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Abstract. Recent research is described that exploits nonneutral plasma techniques to develop
new tools to accumulate, manipulate and store antimatter and to make cold, bright antiparticle
beams. Progress is described in three areas: radial compression of single-component plasmas
using rotating electric fields in a novel, strong-drive regime; experiments and complementary
theoretical modeling of the extraction of antiparticle beams with small transverse spatial extent
from single-component plasmas; and work to develop a multicell trap to increase, by orders of
magnitude, the capacity for antiparticle storage. Potential applications of these tools and
challenges for future research are discussed.
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L INTRODUCTION

Much progress has been made recently to create cold antimatter plasmas and to
exploit them for a variety of fundamental scientific studies and technological
applications [1]. A key focus of this conference has been efforts to create, trap, and
study antihydrogen [2-5]. Other examples that require positrons are studies of electron-
positron plasmas [6-8], positron interactions with atoms and molecules [9, 10],
modeling of astrophysical processes [11, 12], and the characterization of materials [13,
14]. On the horizon, a new generation of more intense positron sources is under
development [15-18]. Full utilization of these facilities will require new plasma
techniques for a range of applications including study of the positronium molecule, Ps;
[19, 20], the formation of BEC gasses of positronium atoms [21, 22], and the study of
electron-positron plasmas [8, 23].

We describe here recent research to develop new tools to create and manipulate
single-component plasmas. Electron plasmas (used for convenience and high data rate)
are compressed radially using rotating electric fields [the so-called “rotating wall” (RW)
technique]. The work focuses on a regime in which the plasma spins up until the plasma
rotation frequency is equal to the applied frequency [24]. This creates a rigidly rotating
plasma with a known and constant high density. Studies are also described to extract
beams of small transverse spatial extent from the plasma center [25, 26]. The factors
determining the radial beam profile and minimum beam width are identified. Finally,
work is described to develop a multicell trap capable of storing orders of magnitude
more positrons than is currently possible (e.g., particle numbers, N > 10'?) [27, 28].
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II. DESCRIPTION OF THE EXPERIMENTS

Plasmas were confined in a Penning-Malmberg trap shown schematically in Fig. 1
and described in detail in Ref. [29]. It consists of a series of room-temperature,
cylindrical electrodes 0.5 m in total length with inner radii, Rw = 1.27 ¢cm. A uniform
magnetic field, B = 4.8 Tesla, is imposed parallel to the electrode axis. In equilibrium,
the plasma has a constant density profile with density 7, (i.e., a “flat top” radial
distribution), and undergoes E x B rotation at a frequency, f& = n,ce/B [18, 19]. The
plasma temperature, 7~ 0.05 — 0.1 eV, which is uniform across the plasma, is sct by
the balance between heating sources (due to background drag and/or rotating wall
torques) and cyclotron cooling (z. = 0.16 s) [18, 19].
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FIGURE 1. Schematic diagram of the Penning-Malmberg trap with segmented rotating wall electrode,
phosphor screen and CCD camera.

Radial areal plasma density profiles are measured by releasing the trapped plasma,
then accelerating the particles into a phosphor screen where the resulting light is
imaged using a CCD camera. The plasma temperature is varied by repeated
compression and expansion of the plasma (i.e., changing the plasma length), thereby
heating the plasma through Coulomb collisions. The temperature, 7, is determined by
time-resolved measurement of the number of electrons escaping from the trap when
the confining potential, V¢, at one end is slowly lowered [30].

III. ROTATING-WALL COMPRESSION
IN THE STRONG DRIVE REGIME

The “rotating wall” (RW) technique, whereby a single-component plasma is
compressed radially using a rotating electric field, has proven to be an important tool
for antimatter research. This technique was first developed to tailor electron and ion
plasmas [31, 32]. More recently, it has become a key tool to manipulate and tailor
antimatter plasmas [33, 34]. In the work described here, phased sine waves applied to
a sectored electrode are used to generate a rotating electric field with azimuthal mode
number, mq =1[24, 29]. These ficlds produce a torque on the plasma, thereby
compressing the plasma radially in a non-destructive manner. Early experiments
achieved good coupling by matching the drive frequency, fiw to Trivelpiece-Gould
modes in the plasma [31]. However, this approach has the drawback that compression
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is only possible at selected frequencies, and careful tuning of the drive frequency to
the plasma modes (which change with plasma compression) is required.

We discovered two regimes in which such tuning is unnecessary, first in a positron
plasma with buffer-gas cooling when the plasma radius is comparable to the Debye
length, Ap [33], and later in electron plasmas in a high-magnetic-ficld trap when the
drive amplitude is sufficiently large [29]. Shown in Fig. 2 is an example of this later,
“strong drive” regime. Above a certain drive amplitude (Vrw = 0.7 V p-p in the
experiment shown in Fig. 2), the plasma evolves to a high-density steady state in
which fz = frw. The protocol for these experiments is such that an initial plasma is
created and allowed to come to equilibrium, then the RW is applied at fixed values of
both Vaw and frw. As illustrated in Fig. 3, the radial density profiles of these plasmas
are “flat-top” in shape. Thus the plasma rotates rigidly at frequency /& and is in an
approximate thermal equilibrium state. Experiments at various values of frw are
shown in Fig. 4, illustrating the ability to access a broad range of high-density states in
this strong-drive regime.
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FIGURE 2. Central electron density is shown as a function of time for various amplitudes of applied

RW voltage at 6 MHz. Note the bifurcation from a low-density to a high density state as Vrw is
increased above 0.7 V. Reprinted from Ref. [29].

The central physics question that we addressed recently is what factors determine
the ability to access this regime. The key insight came from examining closely
behavior such as that illustrated in Fig. 4 (right), where a “step” appears in the data
near some characteristic density, in this case np = 0.4 x 10'° cm. Close examination
indicates that this corresponds to the situation in which a static asymmetry in the
laboratory frame drives a Trivelpiece-Gould mode traveling backwards on the rotating
plasma. In this case, the mode frequency is zero in the lab frame and referred to as a
“zero frequency mode” (ZFM). Coupling of the static asymmetry to this mode causes
a drag on the plasma creating an impediment to further compression [29].

In collaboration with T. M. O’Neil, we modeled the drag and drive torques on the
plasma to include this ZFM-induce drag, namely [35],
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where 7, B, v, and D are constants. The three terms in Eq. (4) represent, respectively,
the RW drive, the background drag on the plasma due to trap imperfections, and the
drag due to the ZFM. The form of the second term was chosen empirically to model
the observed outward transport, and the ZFM is modeled by a Lorentzian of width &/,
centered at frequency fo.

The predictions of this model for the drive and drag torques are shown in Fig. 5.
The plot on the left compares the RW drive torque, for a fixed frequency at various
amplitudes, to the sum of the two drag torques from Eq. (4). At the locations where
the drive and drag torques match, there is the possibility of a torque-balanced steady
state (i.€., an attracting fixed point in the language of nonlinear dynamics). These
steady states are shown in the right panel of Fig. 5. Due to the presence of the ZFM
torque, there exist two stable steady states (closed circles) — one at high density and
one at lower density — and an unstable state (open circles). Which stable state the
plasma relaxes to depends on which side of the ZFM the plasma starts. As a
consequence, the plasma is predicted to exhibit hysteresis as a function of the RW
drive amplitude. Similar hysteresis is also predicted as a function of frw [35]. The key
point is that the ZFM drag has the effect of inhibiting access to the high-density fixed
point of the system until a sufficiently large value of V'rw is applied. Once in this high-
density state, Jrw can be reduced significantly without producing much of a decrease
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FIGURE 3. Radial profiles obtained by compression at 6 MHz beginning with the plasma at r = 0 s.
The plasma is in steady-state compression from 10 to 20 s, then allowed to expand with the RW off. All
profiles are close to thermal equilibrium with flat-top profiles, except at ¢ = 2 s, where the plasma is
much hotter, namely 7 ~ 3 V. This data is reprinted from Ref. [29], where the experiment is described
in more detail.
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FIGURE 4. (left) central plasma density following application of the RW at various frequencies at Vyw
= 1.0 V; and (right) steady-state density following the transition to the high-density state as a function
of applied RW frequency. The step near np = 0.5 x 10" ¢m™ is due to a so-called “zero-frequency”
mode, which was key to understanding the bifurcation from low- to high-density steady states. Data
from Ref. [29].
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FIGURE 5. (left) the drag and drive torque from Eq. (1), shown at various drive amplitudes, Vrw;
(right) the resulting torque-balanced steady states, illustrating the hysteretic behavior as a function of
Vrw. All quantities are in arbitrary units. The predictions of the model are qualitatively in good
agreement with the experimental results. This analysis is from Ref. [35]; see this reference for details.

in plasma density (i.e., the system exhibits considerable hysteresis). These predictions
are in qualitative agreement with the experimental results, as is a similar hysteresis
observed when frw is varied.

These results provide a physical model of access to the strong-drive regime and the
high-density steady states that are achieved. We have made quantitative measurements
of the RW torque on the plasma in the high-density state, with the hope that this will
motivate a theory of torque in this state. The fact that the initial, final, and
intermediate states are all close to thermal equilibrium provides reason to believe that
a theory of the compression process might be possible. While admittedly speculative,
the plasma evolution might be described, for example, as a series of thermodynamic
equilibrium states with the rate-limiting process determined by one variable, such as
the momentum relaxation time.

A key practical question now is what limits the compression and the maximum
achievable density. Presently we do not know the answer. We are able to work with
relative ease up to 8 or 9 MHz and, with some care, we have achieved states up to ~ 18
MHz. However, above 8 MHz, there are imbalances in the four legs of the RW drive

88



circuit likely due to (extrinsic) resonances in the cables and electrodes. This is curable.
On the other hand, a generic model of the RW drive predicts that the electric fields due
to the RW are screened in the Debye sheath at the plasma edge by particles moving
along magnetic field lines. For an electrode of length L, the time to screen such a field
(and hence develop a density perturbation upon which the RW electric field acts to
produce a torque) is of order L/2v, where ¥ is the thermal particle velocity. As a
result, frequencies f ., = v/aL would be expected to be less effective in driving the

required torque. Whether this is a practical limitation awaits further study.

IV. EXTRACTION OF BEAMS WITH SMALL TRANSVERSE
SPATIAL EXTENT

Specially tailored particle beams have historically found a wealth of applications in
science and technology, and this is proving especially true in studies involving
antimatter [1]. Applications include the formation of antihydrogen, study of electron-
positron plasmas, the formation of Ps; and BEC Ps, the use of positrons to characterize
materials, and study of the interaction of positrons and Ps atoms with ordinary matter.
For applications in which spatial resolution and/or high-quality beam emittance are
required, beams with a small energy spread and small transverse spatial extent are
desirable. For a single-component plasma in a Penning-Malmberg trap, the space
charge potential is largest on the axis of the plasma. Recently, we exploited this fact
to create beams of small transverse spatial extent by carefully lowering, in a pulsed
manner, one of the confining end-gate potentials, V¢ [25, 26].

A schematic diagram of the experimental arrangement is shown in Fig. 6. Of
interest is the radial profile of the extracted beam, and in particular, the possible
minimum beam diameter and the maximum number of particles that can be extracted
in a pulse at this diameter. The potential, V', was lowered to carefully predetermined
values by applying a 10 us square-wave pulse with amplitude AV, The particles were
found to escape in a time ~ 5 us. Shown in Fig. 7 is an example of the areal plasma

confining —
electrodes

FIGURE 6. Experimental arrangement used to extract beams of small spatial extent from a single-
component plasma by slowly lowering an end-gate potential in a Penning-Malmberg trap. The focus of
the research described here is determining the minimum beam radius, Po-
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density profile before and after beam extraction and examples of radial profiles, op(r),
for various extracted beams. _

The results were analyzed by two methods. For the smallest-amplitude beams, we
developed a simple analytic expression predicting Gaussian areal density profiles with
a radius to 1/e of p, = 2Ap. For larger beams the expression for the width becomes
[26]

p,=22o[1+ €], )
where

®)
2AD

is the critical parameter determining the growth of p, with the amplitude of the
extracted beam, with Ny/No the fraction of the plasma extracted per pulse, and 7, is the
plasma radius. As indicated in Eq. (3), & = eA¢/T, which is the ratio of the difference
in space-charge potential across the beam, A¢, due to the N, particles to the plasma
temperature.
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FIGURE 7. (left) CCD camera images of the areal density profiles (a) before; and (b) 10 us after beam
extraction, and in (c) and (d) the corresponding radial profiles, o,(r); (right) profiles, ou(r), of extracted
beams for £= 0.1, 0.3, 0.5, 1.0, 1.9, 2.8. Shown for the three smallest beams are Gaussian fits (---),
while the three largest beams are fit (=) to numerical solutions. The initial plasma profile, o(r), is also
shown (% ). Reprinted from Ref. [26].

When the factor &> 0.5, the profiles depart from the Gaussian predictions. In this
case, the profiles were calculated numerically with the assumption that particles exit
the plasma before scattering or radial diffusion occurs. As shown in Fig. 7, the profiles
of small-amplitude beams fit well with the Gaussian predictions, and the profiles of
larger amplitude beams are in reasonable agreement with the numerical calculations.
As shown in Fig. 8, the predicted beam widths from Eqgs. (2) and (3) are in good
agreement with the data over the wide range of beam amplitudes studied.

A key result of these studies is that the beam diameter is limited to be > 4Ap.
Another important result is the identification of & as the parameter determining beam
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widths. Equations (2) and (3) set a limit on the fraction of beam particles that can be
extracted at the minimum diameter of 4Ap. Physically, this is the condition that the
areal density within the ]2)ulse must be smaller than the areal density of the parent
plasma, namely (My/2Ap)° < No/(rp) Equations (2) and (3) also quantify the beam
widths for larger beam pulses.

In practical applications, one would like to convert a trapped plasma into a train of
approximately identical pulses. Shown in F1g 9 is an example where over 50% of a
trapped plasma was converted to a train of 20 neatly identical pulses. This was
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FIGURE 8. (a) Beam-width parameter, p, plotted vs. NN, for T = 1.0 eV (@), and 0.2 eV (a).
Predictions () from Eqs. (2) and (3) with no fitted parameters, and (-~) a numerical calculation from
[26]. Arrows correspond to beams with £ = 1. (b) Data from (a) plotted as (py/2Ap)’, vs. g
demonstrating the scaling predicted by Eqs. (2) and (3). Reprinted from Ref. [26].
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FIGURE 9. (left) Amplitudes, Ny, for 20 pulses extracted consecutively with <Ny> = 0.1 + 0.005 x
10%. £~ 0.2. (right) areal density profiles for the 1 (@), 10" (a), and 20™ (V) extracted beams. N, =
0.1 x 10® for all beams. The beam width remains approximately constant, A is maintained invariant
during the extractions; Gaussian fits to the profiles are also shown. Reprinted from Ref. [26].

accomplished by maintaining the central plasma density constant throughout the

extraction process using the RW. After the extraction, the “holes” left by the extracted
pulses propagate coherently to the plasma edge in a time < 1 ms. This returns the
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plasma to a rigid rotor, thermal equilibrium state that would, in principle, allow pulse
extractions at a kilohertz rate. Whether this is possible, given the fact that the plasma
must be compressed with the RW to maintain constant » and Ap, is an important topic
for future research.

There are a number of potential applications of this technique. For example, there
are situations in which an electrostatic as opposed to a magnetically guided beam is
desirable. While the latter is most compatible with accumulation and storage in a
Penning-Malmberg trap, the former admits to the use of electrostatic focusing and
exploitation of ballistic trajectories in three dimensions. In Ref. [26], we provide an
example of extracting a cold beam (7 ~ 10 meV) from a plasma in a 5 tesla field.
Assuming it is guided to a region where B ~ 5 gauss (i.c., 5 x 10* T) and then
extracted from the field, this produces an electrostatic beam with a diameter of 1 mm
and an energy spread of 10 meV (essentially all in the parallel direction). Such a beam
would be a considerable advance for positron-atomic physics scattering experiments,
and could potentially be used to form microbeams for materials analysis. For example,
typical electrostatic beams used for atomic physics studies have energy spreads > 200
meV and transverse extents > 5 mm. Given the constraint on & (i.e, & < 1), the
maxismum number of particles per pulse for the 10 meV beam described here is Ny ~ 4
x 10°.

V. PROGRESS TOWARDS A MULTICELL TRAP

For a number of applications, one would like very large quantities of positrons —
amounts that exceed the capabilities of current accumulation and storage techniques.
In particular, typlcal cylindrical plasmas in Penning-Malmberg traps are space-charge
limited at ~ 10° V¢ patticles per centimeter of plasma length, where v, is the
confining potential in kV [27]. Examples of potential applications requiring such large
numbers of positrons include the study of electron-positron plasmas and the creation
of a Bose-condensed gas of positronium atoms. Currently, new intense sources of
positrons are planned or coming online at several laboratories throughout the world,
and the ability to accumulate, cool and manipulate large amounts of positron plasma
would facilitate efficient multiplexing of end-user experiments at these facilities.

We have begun development of a multicell Penning-Malmberg trap that
circumvents this space-charge limit by arranging multiple Penning-Malmberg-trapped
plasmas (“cells”) in the same vacuum system and magnetic field, with these plasmas
shielded from each other by copper electrodes [27, 28]. A schematic diagram of this
trap is shown in Fig. 10. Positrons would first be accumulated using a buffer-gas trap,
then transferred to a high-field trap (e.g., B ~ 5 — 10 T), where they would be cooled
by cyclotron radiation in UHV. We propose to build a 100 cell trap with Vc~1 -2
kV which would accommodate N > 10'? positrons in ~ 100 cells. A convenient
arrangement is 5 banks of 19 cells in the direction perpendicular to B ~5 T.

Recently, we have made considerable progress 1n estabhshmg the technical basis
for such a trap [26]. The confinement of N > 10'° electrons in a plasma 10 cm in
length with V¢ = 1 kV was demonstrated. The ability to operate two in-line cells
simultaneously was also established. In addition, the multicell trap requires that a
method be developed to move plasma efficiently across the magnetic field to fill off-
axis cells with plasmas from the buffer-gas trap. This was accomplished using
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autoresonant excitation of the diocotron mode, wherein a plasma at the center of a
cylindrical electrode is driven off axis by a frequency-swept signal applied to a
segmented electrode. The plasma phase-locks to the drive signal, and so it can be
deposited at a precise radial and azimuthal location (i.€., required to fill off-axis cells
in a multicell trap). Data demonstrating this capability are shown in Fig. 11.
Positioning accuracy is ~ = 0.1 mm, and it was demonstrated that plasmas can be
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FIGURE 10. Conceptual design of a 95-cell trap showing the arrangement of cells parallel
and perpendicular to B. The device consists of 19, hexagonally close-packed cells
perpendicular to B and 5 in-line cells in the field direction.

180°

FIGURE 11. CCD camera images of displaced plasmas dumped on the phosphor screen using
autoresonant, diocotron-mode excitation. (a) radial displacements at fixed azimuthal position;
(b) azimuthal displacements at fixed radial position. From Ref. [28].

translated radially out to 80% of the electrode inner diameter. A schematic diagram

showing the master cell for acceptance of plasmas from the buffer-gas trap and
translation off axis and two banks of 19 storage cells is illustrated in Fig. 12.
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FIGURE 12. Cutaway view of the electrode structure design for a multicell trap: Large
diameter electrodes form the master plasma-manipulation cell to receive plasmas from a
buffer-gas trap and to displace them for deposition into off-axis cells. Also shown are two
banks of 19 cells (38 cells total). In a 95 cell trap, there would be three more 19-cell banks at
the right. From Ref. [28].

One remaining issue to be addressed is establishing that plasmas can be well
confined (i.e., using RW compression to mitigate outward transport) in cells a
significant distance off-axis and in regions of only modest magnetic field homogeneity
(e.g., near the ends of the solenoid that provides the axial magnetic field). Experiments
of this type are planned. We also plan experiments to establish the minimum electrode
diameters that will be required for good confinement. This latter consideration will
determine how compact such a device can be. Ultimately, one would like to have
portable antimatter traps, but this will likely require advances in magnet technology to
avoid the necessity of cryogenic cooling of the high-field magnet.

VI. CONCLUDING REMARKS

In this paper, we have summarized recent work on the development of nonneutral
plasma-physics tools for antimatter studies. We have also highlighted important issues
for future research. In the area of RW compression of plasmas in the strong-drive
regime, it is now clear that this technique is robust and quite generally applicable to
single component plasmas. It is particularly convenient for compression of positron-
mass particles, where cooling can be accomplished under UHV conditions by
cyclotron radiation. One outstanding issue is the density limit for this technique and, at
present, this is an open question.

In the area of beam formation by pulsed extraction from the center of a single-
component plasma, many of the questions have been answered, but other challenges
remain. They include establishing beam extraction from cryogenic plasmas and
demonstrating the ability to extract such beams from the magnetic field for further
tailoring or use with electrostatic manipulation techniques. Finally, a number of the
technical requirements for a practical, multicell positron trap have been established.
One might envision construction of such a trap for ~ 10" particles in the next few
years.
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