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A tabletop experimental system has been developed for the study of various collective effects in space-charge-dominated
beams. It is based on the recently proposed idea that the dynamic motion of a one-component plasma in a trap can be made
physically equivalent to that of a charged-particle beam propagating through a linear transport channel. In this paper, we
report on the details of the system and on results of test experiments with a compact Paul trap that is divided into several
independent sections. The trap design is carried out in consideration of practical constraints. A Maxwell equation solver is
used to calculate the properties of the plasma confinement potential. Experimental observations are compared with numerical
data obtained by a tracking simulation code that enables us to approximately predict the three-dimensional trajectories of
particles in the system. Low-density N, plasmas are employed to examine the basic performance of the multi-section trap.
The initial temperature, density and lifetime of a confined plasma are estimated from experiments and simulations.
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1. Introduction

Charged particle beams generated by accelerators are
extremely useful tools with many practical applications.
They have now been utilized in a wide variety of fields
including fundamental physics, cancer therapy, material
sciences, industry, and life sciences. The most important
parameter that determines the quality of this tool is the
emittance. Since a low-emittance beam is generally more
useful, we often try to put a large number of particles in a
tiny p-space volume. However, as the phase-space density
becomes higher, Coulomb interactions among particles are
more enhanced, which may give rise to the serious
deterioration of the beam quality. Even if the emittance is
moderate, the phase-space density can be rather high in a
high-power beam that has attracted increasing interest,
e.g., in energy sciences. It is thus essential to clarify the
mechanisms of collective instabilities induced by space
charges.!?

The understanding of space-charge effects in dense beams
has been greatly deepened for the last several decades
through extensive theoretical and experimental efforts.>2%
Nevertheless, we still have many remaining issues that
require further investigation. Theoretically, what we must do
is to solve the Vlasov and Poisson equations simultaneously,
but the self-consistent treatment of these equations is very
difficult especially in the present case where the beam is
subject to complex time-dependent external forces. In
order to gain better information about the beam behavior,
numerical techniques have often been employed. Reliable
simulations are, however, quite time-consuming even with
the help of modern computers. Substantial difficulties are
also encountered in experiments. Since beams are traveling
at great speed in the laboratory frame, it is always trouble-
some to carry out high-precision measurements. In addition,
the poor controllability of lattice characteristics and beam
quality prevents us from surveying a wide parameter space.

Recently, Okamoto and Tanaka have proposed a novel
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experimental method to resolve these practical difficulties in
conventional approaches.?>?® The method is based on the
mathematical equivalence between the collective motion of
a charged particle beam and that of a nonneutral plasma in a
trap system. Two different types of trap configurations, i.e., a
radio-frequency quadrupole trap (Paul trap) and a solenoidal
trap, were considered as a possible tabletop device to which
this idea can readily be applied.>>?® The same idea was
reemphasized later by Davidson et al?” who actually
constructed a linear Paul trap for the study of intense beam
dynamics. The dedicated plasma trap at the Princeton
Plasma Physics Laboratory has already produced some
initial experimental results.”® Another challenging exper-
imental project is in progress at Maryland University where
a compact electron storage ring has been built.>”

At Hiroshima University, a prototype system “S-POD
(Simulator for Particle Orbit Dynamics)” has been con-
structed to verify the proposed idea and to demonstrate
the practicability of the new experimental scheme.’? It is a
compact experimental tool composed mainly of a nonneutral
plasma trap, a plasma density controller such as a laser
cooler, AC and DC power generators, an ultrahigh-vacuum
system, and plasma diagnostic systems.?>?®3D From two
types of possible trap configurations, we chose a linear Paul
trap, taking into account its direct correspondence to beam
transport channels. The Paul ion trap’>*¥ is a very popular
device and has actually been employed for various exper-
imental purposes associated with frequency standards,
Coulomb crystals, quantum computing, high-accuracy spec-
troscopy, and other applications.>**? In these typical
applications, a relatively small number of ions are com-
monly used. In the cases of interest to us here, however, it is
preferable to confine as many particles as possible. We have,
therefore, developed a unique Paul trap axially separated
into several independent sections for plasma conditioning.

In this paper, the details of this “multi-section” Paul trap
and its fundamental properties clarified by initial experi-
ments are reported. In §2, we outline how S-POD works and
what kinds of beam-dynamics studies can be done with it.
We then explain, in §3, the design concept of our Paul trap
and, in §4, a three-dimensional (3D) particle tracking code
developed for simulating the motion of confined ions. The
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experimental setup and parameters adopted for test measure-
ments are described in §5. Section 6 is devoted to showing
some experimental results that demonstrate the performance
of our trap. We also discuss an essential modification of the
trap geometry for improving the efficiency of plasma
transport. Finally, a summary and future plans are given
in §7.

2. S-POD

Among diverse collective effects, we are particularly
interested in instabilities directly caused by interparticle
Coulomb forces. This type of effect is understood to be a
major issue that may essentially influence the basic designs
of high-power or high-quality ion accelerators. For instance,
any storage ring must be operated in a resonance-free region
that depends on the beam density. It is also crucial to know
the mechanism of halo formation because the uncontrollable
loss of tail particles may lead to excessive radio-activation of
high-power machines. S-POD allows us to explore these
important space-charge effects without relying on a large-
scale accelerator system; we can prove that there is a clear
analogy between a single-species plasma in a Paul trap and a
charged-particle beam in an accelerator.>29)

In order to conduct a systematic investigation into typical
space-charge-induced instabilities, several key parameters
must be adjustable. The phase advance of the betatron
motion and tune depression are especially important in
transverse beam dynamics studies. The control of the bare
betatron phase advance o, per unit lattice structure can
easily be achieved in a Paul trap through rf parameters. By
changing either the rf amplitude Vs or frequency f (or both),
we can vary the betatron phase advance over a wide range.
In contrast, the precise control of the tune depression 7 is
much more difficult. The definition of this parameter is
n = o/op, where o is the space-charge-depressed betatron
phase advance per lattice period; the tune depression thus
ranges from 0 (space-charge limit) to 1 (high-temperature
limit). The amount of the tune shift o, — o depends on the
phase-space density of the plasma, which means that some
dissipative process is necessary to change n. For future
experiments, we are now developing a laser cooling system
to manipulate the thermal motion of a “°Ca* plasma. Since
the Doppler cooling limit is even lower than the milli-Kelvin
order,*>* it is possible to adjust the tune depression to any
desired value. Note that the application of the laser cooling
technique is beneficial not only to controlling n but also to
observing a plasma profile. Since each ion excited by a laser
light emits a photon when coming back to the original level,
we can perform very high precision, nondestructive mea-
surements by detecting the fluorescence photons.*>

Figure 1 displays a stopband distribution obtained from a
linearized Vlasov analysis for coasting beams in a FODO
channel.® op has been chosen to be 100°. We recognize that
linear and nonlinear resonances may be excited only within
specific regions of tune depression. The distribution of these
stopbands is altered once a different choice of o}, or lattice
structure is made. Since the tune depression 7 is adjustable
by laser cooling, we can explore the parameter dependence
of resonant instability, thus testing the reliability of various
theoretical models. For the study of halo formation, an
additional pulse voltage is launched to the electrodes at a
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Fig. 1. Transverse stability diagram obtained by linearized Vlasov analy-

sis. The growth rate of resonant beam instability has been plotted as a
function of tune depression 7. We have considered FODO focusing with
50% filling factor. The bare betatron phase advance per unit cell, o}, has
been adjusted to 100°. An almost identical stopband distribution can be
found even when the external focusing force varies sinusoidally.

certain moment in order to disturb the plasma intentionally.
Since the magnitude of the pulse disturbance is controllable,
we can systematically investigate the roles of mismatch
factor, tune depression, and lattice characteristics in halo
formation. As discussed in ref. 31, space-charge effects in
bunched beams are also within the scope of the present
experimental scheme.

S-POD experiments have some practical limitations. For
instance, the collective beam instability induced by various
wake-field sources*® cannot be reproduced in this system.
As already emphasized, S-POD is particularly useful for the
study of self-field effects that often cause trouble in beams of
relatively low energy. We should also bear in mind that the
motion of trapped particles is free from momentum
dispersion. This means that we cannot look into dynamic
effects in which bending magnets play an essential role. One
such example is beam crystallization. The stability property
of “regular” Coulomb crystals in a dispersionless environ-
ment has been known much simpler than that of crystalline
beams in a storage ring.*7*®

3. Design of a Multi-section Paul Trap

3.1 Basic parameters

The prototype of a Paul trap for S-POD is composed of
three planar electrodes and two sets of quadrupole rods as
illustrated in Fig. 2. Nonneutral plasmas are confined in “Ion
Source (IS)” and/or in “Experiment Region (ER)”. The thin
cylinder between IS and ER is called “Gate” where a static
voltage is applied to separate IS and ER. The cylinders at
both ends are placed for axial plasma confinement. We call
the end electrode of the IS side “Cap A” and the other of the
ER side “Cap B”. The thickness of these electrodes is 7 mm
and their aperture size is 2R, where R is equal to the
minimum distance from the trap axis to the surface of the
quadrupole rods. As explained later, the Gate electrode has
now been replaced by a short quadrupole to minimize
particle loss during plasma transport (see Fig. 11).

The size of the electrode rods is determined through
practical considerations, such as the efficiencies of cooling
and fluorescence measurement, and the possible range of
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Fig. 2.

experimental parameters achievable with a moderate 1f
power. Although semiconductor lasers are usable to cool
a “Ca* plasma, the available power is rather limited.
The transverse extent of the plasma should, therefore, be
sufficiently small to ensure effective cooling. Considering
the power of a commercial ultraviolet semiconductor laser,
the reasonable size of a plasma core is, say, a few mm or
less. The rms radius ay of a stationary plasma column can

approximately be given by3"

kT

,
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where N and 7T, are the line density and transverse
temperature of the plasma, c is the speed of light, r, is the
classical radius of the particle that has rest mass m and
charge state Q, and kg is the Boltzmann constant. Specif-
ically, we can produce a tiny plasma simply by increasing
the rf frequency f. The rf amplitude required for a specific
value of o}, however, becomes greater at a higher frequency,
which yields more rf backgrounds. The use of a lower rf
voltage is thus preferred to keep the absolute noise level as
low as possible. As is clear from Fig. 3, a smaller R is better
in this regard because we can reduce the required amplitude
while holding the frequency relatively high (Note that the
phase advance is proportional to Vis/R* under the smooth
approximation). In addition, too high an rf voltage makes it
difficult to design a pulse-power generator that emulates the
magnetic lattice structures of accelerators. After these
practical considerations, we constructed several linear traps
with an aperture radius R of less than 10mm. In what
follows, we only discuss recent results based on a prototype
with R = 5 mm. Once the size of R is given, the radius p of
the electrodes is automatically determined from the con-
dition for minimizing nonlinear components in the rf field.
According to previous numerical calculations,’!*? the non-
linearity of the plasma confinement field is most suppressed
when p/R ~ 1.15; the optimum value of p is thus 5.75 mm
(11.5mm¢) for R = Smm. Provided that “°Ca™ ions are
confined at the frequency of 1 MHz, the rf amplitude of
100V suffices for realizing o, = 153°. Since the required
voltage becomes greater at a higher frequency, the trap has
been operated at 1 MHz or less so far. The transverse
dimension of a plasma core is then expected to be on the
order of a few mm, appropriate for laser cooling. We have
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Schematic view of the trap system.
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Fig. 3. Estimated rms radius gy of confined plasma and required rf
amplitude V;;. We have assumed “°Ca* ions confined by the pulse voltage
emulating a FODO lattice with a 50% filling factor. The betatron phase
advance o}, and the transverse plasma temperature 7 have been chosen
to be 100° and 0.5 eV, respectively.

developed an rf power supply system that is computer
controllable and can generate various pulse voltages imi-
tating beam transport channels of different designs.

The spatial profile of a stationary plasma depends on the
axial length of the quadrupole electrodes. Using short rods
whose length is comparable to the aperture size 2R, we can
make the longitudinal confinement potential more or less
parabolic. Then, the plasma profile becomes an approximate
ellipsoid whose aspect ratio can be modified to some extent
by changing the rod length. A wider range of the aspect ratio
is realizable in the multi-segmented Paul trap described in
ref. 31. Provided that the rods are much longer than 2R, a
roughly uniform plasma column can be formed because the
bias potentials on the end electrodes are shielded by the rods.
The axial lengths of IS and ER of the current trap are 50 and
150 mm, respectively.

3.2 Plasma conditioning

Ideally, we must provide a pure single-species plasma
consisting of a large number of particular ions. This is a
primary reason why our trap has been divided into two
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sections. The main roles of IS are the production and
conditioning of an initial plasma that is relocated later in ER.
A specific species of positive ions is generated by ionizing
neutral particles from an atomic oven with a low-energy
electron beam. The oven and electron gun have been
installed beside IS. Above IS, there is a spare port reserved
for buffer gas cooling. While the electron beam ionizes not
only Ca atoms from the oven but also residual gases
inevitably, it is an easy matter to remove unnecessary ion
species; as is well-known, an rf quadrupole works as a mass
filter when proper DC voltages are added to the electrodes.
After initial plasma conditioning, ions are transferred into
ER where diverse space-charge experiments are executed.
The multi-section trap is also convenient for matching the
plasma distribution in ER. Since IS and ER are almost
independent, we can reduce backgrounds that may be
induced by the noise sources in IS, such as the oven,
electron beams, and buffer gas. Furthermore, the laser
cooling force can be utilized to establish an approximate
stationary state; for instance, it is possible to remove tail
particles generated during the ionization and stacking
process, if necessary.

If the number of ions transported and trapped in ER is not
enough for an intended experiment, we repeat the above
procedure until the ion number reaches a desired level.
There are several practical schemes to do this “plasma
stacking” in S-POD. One possible stacking sequence is
illustrated in Fig. 4. First of all, we set the base potential of
IS slightly higher than that of ER by biasing the quadrupole
rods [Fig. 4(a)]. After producing a single-species plasma in
IS, we open the Gate potential to move it toward ER. Most
particles then go back and forth in the axial direction if no
energy dissipation is there [Fig. 4(b)]. We, therefore, apply a
cooling laser to decelerate the individual ions, so that they
can no longer enter the IS region [Fig. 4(c)]. Finally, the bias
voltage at Gate is turned on again for further stacking.
Although the ion plasma in ER is heated in every stacking
sequence, the heating will cause no serious problem because
the axial motions of hot ions are repeatedly cooled by the
laser. We rather anticipate that fast ions from IS may be
sympathetically decelerated through collisions and thus
accumulated in ER. The final control of the plasma temper-
ature is carried out by the Doppler cooling method after the
number of ions in ER reaches a sufficient level. The unit
stacking cycle can be completed very quickly; it takes much
shorter than the lifetime of the plasma. It is thus possible, in
theory, to accumulate a large number of specific ions in ER.

4. 3D Tracking Simulations

In order to interpret various experimental data precise-
ly, we have developed a particle tracking code that three-
dimensionally analyzes the motion of an ion in an
arbitrary trap configuration. The Maxwell equation solver
“MAFIA” is employed to evaluate the distribution of the
electric potential in the system including the trap, tf shields,
electron gun, and other elements. Since the rf wavelength
considered in the present experiments is much longer than
the overall dimensions of the trap system, it is allowed to
apply the static-field approximation. The potential data given
at 3D mesh points in a given structure are input to the
tracking code for particle trajectory analysis. Coulomb
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Fig. 4. A possible scheme for plasma stacking. First of all, the potential
barrier is removed to transport a nonneutral plasma in IS toward ER. We
then introduce some dissipative interactions (e.g., a laser cooling force) to
decelerate individual ions. After the completion of a plasma transport, the
bias voltage of Gate is switched on again for further stacking. This
process is repeated at a cycle much shorter than the lifetime of the
plasma. The base potential in IS is controlled by applying the bias voltage
Uss to the quadrupole rods.

interactions among confined particles are currently ignored
for quick simulations, which should be acceptable at this
stage where we have no intention of trapping a large
number of ions. Only low-density plasmas have been used in
most experiments so far because the primary task is to
understand the fundamental features of S-POD for future
beam-dynamics studies.

For meaningful comparison with experimental observa-
tions, a proper initial distribution of particles must be
assumed in each simulation. It is, however, difficult to know
the exact phase-space profile of a confined plasma until a
laser-induced-fluorescence (LIF) diagnostic becomes avail-
able.*Y In fact, ions are randomly produced everywhere in IS
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through interactions with electrons deflected by the rf field
continuously. We thus took the following procedure to figure
out a possible particle distribution for tracking study: As
to the transverse degrees of freedom, 100 particles are
randomly generated within a circle of radius R at every 5ns
(corresponding to 1/200 of an rf period). All these particles
are initially located in the middle of the IS region because
the electron gun is sitting there. The momentum distributions
are chosen to be Gaussian in all three degrees of freedom.
We repeat this particle generation process for an rf period.
Since we have neglected the Coulomb coupling among
particles, the standard deviations of the transverse and
longitudinal momentum distributions are not necessarily
equal even after many rf periods. The amount of momentum
spread in the longitudinal direction was determined so as to
reproduce experimental results. As shown later, the initial
longitudinal temperature is most likely to be about 0.3 eV at
low line density. The transverse plasma temperature after a
short storage is insensitive to the input standard deviation;
heating from the 1f field determines the thermal energy in
this direction. In case 2N,* ions are confined with the rf
amplitude of 42V at the frequency of 1 MHz, systematic
simulations suggest that the transverse temperature should
initially be around 0.6 eV. This is comparable to 10% of the
effective potential depth. The average transverse rms extent
of the plasma is then 2.2 mm¢ under the smooth approx-
imation. Figure 5 shows the typical distribution of ions
100 ms after the particle generation procedure above was
completed. Since an rf field is applied, the transverse plasma
profile rapidly oscillates in time. The total number of
surviving particles is about 4300 in this example. The
longitudinal temperature has somewhat decreased from the
initial value because the survival time of a higher-energy
particle tends to be shorter. The loss of high-energy particles
also leads to a rapid decrease in transverse temperature in the
early stage of a plasma storage (see Fig. 15). The simulation
results in §6 have been obtained assuming this initial
distribution.

IS region

300
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Particle number

4130 -120  -110  -100  -90
z [mm]

Particle number

105 0 05 1
pZ

Fig. 5. [Initial particle distribution employed in 3D particle tracking
simulations. The rf amplitude and frequency of IS have been set at 42V
and 1 MHz. p,; denotes the scaled horizontal (longitudinal) momentum.

5. Experimental Setup

5.1 Outline

The arrangement of main components in a vacuum
chamber has been depicted in Fig. 2. A turbo-molecular
pump (Seiko Seiki, STP-300T) is employed to maintain a
high vacuum of under 5x 1077Pa. An electron gun
(Toshiba Hokuto Electronics, FM2282-A5) mounted above
IS produces a well-focused electron beam to ionize neutral
atoms in the IS region. The beam current can be monitored
with a Faraday cup (FC) at the opposite side of the electron
gun. Since we eventually need to trap laser-coolable ions, a
compact atomic oven has been installed beside IS. In the
present initial experiments, however, the oven was not
turned on; we simply used ®N,* plasmas generated from
residual gases.

We have performed a number of test experiments, trying
various combinations of electrode potentials. Typically, the
base potential of the IS region is chosen to be several volts
higher than that of ER by biasing the quadrupole rods in IS,
in order to accelerate particles toward the detector (see
Fig. 4). The bias voltage applied to IS is denoted by Ujs in
the following.>" As an ion detector, we have used either a
FC or a microchannel plate (MCP). In the case of FC
measurements, ion loss between Cap B and the FC can be
reduced considerably with a high Ujs. The loss rate is much
lower in MCP measurements due to a high negative voltage
on the front surface of the MCP. The heights of the
longitudinal potential barriers relative to the Uy level have
been adjusted to less than 20 V. During an ionization process
in IS, the DC voltage on Gate is usually set to be equal to the
Cap-A potential. The electron gun is switched on for 5 to
10 s to ionize residual gases.

5.2 Operating point of the trap
As mentioned above, our rf power generator can produce

a wide variety of pulse waveforms emulating different beam-
focusing lattices. We have, however, presently employed the
conventional sinusoidal waveform for the sake of simplic-
ity.’? The transverse motion of charged particles confined
with the rod voltages of the form =+(U + VifcosQr) is
governed by the Mathieu equation:3>33

U | @t 20052 2
d_EZ (a+2gcos28u =0, 2)
where u represents one of the transverse coordinates (x or y),
a=8QU/(mR*Q?) and g = 4QV,;/(mR*Q?) are the Ma-
thieu parameters, £ = Qt/2 is the dimensionless independent
variable, and we have ignored the Coulomb potential. The
a-parameter is set to be nonzero for mass filtering. Accord-
ing to the Floquet theorem, there must be a solution of the
form u(¢) = w(€) expliy(£)], where the amplitude function
w(&) and phase function (&) have a periodicity identical
to that of the focusing function Ki(§) = a+ 2qcos?2§&.
Substituting the Floquet solution into eq. (2), we obtain
the differential equation for w(§)

d*w 1

P + K (Hw — ol 0, 3)
where the normalization di//d& = 1/w* has been taken.
Equation (3) is usually referred to as the envelope equation
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Fig. 6. Optimum operating line along which the transverse plasma extent
becomes the smallest (broken line). Equation (3) has stable periodic
solutions in the hatched area.

in beam dynamics theories.!) The stability of the periodic
solution is often explained with the (q,a) diagram. The
maximum amplitude of w, in other words, the transverse
extent of the plasma core depends on where the operating
point of the system is located on the diagram. Since the
plasma is more expanded near the stability border, the
operating point should be chosen deep inside the stability
region so as to maximize the number of confined ions. In
order to identify the best parameters, we numerically
integrated eq. (3) with possible combinations of ¢ and a.
We then found Fig. 6 in which the optimum operating
conditions have been indicated with a broken line. When
a = 0, the plasma core is expected to be most compact at
g >~ 0.58. This corresponds to the vacuum phase advance
of 79°. The optimum rf amplitude is thus 42V for 28N, *
ions at the frequency of 1 MHz. This combination of the
rf parameters (Vi =42V and Q/2m = 1 MHz) has been
adopted for experiments reported in the subsequent sections.

The numerical estimate made here is relevant only in an
emittance-dominated regime. The optimum parameters
could be different at higher density where the space-charge
potential dominates the plasma. It is also worthy to note that,
even if the Coulomb interactions are negligible, the number
of ions in the trap is not always maximum under the
operating conditions derived above; it more or less depends
on the initial distribution of particles according to tracking
simulations. For instance, the rf amplitude (or g-value) that
maximizes the ion number after a short storage is smaller
than the value expected from the broken line in Fig. 6 if we
uniformly distribute particles within the whole confinement
region (i.e., the circle of radius R) at the beginning. Another
noteworthy factor is nonlinear resonances induced by
imperfection fields.’>>* As long as we employ cylindrical
electrodes, the transverse confinement force inevitably
contains higher-order multipole components that may limit
the storage time of ions when a and ¢ satisfy specific
conditions.

5.3 Detectors

Either a MCP (Hamamatsu Photonics, F4293-24) or a FC,
movable along the axial direction, has been utilized to count
the number of ions. The MCP is placed 25 mm away from

Cap B. A current gain of higher than 10° can be attained
when secondary electrons have a kinetic energy above
1.5keV. We have applied a negative voltage of 2kV to the
front surface of the MCP in order to accelerate ions from the
trap. Since such a high voltage can seriously affect the
plasma confinement potential near the MCP, we have placed
an aluminum shielding plate to minimize the potential
distortion in ER. The aperture size of the shield is 13 mme.
The location and design of the shield have been carefully
optimized through particle tracking simulations as well as
MAFIA calculations. Owing to the high negative potential
that attracts ions, almost no particle loss is caused by the
shield.

While the MCP has a very high sensitivity, its gain starts
to degrade once the output current exceeds 5—-10% of the
strip current.’>-3® The magnitude of an output signal is then
not proportional to the total number of incident ions. The
MCP is, therefore, suitable for measuring thin plasmas. In
contrast, a large number of ions are needed in FC measure-
ments because of the FC’s much lower sensitivity. The
output signal is, however, simply proportional to the total
current regardless of the number and spatial distribution of
charged particles. We have thus used the FC, instead of the
MCP, whenever the number of confined ions is expected to
be large.

Since no high bias voltage is applied unlike in the case of
the MCP, the FC should be positioned as close to the trap as
possible; otherwise, many particles cannot reach the FC,
which may considerably diminish the magnitude of the
output signal. In order to evaluate the transverse plasma
spread in the drift space after Cap B, we performed 3D
tracking simulations. The standard deviation s, of the
transverse particle distribution is plotted in Fig. 7 as a
function of the longitudinal coordinate. In this example,
Uis = 10V, and the modified Paul trap described later in
§6.2 has been assumed (see Fig. 11). The divergence angle
can be made smaller by increasing Ujs. Provided that the
shield box is fixed as close to the end electrode as possible,
the aperture of at least 15 mme is necessary to let almost all
(£3sp) of the output particles pass through the shield hole.
The dimension of the FC should be large enough to collect
all these particles. Obviously, the required dimension can be
reduced by placing the FC closer to the shield. We then have
to resolve noise problems that become severer as the
distance to ER becomes shorter. The most severe noise to
the FC comes from switching on and off the DC potential of
Cap B, rather than the rf field in ER. To increase the signal-
to-noise (SN) ratio, we made a rough estimate of the
switching noise, employing the MAFIA code. It was found
that the SN ratio is improved by distancing a larger FC from
Cap B. We finally decided to locate the FC of 30 mmg¢ at the
position indicated by the broken line in Fig. 7.

6. Experimental Results

6.1 Preliminary measurements
6.1.1 Mass spectrum

As is well-known, a Paul trap works as a mass filer once
the DC voltage U on the quadrupole electrodes, in other
words, the a-parameter in eq. (2) is switched on. The
operating point for the target ion species must then be near
the broken line in Fig. 6. In order to confirm that we can
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Fig. 7. Transverse plasma extent evaluated by a 3D tracking simulation.
The standard deviation of the transverse particle distribution after the
plasma is extracted from the Paul trap is shown. The three hatched areas
indicate the regions where Cap B, a grounded shielding plate made of
SUS, and the shield box for the FC are located. We have assumed 2N,
ions accelerated with Uis = 10 V.
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Mass-to-charge ratio m/Q

Fig. 8. Mass spectra of residual gasses before and after the baking of the
vacuum chamber.

actually select ion species, test experiments were executed.
The measured mass spectra of residual gases in the chamber
are displayed in Fig. 8. We can convert the applied rf and
DC voltages into mass-to-charge ratio m/Q, assuming that
the number of specific ions becomes maximum along the
broken line in Fig. 6. As expected, the spectrum taken before
the baking of the chamber has a sharp peak at m/Q ~
18 amu/charge state corresponding to H,O1 ions. After a
60-hour baking, this peak was gone. The second pronounced
peak, not affected by the baking, should be due to 2®N,*
ions. Figure 8 shows that it is possible to separate laser-
coolable ion species produced in IS, if necessary.

6.1.2 Efficiency of plasma transport

Using the first prototype in Fig. 2, we examined how
efficiently ions can be transported from IS to ER. The initial
setting of DC potentials is similar to that illustrated in
Fig. 4(a); namely, the base potential of the IS region is set
higher than the ground level of ER by the bias voltage Uss,
and other planar electrodes (Gate, Cap A and Cap B) create
barriers for longitudinal plasma confinement. After a 10-

Particle number

010° L T T TR

0 50 100 150 200 250 300 350 400
Gate open period T [us]

Fig. 9. Results of ion transport experiments with the first prototype
(Fig. 2) whose Gate electrode is a thin cylinder.

second ionization process followed by a 1-second storage in
IS, we open Gate by switching off the DC bias on it, so the
ions flow into ER. The central barrier is quickly recon-
structed in the “Gate open period T (s)” and we further wait
for 10 ms. Finally, the bias on Cap B is turned off to send the
plasma toward the MCP detector. The minimum switching
time of the bias potentials is a few 100ns, which is much
shorter than 7. Figure 9 summarizes the results of plasma
transport experiments in which five different values of Usg
have been tested. We see that the number of detected
particles strongly depends not only on Uig but also on 7g.

In order to interpret the result in Fig. 9, systematic
simulations were performed taking into account the actual
experimental procedure described above. For the sake of
simplicity, we assumed all confined ions to be 2N, *. The
tracking result corresponding to the experiments in Fig. 9 is
given in Fig. 10, where the effects of the MCP potential,
shielding plate and other elements along the transport line
have been incorporated on the basis of MAFIA calculations.
The upper picture shows the rate of the ions that finally
reached the MCP after a 10-millisecond storage in ER. The
simulations have qualitatively reproduced the experimental
observation. The number of ions lost in 300 us after Gate
was opened has been depicted in the lower picture as a
function of the axial coordinate. In this simulation, Uis =
1V and the initial particle number is about 4300. We
recognize that most ions have escaped from the trapping
region in the vicinity of the central Gate electrode. This is
because ions receive no transverse focusing force within the
Gate region. The rapid decrease in transport efficiency for
Tc > 100 us can readily be explained by this loss mecha-
nism. With a higher Uy, the loss rate tends to be lower at
Gate; the reduction of ion loss near Gate is due to the
shortening of the net passage time.

6.2  Experiments with a modified Paul trap
6.2.1 Gate modification

Responding to the preliminary results with the first
prototype, we replaced the planar Gate electrode with short
quadrupole rods to prevent the possible particle loss between
IS and ER. The rods are 9 mm long and provide a transverse
focusing force in addition to the potential barrier for
longitudinal plasma confinement. A schematic drawing of
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Fig. 10. Simulation results of ion transport experiments with the first
prototype in Fig. 2. These simulations have considered exactly the same
experimental procedure as taken in the actual experiments in Fig. 9. We
have assumed that all ions are 2N,*. (a) Ion transport efficiency as a
function of Tg. (b) Number of 2N,* ions lost in 300 us after the Gate
barrier was removed. The bias potential on the IS electrodes is Uis = 1 V
in this example. The total number of particles is 4300 initially. Significant
particle loss has occurred in the short Gate region where no transverse
focusing force is present.

the modified Paul trap is exhibited in Fig. 11. The Gate
quadrupole is excited by an independent power supply at the
same frequency and amplitude as used for IS and ER. The
three sets of quadrupole rods have been carefully spaced
1 mm apart. According to a MAFIA estimation, the effect of
such a narrow gap is negligible. We have also changed the
thickness of the two end caps from 7 to 5 mm. The ceramic
blocks supporting the electrodes have been covered with thin
stainless plates that hopefully reduce electric noises to the
detector as well as undesirable charges induced on the
ceramic surface. All of the following experimental results
have been obtained with this modified Paul trap.

6.2.2 Improvement of the plasma transport efficiency

We tested whether the efficiency of plasma transport is
actually improved in the modified trap. The measurement
data in Fig. 12 were obtained through the same experimental
procedure as taken in Fig. 9. Two different bias voltages in
IS (i.e., Uis = 0 and 1 V) have been considered. The number
of ions detected at the MCP increases steadily until 7

Experiment Region
(ER)

Ion Source

a: Quadrupole rods
b: End cylinders

Fig. 11. Schematic view of a modified Paul trap. The planar Gate
electrode of the first prototype has been replaced with short quadrupole
rods in order to improve the ion transport efficiency.

Particle number

0 200 400 600 800 1000

Gate open period T [us]

Fig. 12. Results of ion transport experiments with the modified multi-
section trap (Fig. 11) whose central Gate is a short quadrupole. The
experiments have been performed under the same conditions as adopted
for the previous experiments in Fig. 9.

becomes long enough for all ions to come out from IS.
Unlike the previous result in Fig. 9, the signal maintains an
almost constant level for 7g > 200 us without acceleration
(Uis = 0V), which strongly suggests that the serious ion loss
no longer occurs in the Gate area. A different tendency is
observed when Uis = 1V. The signal has a peak at Tg ~
100 us and, then, comes to a minimum at 7g =~ 200 us.
Although the ion number eventually becomes independent
of Tg, the signal level is significantly lower than that of the
no-acceleration case.

The result of corresponding tracking simulations is shown
in Fig. 13(a), which qualitatively explains the experimental
observation. When Uis = 0V, a transport efficiency of about
70% is achieved. More than half of the remaining 30% of the
ions are not lost but re-trapped in IS after Gate was closed.
The “real” loss rate during the plasma transport process is,
therefore, much lower. From Fig. 13(b), we can verify that
only very little particles are lost inside the trap. The slight
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Fig. 13. Simulation results corresponding to the ion transport experiments
in Fig. 12. (a) Ion transport efficiency as a function of 7. (b) Number of
2N, " ions lost in 300 us after the Gate barrier was removed. The bias
potential on the IS electrodes is Uis = 1 V. The total number of particles
is 4300 initially.

loss is attributed mainly to tail particles of the initial
distribution. The simulation results in Fig. 14 help us to
understand the experimental data of the Ui = 1V case. The
two pictures represent the time evolution of particle
population along the trap axis after the Gate barrier was
removed. Since no dissipative mechanism is present, each
ion goes in and out of ER, and the plasma eventually spreads
over the whole confinement region. When Uis =0V, the
axial distribution of ions quickly becomes almost uniform
as demonstrated in Fig. 14(a). A clear contrast can be seen
in the lower picture where Ujg is finite. Owing to the
acceleration, we observe, in Fig. 14(b), a cluster of ions
moving into ER at 7g &~ 100 us and then coming back to IS
at Tg =~ 200ps. This plasma behavior results in the
formation of the peak identified in Fig. 12 [or Fig. 13(a)].
After Tg ~ 300 us, the axial ion distribution settles into a
nonuniform one similar to the last profile in Fig. 14(b);
namely, ions are more populated in IS when Uy is finite.
This is because the longitudinal average velocity of the ions
is much greater in ER owing to the acceleration by Ujg and,
as a result, the ions stay in IS for longer periods. The
reduction of particle number at a higher Ui, seen in Fig. 12,
is caused by this nonuniformity of the axial plasma profile.
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Fig. 14. Time evolution of a longitudinal ion distribution after Gate was
opened.

6.2.3 lon storage time

It is important to know how long we can hold a plasma
without the major deterioration of its quality. Possible causes
that may lead to ion loss include mechanical imperfections
and electric noises, collisions with residual gas atoms,
Coulomb scattering, recombinations with background elec-
trons, mismatch of the ion distribution to the plasma
confinement potential, and nonlinear resonances. To esti-
mate the lifetime of an initial low-density plasma in ER, we
measured the number of ions as a function of the storage
time. Similarly to the previous experiments, the electron gun
was turned on for 10s. One second after the gun was turned
off, Gate was opened for 200 us to deliver the ions into ER.
Uis was set at 0V in this experiment. Figure 15 shows how
an unconditioned plasma in ER decays in time. We see that
there are two essentially different time constants; namely,
many ions quickly escape from the trap within the first less
than 100s and, after that, the decay rate becomes much
lower. Such a behavior of a single-species plasma in a Paul
trap has been reported in refs. 59-61. The rapid initial loss
is probably due to high-energy ions generated near the edge
of the confinement region or, more correctly, outside the
dynamic aperture of the system. The primary cause of
the slow decay has not been identified yet; possible loss
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Fig. 15. Number of confined ions vs storage time in ER. The 1/e lifetime

of the plasma is longer than a few 100s under the current experimental
conditions.

mechanisms include the nonlinear distortion of ion orbits
in the vicinity of the end electrodes, and collisions and
recombinations with other species of residual particles. The
plasma storage time estimated from the slow-decay region
is about 500s corresponding to over 10% focusing periods.
This is on the same order as (or even longer than) past
experimental results with rf traps.’*%> An analogous result
has been obtained in lifetime measurements for IS. We can,
therefore, maintain an ion plasma for a period long enough
to complete a space-charge experiment.

6.2.4 Correction to FC outputs

As explained in §5.3, the number of ions in the trap cannot
be accurately measured with the FC because of particle loss
in the drift space. Since it is important to find out the ion
number as precisely as possible, we estimated the loss rate
by comparing experimental and numerical data. For this
purpose, the Cap-B potential was kept at the ground level,
so ions in IS simply pass through ER without reflection.
The ionization time was shortened to 5s and, after a 10-
millisecond storage, the generated ions were released from
IS by dropping the DC barrier at Gate. In order to have a
better SN ratio, we tried to increase the number of ions by
intentionally introducing N, gas into the chamber. The Usg
dependence of particle number measured with the FC is
plotted in Fig. 16(a). The FC outputs have rapidly grown
until the accelerating bias voltage Ujs reaches about 5V.
Then, the signals are saturated at constant levels depending
on the vacuum pressure. This clearly indicates the expected
ion loss that occurs between Cap B and the FC. The
improvement of the transmission efficiency at higher Uy is,
as pointed out in §5.3, due to the reduction of the divergence
angle of the plasma envelope in the drift space. The
experiments can be simulated using the tracking code with
which we have obtained Fig. 16(b). The picture shows the
rate of ions that arrive at the FC passing through the hole of
the shield box. This simulation result qualitatively agrees
with the experimental observation in Fig. 16(a). About 10%
ion loss is caused not at the shield box but in the Cap-B area.
The gradual decrease in transmission efficiency at higher Ujg
is attributed to additional loss in the vicinity of the Gate
electrodes, which was not observed in the experiments. We
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Fig. 16. Dependence of FC outputs on the base potential in IS. (a)
Measurement results at different vacuum pressures. (b) Results of 3D
tracking simulations.

thus conclude that an output signal from the FC reflects 90%
of the actual number of ions in the trap.

6.2.5 Longitudinal plasma temperature

The transverse motion of each particle is strongly heated
by the rf field as soon as it is ionized in IS. The energy gain
from the electric quadrupole field is so large that heating
from the rf field determines the transverse temperature 7, of
the plasma. Assuming the core extent of a few mm, we
expect that 7 is on the order of 10° K because the effective
confinement potential at the core edge is around 0.5V in the
present setup. This is consistent with the tracking result in
§4. On the other hand, there is no direct heating mechanism
in the longitudinal degree of freedom. The axial temperature
T may, therefore, be rather different from 7', as long as the
plasma density is low.5® Tracking simulations have actually
revealed that a large temperature imbalance between the
transverse and longitudinal directions can be maintained
without Coulomb interactions. The longitudinal ion motion
is, however, not completely independent of the transverse
oscillation. Strictly speaking, the two motions are weakly
coupled through electric noises, imperfection fields and
nonlinearity near both ends of the confinement region.
Coulomb collisions can also be a major source of coupling
when the plasma becomes denser.
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Fig. 17. Results of longitudinal plasma-temperature measurements per-
formed at various vacuum pressures.

It is possible to estimate the longitudinal temperature by
adjusting the height of the potential barrier at Gate. In the
experiments reported in the previous subsections, we have
grounded the Gate potential whenever a plasma is released
from IS. Instead, we now switch the potential not to the
ground level but to a finite value slightly higher than Uss.
Before the switching, the barrier is set 20 V higher than the
base potential in IS; namely, during the ionization and
plasma storage, the Gate voltage is fixed at Uis + 20 V. For
longitudinal temperature measurements, this barrier is
lowered to Uss + ug (ug > 0) such that only a high-energy
portion of the plasma can escape from IS. Provided that the
energy distribution of the plasma is of the Maxwell-
Boltzmann type, the number of ions that escaped should
approximately be proportional to exp(—Qd¢g/kgT)), where
¢g denotes the height of the on-axis Gate barrier relative to
the on-axis base potential in IS when Uys + ug (ug > 0) is
applied to Gate. T can thus be evaluated from the ¢g
dependence of ion number measured with the FC. Figure 17
shows the results of temperature measurements carried out at
various vacuum pressures. We stored plasmas for 10ms
before reducing the Gate potential to Ujs + ug. The value of
ug can be converted into the on-axis barrier height ¢g on the
basis of MAFIA calculations. Considering the observation in
Fig. 16, Uis was set at 10V for all measurements. The
ionization time is 5s. The linear fitting of each data leads to
the longitudinal temperature as follows: 0.25eV for 5 x
1077 Pa, 0.29eV for 5 x 107°Pa, and 0.50eV for 5 x
1075 Pa. As expected, T is lower than T estimated above
and becomes higher at poorer vacuum due to more Coulomb
interactions and collisions with background atoms.

Taking into account the 10% particle loss in the drift
space (Fig. 16), we have successfully confined 107 ions in
IS. The longitudinal temperature is then 0.5eV. At this
temperature, the approximate longitudinal extent of the
plasma should be 35 mm according to a MAFIA estimation
of the potential well along the trap axis. The average line
density achieved is, therefore, N ~ 3 x 103 m~!. If we take
the transverse temperature of 0.6 eV numerically evaluated
in §4, eq. (1) gives ap &~ 1.2 mm and the corresponding tune
depression is 0.86. The total number of ions, after being
transported from IS to ER, rapidly decreases in a few tens of
seconds as demonstrated in Fig. 15. We can, however,

recover or even increase the line density by the plasma
stacking technique outlined in §3. By employing laser
cooling, the volume density can easily be improved to a
level appropriate for various space-charge experiments.

7. Summary

We have developed a tabletop experimental system that
enables one to conduct a systematic experimental study of
collective beam dynamics. The system, which we call S-
POD, consists of a compact nonneutral plasma trap, an ion
source, a variety of power supplies, a laser cooler that is also
usable as a diagnostic tool, charged-particle detectors, and
vacuum instruments. As a possible plasma confinement
apparatus, we adopted a Paul ion trap and constructed
several prototypes. A 3D Maxwell equation solver was
employed to determine the dimensions of trap components.
For convenience in future space-charge experiments, our
trap has been designed such that a couple of potential wells
can be formed in the axial direction. Such a “multi-section”
trap is useful for ion-species selection, noise reduction,
plasma stacking and conditioning. Through test experiments,
a minor modification was made to the first prototype to
minimize ion loss in the Gate region. The current Paul trap
(Fig. 11) has allowed us to achieve a plasma transport
efficiency of nearly 100%. A 3D particle tracking code has
also been developed to understand experimental observa-
tions as precisely as possible.

We have studied the basic system performance including
the ion storage time, initial plasma temperature, the number
of confinable ions, mass filtering, and the influences of bias
potential and vacuum pressure. 2*N,* ions generated from
residual atoms have been used for this purpose. The typical
storage time of our trap is about 500 s after a rapid decay of
tail particles in the first 100s (Fig. 15). The longitudinal
plasma temperature is less than 0.3eV at a high vacuum
(<107%Pa), while it increases to 0.5eV at 5 x 107> Pa.
Although the transverse temperature cannot be directly
measured with the present diagnostic system, it is possible to
estimate it because heating from the rf field is the most
dominant energy source in that direction. Tracking simu-
lations suggest that 7', should initially be around 0.6eV,
which is somewhat greater than 7. This value is expected
to decrease to near 0.5¢eV in several tens of seconds due to
the loss of tail particles. The maximum line density reached
in IS without plasma conditioning is N~ 3 x 108m~!,
corresponding to a tune depression of 0.86. We are now
constructing a laser cooler in order to control the plasma
density over a wide range. The laser system is important not
only for cooling but also for LIF measurements, plasma
stacking and matching. An atomic oven is ready to produce
40Ca* plasmas coolable with semiconductor lasers. Test
experiments of plasma stacking will start hopefully in a
year.
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