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We present the radial compression of an electron plasma by using a rotating wall in a spindle cusp region of
an axisymmetric magnetic quadrupole. The compression rate depended on the rotating frequencies and had a
broad peak extending on both sides of a longitudinal �1,0� mode frequency, which was the only observed
characteristic frequency. The formation of the high-density plasma is one of the important milestones for the
antihydrogen formation and extraction of ultraslow spin-polarized antihydrogen beams in the spindle cusp.
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Spectroscopic comparison of antihydrogen atoms with hy-
drogen ones is one of the best candidates for the stringent
tests of the CPT symmetry. Studies in handling cold antipro-
tons are being carried out intensively by using the antiproton
decelerator �AD� facility �1� at CERN and two groups have
succeeded the production of cold antihydrogen atoms �2,3�.
In the experiments carried out so far, 5.3 MeV antiprotons
from the AD were decelerated, trapped, and mixed with pos-
itrons to form antihydrogen atoms via recombination pro-
cesses in uniform magnetic fields of “nested” Penning traps.

For efficient production of antihydrogen atoms, a tech-
nique to form high-density antiproton and positron plasmas
is one of the essential issues. A rotating wall, i.e., application
of a rotating electric field to non-neutral plasmas, proved to
be a useful method to manipulate charged particles in a ho-
mogeneous magnetic field �4–10�. The rotating wall was ap-
plied to control confinement properties and rotation speed of
ion plasmas �4,5,7�, and it was also used for transport control
of electron �6–9� and positron �10� plasmas. The compres-
sion at resonant frequencies around the Trivelpiece-Gould
modes was examined by several groups �6–8�. A so-called
“strong drive” used a large amplitude of a rotating wall field
�9,10�, where the compression became possible at a broad
range of frequencies and the central density of the plasma
increased until the plasma rotation frequency equaled the ap-
plied rotating wall frequency.

For future experiments on high-precision laser or micro-
wave spectroscopy of antihydrogen, it is required that the
generated antihydrogen atoms in high Rydberg states are
trapped for a time long enough to cascade down to their
ground state �11–13�. Antihydrogen atoms with magnetic
moment � undergo −�� �B� force in an inhomogeneous
magnetic field B, and thus cold antihydrogen atoms in the
low-field seeking states can in principle be confined in
minimum-B magnetic field configurations �14,15�. However,
it is not straightforward to superpose a magnetic gradient on
Penning-Malmberg traps and to simultaneously confine both
neutral atoms and non-neutral plasmas. In the standard Ioffe-
Pritchard trap �16�, the quadrupole field of Ioffe bars breaks
the axial symmetry of a magnetic configuration, which may

lead to instability or rapid losses of non-neutral plasmas �17�.
A new experiment was proposed for antihydrogen spectros-
copy by using a trap with octupole magnetic field for reduc-
ing the field asymmetry and resultant perturbations. Non-
neutral plasmas of antiprotons and positrons were sustained
without significant diffusive loss �18�.

The use of an axisymmetric magnetic quadrupole for non-
neutral plasma confinement, i.e., cusp trap, provides another
potential scheme to synthesize and trap cold antihydrogen
atoms in the ground state �12,19–22�. This field is provided
by a set of anti-Helmholtz coils. When antiproton and posi-
tron clouds are mixed near the magnetic null point of the
cusp trap, cold antihydrogen atoms are synthesized and ex-
tracted as ultraslow spin-polarized beams. Numerical study
has shown the existence of a rigid-rotor equilibrium of cold
non-neutral plasma in the nonuniform magnetic field of a
spindle cusp �21�. In this study, we have experimentally in-
vestigated the properties of the electron plasma in a spindle
cusp, such as the stability, the oscillation modes, the cooling
feature, and particularly the radial transport. We applied a
rotating wall technique to the plasma and found a way to
make an effective radial compression. Although the applica-
tion of the rf field of the rotating wall heated up the plasma,
the synchrotron radiation in the strong cusp magnetic field
quickly cooled the plasma, and as a result a cold and high-
density plasma was successfully formed.

Figure 1 shows the schematic view of the trap and field
profiles in the superconducting cusp magnet �21�. The trap
system was evacuated to a base pressure of 2�10−7 Pa.
Electrons were trapped by the combination of a cusp mag-
netic field and an electrostatic potential. The cusp field is
expressed by a vector potential A��r ,z�= �B0 /L�rz in the cy-
lindrical coordinates �r ,� ,z�. The maximum field strength on
the center axis of the device is 2.0 T at z= �150 mm when
the coil current is 60 A. In the confinement region of the
trap, the typical field strength in this experiment is 1.6 T at
z= �80 mm. The variation of the field strength at z
=40–120 mm is 55%. The trap consists of 12 cylindrical
electrodes with an inner diameter of 80 mm and lengths of
14 mm �G1,G2,F1,F2�, 30 mm �G3–F5,F3–F5�, and 73 mm
�G6,F6�, crespectively. In the trap region, a harmonic elec-
trostatic potential �V�r ,z�=−�0��z−L�2−r2� /L2 was applied.
As shown in Fig. 1�c�, the potential well for an electron trap
was centered at the position of z=L= +80 mm. Here �0 /L2

was set in a range from 3.6�103 to 1.1�104 V /m2 in the
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experiment. In the most often used case, �0 /L2=9.0
�103 V /m2 and the depth of the potential well was 30 V.
The longitudinal bounce motion of an electron in the poten-
tial well is approximated as a harmonic oscillation with a
frequency of fb=�e�0 /2�2meL

2=9.0 MHz. An azimuthally
rotating m=1 electric field was applied to the plasma by
using the fourfold segmented electrode F4. Sinusoidal rf on
the electrode segments had phase differences of � /2 in the
direction parallel or opposite to the E�B plasma rotation
and fRW was�15 MHz.

Electrons were injected by an electron gun with an
iridium-coated barium-impregnated cathode as a train of
pulsed beams. The typical number of the pulses, the duration
of each pulse, and the duty cycle were 30, 10 �s, and 10%,
respectively. During the injection phase, the potential wall on
the electron gun side was lowered synchronously to the ar-
rival of each beam pulse and thereby electrons were trapped
inside the potential well. The initially trapped electron num-
ber N0 was 107�N0�109. The reproducibility of N0 was
quite good and the fluctuation 	N0 /N0�2%. After the injec-
tion period, the rotating wall was applied. Then electrons
were dumped on a Faraday cup located at the downstream
side of the trap �see Fig. 1�a��. The Faraday cup is coaxially
segmented into eight with the radial pitch of 4 mm and the
total diameter is 60 mm, which allows us to monitor the
line-integrated density nl �integration of density along mag-
netic field lines� of the electron plasma. The dumped charge
on each segment in the series of injection-trap-dump cycle
gives the temporal evolution of nl. We also studied the par-
allel temperature of an electron plasma by shallowing the
potential wall and analyzing the energy profiles of escaping
electrons �23�.

By applying a white noise or sweeping the frequency of a
sinusoidal wave on electrode F5, we searched for excited
oscillation modes from 10 kHz to 30 MHz by monitoring the
induced signals on electrode F3. Here, one resonant mode
corresponding to the center-of-mass oscillation of an electron
plasma was detected. As shown in Fig. 2�a�, when the exter-
nal rf of this mode frequency was applied, the oscillation
amplitude grew almost linearly. When the external rf was
turned off, the amplitude decayed exponentially with a time

constant of 35 �s. Figures 2�b� and 2�c� show the frequen-
cies of the observed oscillation mode fz as functions of �0
and the magnetic field strength B. The mode frequency had a
dependence of fz
E1/2B0, where E is the external electric
field strength. Actually, the solid curve fb in Fig. 2�b� repro-
duces the observed mode frequencies quite satisfactorily.
These observations suggest that the detected mode resembles
the center-of-mass oscillation of an electron plasma in a har-
monic potential well. In fact, although the electron tempera-
ture varied during the confinement cycle, as discussed later,
the observed frequency stayed constant �24�. No other reso-
nance frequency was found for 10 kHz� f �15 MHz, possi-
bly due to the effects of inhomogeneous magnetic field of the
spindle cusp.

Figures 3�a� and 3�b� show temporal evolution of nl pro-
files with and without the application of a rotating wall. The
initial electron number and plasma radius were N0=5.7
�107 and approximately 5 mm, respectively. According to
an equilibrium analysis of non-neutral plasmas in the spindle
cusp �21�, the electron number density and azimuthal rota-
tion frequency were calculated as ne=6�107 cm−3 and f rot
=60 kHz for the above plasma parameters and applied elec-
tromagnetic configuration. The observed frequency of the
longitudinal oscillation was fz=8.9 MHz. When the rotating
wall was not applied, the plasma radially expanded as shown
in Fig. 3�a�. In this case, the total electron number decreased
after t�400 s. As is shown by the solid circles and the dot-
ted line in Fig. 3�c�, the line-integrated density at r=0 was
nl�r=0�=6.7�104 cm−2 at t=1 s, and decreased to nl�r=0�
=7.2�103 cm−2 at t=1000 s with a time constant of �E
=150 s. The total charge decreased with a 1 /e time constant
of 3000 s.

In contrast, by applying the rotating wall in an appropriate
frequency range, effective compression of the plasma was
observed as is shown in Fig. 3�b�. The rotating wall was
applied in the direction of the E�B rotation of the plasma at
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FIG. 1. �Color online� �a� Schematic view of the trap electrodes,
field lines, and confined plasma. Electrodes G4 and F4 produce
rotating wall rf fields. �b� Magnetic field strength profile at the coil
current of 60 A, �c� electrostatic potential profile in the confinement
phase on the device axis r=0.
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FIG. 2. �a� Response of plasma on the external longitudinal rf
electric field at the resonance frequency. Ch1: External rf voltage of
f =8.9 MHz and V=0.4 V added on electrode F5, and ch2: excited
fluctuation received on electrode F3. Resonant frequencies fz as
functions of �b� gradient of the external electrostatic potential well,
represented by �0 /L2, and �c� cusp magnetic field strength.
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the frequency of fRW=9.15 MHz, which was 0.25 MHz
higher than fz. The amplitude of the applied rf was VRW
=0.2 V. The solid triangles and the solid line in Fig. 3�c�
show that nl increased in a time scale of the order of 102 s,
and it saturated at t�400 s, where nl�r=0�=3.8�105 cm−2

with an enhancement by a factor of 6 from t=0. After the
application of the rotating wall for 400 s, 74% of the initial
electrons were radially compressed into the central region
�r�1.4 mm�. Both the total charge and nl�r=0� decreased for
t�1000 s after the realization of the peaked density profiles.
The decay time constant of the plasma charge from t=500 to
4000 s, estimated from the total charge dumped on the Far-
aday cup electrodes, was 1.3�104 s �3.3 h�. When the rotat-
ing wall was turned off after the radial compression, the
plasma gradually expanded with almost the same time con-
stant as that without the rotating wall from the beginning.

Figure 4 shows the central line-integrated density nl�r=0�
and the total electron number Nt after the application of the
rotating wall for 20 s. When the rotating wall was not ap-

plied, nl�r=0�=2.1�104 cm−2. When the rotating wall was ap-
plied in the E�B rotation direction, radial compression was
observed in a broad fRW range from approximately 6 to
9.5 MHz except for frequencies from 8.85 to 9.0 MHz.
When fRW was close to the observed longitudinal resonance
mode frequency of fz=8.9 MHz, both the numbers of elec-
trons in the central region and the total electrons decreased
quickly regardless of the rotation direction �nl�r=0�=2
�102 cm−2 at t=20 s�.

Figure 5 shows temporal evolutions of the electron tem-
perature Te� parallel to B. Just after the electron injection �t
=0.2 s�, Te� =5.7 eV. When the rotating wall field was not
applied, it cooled quickly and reached 0.4 eV in t=10 s and
then stayed constant. Such a steady state is additional evi-
dence of the existence of a rigid-rotor equilibrium of a non-
neutral plasma in the spindle cusp configuration. The ob-
served 1 /e cooling time of Te� was 2.5 s, which is
comparable to the typical cooling time caused by the syn-
chrotron radiation in a magnetic field given by the Larmor
formula for the typical field strength B=1.6 T: �D
�3�
0mec

3 /e2�ec
2 �1.0 s. The parallel electron temperature

did not decrease lower than 0.4 eV, which could be due to
the effects of the warm bore and external noise. Further
study will be carried out in the near future using a cryogenic
cusp trap.

The closed triangles in Fig. 5 show the temperature evo-
lution when the rotating wall was turned on, which revealed
that it reached an equilibrium of Te� =1.7 eV, four times
higher than that without the rotating wall. When the rf was
turned off, Te� dropped to the same temperature 0.4 eV, as in
the case of no rf application, and this cooling rate was com-
parable to �D as shown in Fig. 5. The time scale of the radial
expansion of the compressed plasma �E�150 s is much
longer than �D, and the rotating wall can significantly com-
press the plasma practically keeping the plasma temperature
unchanged.

In future experiments, a positron plasma on one side of a
spindle cusp will be transported to the opposite side in order
to induce recombinations with antiprotons. In this process,
particles located near the center axis of the device are prima-
rily transferred through the magnetic null point, and the
plasma may take unstable hollow structures. The rotating
wall can be utilized for the stable transfer of positrons by the
radial compression that compensate the decrease of particles
on the device axis.
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FIG. 3. �Color online� Temporal evolution of the line-integrated
density profiles of a plasma �a� with and �b� without the rotating
wall, and �c� nl: line-integrated density at r=0. The solid and dotted
lines are to guide the eyes only.
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To summarize, we have demonstrated that a single-
component plasma in the spindle cusp can be effectively
compressed by using a rotating wall, as in the case of a
plasma in a uniform magnetic field. The compression was
observed with a broad frequency range of a rotating wall in
the E�B velocity direction except for frequencies close to
the longitudinal resonance frequency of the plasma, which is
the only observed mode of a spindle cusp electron plasma.
The compression and cooling of an electron plasma were

realized simultaneously. Although the present experiment
was carried out using an electron plasma, the same procedure
can in principle be applied to a positron plasma, which is
particularly important for the formation and extraction of
antihydrogen atoms.
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