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Abstract
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At the J-PARC MLF/H-Line, an experiment to measure the fundamental properties of the muon by a Penning trap
is planned. The final target precisions are 1 parts-per-billion (ppb) for the magnetic moment and the mass, and 1 parts-
per-million for the lifetime. A trapping electromagnetic field of a Penning trap is provided by a homogeneous magnetic
field and a quandrupolar electrostatic potential. Electrodes to produce the electric potential are therefore an essential
component of this experiment. In this article, design studies of box-shaped segmented electrodes for the muon Penning
trap are described. The electrodes were modeled in OPERA-3D, and the differences of the produced electric potential
from the ideal one were evaluated. Different patterns of the electrode arrangement were compared to select the electrode

design with minimum error in the central region of the trap.
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Figure 1: Confinement of a charged particle by a Penning
trap. (a) A magnetic field and a quadrupolar electrostatic
potential for confining a charged particle. (b) Motions of
a particle in a Penning trap. They can be decomposed to
three eigenmotions. The figure adapted from Ref. [10] with
modifications under the author’s permission.
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Figure 2: Schematic view of the Penning trap experiment
of muons. A surface muon beam injected to the muonium
production target. Muonium atoms emitted from the target
are ionizde by a laser, and produce ultraslow muons with
kinetic energies of ~0.03 eV, which are then introduced
inside the trap electrodes. An RF cavity surrounding the
electrodes is used for excitation and spin manipulation of
the muons. The motion of decaying muons are detected by
counting positrons by the segmented detectors.
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Figure 3: Electrodes and particle orbits. (a) Electrode con-
figuration with a rotational symmetry, and (b) charged par-
ticle orbits in the field produced by these electrodes. (c)
Electrode configuration with a transnational symmetry, and
(d) charged particle orbits in the field produced by these
electrodes.
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Figure 4: Definition of the parameters of box-shaped seg-
mented electrodes to produce a quadrupolar electrostatic
potential. Potential is produced by applying a step-like
voltage to each electrode. The length of the ith electrode
[; and the voltage step between the adjacent electrode AV
(see Eq. (9),(10)) are defined.
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Figure 5: (a) Electrode model designed in OPERA-3D with
SCALA [11]. The electrode configuration is chosen such
that the voltage step AV; is constant . (b) Distribution of
the the potential error f(z, z), defined by the difference be-
tween the potential created by the electrodes and the ideal
potential. (c) Potential distribution along y = 0 mm and
z = 50 mm compared between the one produced by the
segmented electrodes (balck) and the ideal one (red).
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Figure 6: (a) Electrode configuration where the electrode
width [; is kept constant. (b) Distribution of the potential
error f(z,z). (c)Potential distribution along y = 0 mm
and z = 50 mm compared between the one produced by
the segmented electrodes (balck) and the ideal one (red).
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Table 1: Comparison of the potential error and the aperture
ratio between difference configurations of the segmented
electrodes. Here, the aperture ratio of the area of the up-
stream face which is not covered by the electrodes.

Constant voltage Constant electrode

step AV; width [;
Maximum poten-
tial error (V) 0.0024 0.0327
Aperture ratio 26.24% 39.84%
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Figure 7: The green central region indicates the beam stor-
age region which is the region of interest of the potential
optimization. The potential is derived such that the error
integral E[fpqttern] on the surface of this region of interest
is minimized (see Eq. (11)).
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