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Abstract

To measure spin precession in ultra-precise magnetic
fields, a method for three-dimensional spiral beam injec-
tion has been developed. For example, a muon beam with
a momentum of 300 MeV/c must be confined within a con-
trolled storage region (radius 33.3 + 1.5 cm, height £ 5 cm)
in a solenoid-type storage magnet (central magnetic flux den-
sity 3 T) based on medical MRI technology, with the local
magnetic field variation controlled to be less than 0.1 ppm.
A vertical kick by magnetic field is required to suppress
the motion in the axial direction of the solenoid, and trial
calculations have shown that a pulsed magnetic field can be
excited by applying a pulsed current with a half-sine wave-
form (peak current 1 kA, pulse width 120 ns, frequency
25 Hz) to a kicker coil with a radius of 37 cm and a height
of 10 cm. Generating a magnetic field using an extremely
fast pulsed current requires a calculation method that takes
into account the transient response on the conductor surface,
with a skin effect of approximately 35 um. In this presenta-
tion, we will apply the OPERA model to the geometry of the
current kicker field generating conductor, and discuss the
modeling by practicable mesh on the conductor surface and
the evaluation of the time-space distribution of the generated
kicker field. In addition, we will also discuss the model cal-
culation method including the wall of the vacuum chamber
around the kicker device.

INTRODUCTION

In this paper, we focus on the kicker system designed to
control the longitudinal motion along the solenoid axis while
maintaining a circular orbit with a radius of 0.33 m, and to
confine the beam within the effective magnetic field region
(weak focusing potential) of the solenoidal magnet. A key
feature of the kicker system is that the conductor carrying
the pulsed high current covers the entire storage orbit. By
placing an axially symmetric kicker coil conductor inside an
axially symmetric solenoidal magnetic field, an axisymmet-
ric pulsed magnetic field is generated. This configuration
ensures that the beam is naturally confined to an axisym-
metric orbit, leading to highly stable beam motion during
storage. The overall concept of the three-dimensional spi-
ral injection is shown in Fig. 1 and described in Ref. [1].
Details of superconducting storage magnet design and field
calculation method are given in Refs. [2] and [3].
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Figure 1: Schematic view of the solenoidal storage magnet
and beam injection configuration.

BEAM DYNAMICS DURING THE KICK

Figure 2 shows the longitudinal motion of 1000 particles
injected with optimized beam shaping and tracked under the
kicker field. The trajectory is sampled every 10 ps (1000
slices correspond to 10 ns). After the kick, 974 particles
are confined within |z| < 0.05 m, demonstrating efficient
longitudinal confinement. Details of phase space matching,
so-called a strong X-Y coupling, for the three-dimensional
spiral injection is described in Ref. [4].
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Figure 2: Longitudinal motion of 1000 particles during and
after the kicker, showing confinement along the solenoid
axis.

Vertical Phase Space

Figure 3 shows the longitudinal phase-space motion along
the solenoid axis. The gray curves represent 200 trajecto-
ries, and the colored filamentary structures correspond to se-
lected slices of 1000 trajectories. The kink structure around
0.2<z<0.5 m originates from the focusing effect of the kicker
field. Since the solenoidal field provides strong radial fo-
cusing but weak control in the longitudinal direction, the
kicker field is required to suppress the beam spread during
injection. This enables efficient capture of the beam into
the weak focusing potential, defining the primary role of the
kicker system.
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Figure 3: Longitudinal phase-space distribution illustrating
the filamentary structure and focusing by the kicker.

Conservation of Eigen Emittance

The kicker induces a non-adiabatic perturbation, leading
to a temporary deviation from symplectic transport. How-
ever, the eigen-emittances are not strictly conserved during
the kick, indicating a transient mode transition. Figure 4
shows the evolution of the eigen-emittances and correla-
tion coefficients during the kicker. At each slice, the co-
variance matrix is constructed from 1000 particles in the
six-dimensional phase space, and the corresponding eigen-
emittances are evaluated as a function of slice. The corre-
lation components derived from the covariance matrix are
also shown. As a result, the eigen-emittances are not strictly
conserved during the kick, indicating a transient mode tran-
sition. After the kick, the beam motion becomes stable and
the phase-space structure is reorganized. The calculation
method for the covariance matrix and eigen-emittances is
described in Ref. [5].
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Figure 4: Evolution of eigen-emittances and correlation
coefficients during the kicker.

Figure 5 shows enlarged views of the correlation coeffi-
cients p during the kicker and in the storage region. The
rapid variation of p during the kick indicates a transient
reorganization of the phase-space. In contrast, the regular
oscillation observed in the storage region corresponds to a
coherent rotation of the phase-space distribution. This is

consistent with the filamentary structures in the time-slice
representation, where the beam distribution forms a rotating
“string-like” pattern.
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Figure 5: Enlarged views of correlation coefficients showing
phase-space reorganization and coherent rotation.

Beam Transport Matrices and Symplecticity

Figure 6 shows ||[AM] and |AC| along the trajectory.
While the eigen-emittances are approximately conserved, the
transport is not strictly symplectic. Here, AM = MTJM —
J quantifies the deviation from symplecticity, and AC repre-
sents the affine contribution. Both quantities remain stable in
the storage region, indicating stable beam dynamics. Details
are given in Ref. [5].

— A M]|
—liacl

residual norm

‘ ‘10 06 = éO Ud = ‘30 06 = f‘lO 06 = él] Dd = éO 00
slice
Figure 6: Residual norms of transport matrix and affine

components indicating deviation from symplecticity.

These results show that, when the injection parameters
are properly matched to the magnetic field configuration, an
ideal phase-space mode transition and stable storage motion
can be realized in the designed field, as demonstrated by the
calculation.

In practice, however, imperfections such as distortions of
the magnetic field symmetry and deviations of the kicker
current from the ideal waveform must be evaluated. This
highlights the importance of accurately modeling the tran-
sient response of the kicker system.

The latter part of this paper focuses on the kicker coil
geometry and the transient response of the pulsed current,
and reports the current progress in evaluating the resulting
distortions in the magnetic field distribution. Further details
on the kicker current are given in Ref. [6].

KICKER

Figure 7 shows the kicker coil configuration together with
a prototype model and its representation in the OPERA-
3D simulation [7]. To evaluate the transient response of
the pulsed current, the conductor must be modeled with an
appropriate mesh size, particularly near the surface where
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Figure 7: Kicker coil configuration, prototype, and OPERA-
3D simulation model with surface-refined mesh.

the current distribution is strongly affected by the skin effect.
Therefore, a refined tetrahedral mesh is applied in the near-
surface region.

As the spatial field distribution is made closer to that of
the actual device, the coil geometry becomes increasingly
complex, requiring transient analysis based on the finite
element method. In particular, transient simulations for
a coil with a radius of 0.36 m driven by a fast pulse of
120 ns are not common, and the validation of the calculation
itself becomes an important issue. In this study, a kicker
coil model including the current input and output paths is
constructed, and the reliability of the calculated magnetic
field and its impact on beam injection are evaluated.

Transient Study for Skin Depth

The transient current distribution is governed by the skin
effect, where the current decays exponentially from the con-
ductor surface as I(R)=[, exp(—R/&). The skin depth is
estimated to be about 32 pum for a pulse width of 120 ns
(~4 MHz). The transient response on the conductor surface
is evaluated using a tetrahedral mesh model.

Figure 8 compares the OPERA-3D simulation results of
the kicker coil for slow (120 ms) and fast (120 ns) currents.
In the 120 ns case, the skin effect causes the current to con-
centrate at the conductor surface, whereas in the 120 ms case
the current is distributed throughout the conductor volume.
This difference in current distribution leads to a clear change
in the magnetic field profile at a given location as shown in
Fig.9. Therefore, the spatial distribution of the kicker field
is strongly governed by the transient current distribution in
the conductor.

Progress on Mesh Study

To reproduce the skin depth of 32 um directly, the mesh
size would need to be as small as about 10 um (~ &/3).
Such a straightforward treatment would require impractically
large computational resources, with an estimated memory
of 2.5x10° GB and a computation time of 1.7x10'° min.
Therefore, a practical mesh strategy is required to calculate
a physically reliable magnetic field distribution with limited
machine resources. In this study, three mesh models are
examined. To reproduce the skin effect efficiently, a layered
mesh structure is adopted, with the outermost layer thickness
set to 750 um, 150 um, and 32 um (ver. 1-3), respectively.
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Figure 8: Comparison of current distribution in the conduc-
tor for slow (120 ms) and fast (120 ns) pulses.
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Figure 9: Magnetic field distributions showing differences
induced by transient current effects.

Br mesh difference along z (full track)
o vivziaBr
' o v2u3aBr

o vivaaBr

ABr [uT]

iX(ABH)=18.70 uT, RMS(Br)=1.58 1T
y1-v3: pBr: max(ABY)=22.12 T, RMS(aBN=298 4T | |
25304 05 06 07 08

Figure 10: Magnetic field differences among mesh models
demonstrating convergence of the calculation.

Figure 10 compares the magnetic field differences ob-
tained with three mesh models (ver. 1-3). The horizontal
axis represents the position along the solenoid axis, and the
vertical axis shows the deviation in the calculated magnetic
field. While differences are observed among the mesh mod-
els, the discrepancy between ver. 2 and ver. 3 is relatively
small. This indicates that, for the present configuration, re-
solving the mesh down to the full skin depth is not strictly
necessary for accurate magnetic field evaluation.

CONCLUSION

In this study, we demonstrated that the beam dynamics in
the designed magnetic field can be well controlled through an
appropriate injection scheme, and that the transient response
of the kicker system plays a key role in determining the
magnetic field distribution.

The comparison of different mesh models shows that the
magnetic field calculation converges without resolving the
mesh down to the full skin depth, indicating that a practical
and computationally efficient modeling approach is feasible.

However, this result is based on an initial study, and further
investigation is required.
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