCo and acceptable power losses by employing
SiFe with a high Si content.

The paper discusses the effect of eddy currents induced
in the laminations and hysteresis effects on the field quality.

INTRODUCTION

A hybrid synchrotron interleaves superconducting
dipoles with bipolar pulsed dipoles to rapidly vary the
average bending field as particles accelerate while keeping
that average bending field high. This is the most efficient
way known to accelerate muons to multi-TeV energies. The
short muon lifetime requires pulse periods below 1 ms for
the dipoles. The design of one hybrid synchrotron stage
is described in more detail in [1]; in [2] a general magnet
design for the warm dipoles is discussed. This magnet
design employs two different materials to optimize the core
losses while achieving a very high peak magnetic field.
In this paper we focus on the effect of the hysteresis and
eddy currents in the laminations on the field quality. Fig. 1
shows an overview of the magnet geometry.

COMPUTER SIMULATIONS

Hysteresis

To study hysteresis effects we employ the Jiles-Atherton
model [3]. The following equations are introduced in a 2D
planar transient finite element simulation (COMSOL Mul-
tiphysics!):

d_M_(l_ ) L(H+aM)-M
dH k(1 —c)sgn(H) — a (L(H +2M) — M)
(D
with
H a
L(H) = Mgy [coth (— - —)] 2)
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Figure 1: Geometry of the dipole magnet (in mm).
and .
)0 forH (L(H+aM)) <0 3)
|1 otherwise

In these equations M is the magnetization and H the mag-
netic field strength. The Jiles-Atherton model employs five
parameters to describe the hysteresis loop of a particular ma-
terial: Mg, is the saturation magnetization and a is a coeffi-
cient which can be interpreted as a measure of the coupling
between the adjoining magnetic domains. k can be related
to pinning site density and « is a parameter which is a mea-
sure of internal feedback. c is a further model parameter.
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Figure 2: Mesh of the 3D finite element model.

The simulation employs a transient solver with a time step
of about 8us to improve convergence.

Eddy Currents

The eddy currents in the yoke of the dipole magnet
are evaluated in a 3D time-harmonic simulation using
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ELEKTRA/Opera 3D?. The geometry consists of a single
lamination; boundary conditions are used to exploit symme-
try in longitudinal direction. The plane in the centre of the
model (in longitudinal direction) is set to electrical insula-
tion.

Of particular importance is the mesh in this simulation;
we employ prism elements to keep the number of elements
reasonable. In longitudinal direction the model consists of
six layers of elements as shown in Fig. 2 (b).

For FeCo we use an electrical conductivity of 2.5 MS/m;
for 6.5% SiFe the conductivity is 1.22 MS/m. We inves-
tigate the eddy currents at frequencies of 1, 50, 400 and
1000 Hz.

EXPERIMENTAL DATA

Sheet samples of FeCo (Vacoflux 48 from Vacuum-
schmelze?) and 10JNEX900 from JFE* were obtained and
measured in an Epstein frame in combination with a Hys-
teresigraph 5500. The Jiles-Atherton model was fitted to
the obtained data using a Python script in an iterative man-
ner until a good agreement was achieved. The measured
data and the fit are shown in Fig. 3 for FeCo and in Fig. 4
for SiFe.
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Figure 3: Measured hysteresis curve of FeCo. The figure
also shows the result of the fit to the Jiles Atherton parame-
ters.

Table 1: Jiles-Atherton Parameters

FeCo 6.5%SiFe
a 31 2.5
c 0.01 0.0001
k 27 22
Mg 1850000 960000
a 5%107°  2.04x107?

2 Vector Fields Simulation Software, Kidlington, UK

3 VACUUMSCHMELZE GmbH & Co. KG, Griiner Weg 37, D-63450
Hanau, Germany

4 JFE Steel Corporation, Electrical Steel Section, Tokyo, Japan
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Figure 4: Measured hysteresis curve of 6.5% SiFe. The
figure also shows the result of the fit to the Jiles Atherton

parameters.

Table 1 summarizes the Jiles-Atherton parameters for
both FeCo and 6.5% SiFe.

SIMULATION RESULTS

Figure 5 shows the hysteresis loops for both materials at two
different positions in the model, which are (0/25mm) for
FeCo and (-0.25mm/0) for 6.5% SiFe. The figure shows
that the model interprets the hysteresis data correctly.
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Figure 5: Hysteresis loops of FeCo and SiFe at two different
positions in the model.

Figure 6 shows the effect of the hysteresis on the field quality
(centre plane of the magnet, +30mm). The figure shows
that the effect of the hysteresis on the field quality is of the
order of 5x 1074, This is not prohibitive, but approaches the
required minimum field quality of 1 x 1073 for this magnet.

Due to the hysteresis the magnetic field is shifted in time
with respect to the excitation current, which is shown in
Fig. 7. The figure compares the field in the centre of the
magnet with a pure sinusoidal function; as shown, the hys-
teresis shifts the magnetic field by about 10 ps.
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Figure 6: Field quality on the centre plane at peak field
(B=1.5T).
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Figure 7: Magnetic field in centre of magnet in comparison
to a pure sinusoidal function.

The result of the eddy current simulations are shown in
Fig. 8. The figure shows the field quality AB/ By on the cen-
tre plane across the region of interest (=30 mm) for different
frequencies at 1.5T. As shown, the results at 1 Hz and 50 Hz
are identical, which indicates no significant effect of eddy
currents. At 400 Hz a small change of 0.5 x 107> can be
observed. At 1000 Hz the field quality changes by 2 x 107>.
The maximum observed attenuation of the field in the gap
due to the eddy currents was 2 mT.

CONCLUSION

In this paper we investigated the impact of hysteresis ef-
fects and eddy currents on the field quality of a dipole mag-
net for a hybrid synchrotron. The magnet employs FeCo for
the pole and 6.5%SiFe for the rest of the yoke.
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Figure 8: Field uniformity in the mid plane due to the eddy
current losses as function of the frequency.

The analysis shows that both have an effect on the field
quality. The impact of hysteresis effects on the field quality
is on the order of 5 x 107 for a field of 1.5T. The effect
of eddy currents is about one order of magnitude smaller;

this applies to laminations with a thickness of 100 um and
frequencies of 1 kHz or less.

Both eddy currents and hysteresis affect the field quality
to less than 1 x 1073, which is the required minimum field
quality.

Hysteresis effects also lead to a shift of the magnetic field
with respect to the excitation current by about 10 us. This
time shift needs to be considered for accelerator operation.
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