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ABSTRACT

Positrons (i.e., antielectrons) find use in a wide variety of applications, and antiprotons are required for the formation and study of
antihydrogen. Available sources of these antiparticles are relatively weak. To optimize their use, most applications require that the
antiparticles be accumulated into carefully prepared plasmas. We present an overview of the techniques that have been developed to
efficiently accumulate low energy antiparticles and create specially tailored antiparticle plasmas. Techniques are also described to create
tailored antiparticle beams. Many of these techniques are based on methods first developed by the nonneutral plasma community using
electron plasmas for increased data rate. They have enabled the creation and trapping of antihydrogen, they have been critical to studies of
positron and positronium interactions with matter, including advanced techniques to characterize materials and material surfaces; and they
have led to the creation and study of the positronium molecule. Rather than attempting to be comprehensive, we focus on techniques that
have proven most useful, applications where there has been significant, recent progress, and areas that hold promise for future advances.
Examples of the latter include ever more precise comparisons of the properties of antihydrogen and hydrogen, tests of gravity using

antihydrogen and positronium atoms, and efforts to create and study phases of the many-electron, many-positron system.

I. INTRODUCTION

In the past few decades, the use of antimatter for scientific and
technological purposes has become increasingly important.
Positrons are used to characterize materials and material surfaces
[1], and for positron emission tomography (PET) which is used in
drug design and to study metabolic processes [2]. Scientific
applications include tests of quantum electrodynamics (QED),
creation of exotic species such as positronium (Ps) and the
positronium molecule (e*ee’e, symbol Psy) [3, 4], and
understanding fundamental positron interactions with ordinary
matter including atoms and molecules [5, 6]. One of the newest
developments is the ability to create high-quality beams of
positronium atoms for precision measurements and for
fundamental physics tests, such as the gravitational attraction of
antimatter to our (matter) earth [7, 8].

Antiprotons play a central role in the formation and study of
antihydrogen (the bound state of the antiproton and the positron
and the simplest stable antiatom). Antihydrogen is being used to
test the CPT theorem (i.e., the predicted invariance of relativistic
quantum field theories under charge conjugation, parity inversion
and time reversal) and the gravitational attraction of antimatter to
matter. Results have been obtained for the 1S-2S transition [9],
and the hyperfine transition [10], which, by an absolute energy
metric [11], are some of the most precise tests to-date of the CPT
theorem. Crude measurements of the interaction of antihydrogen
with the earth’s gravitational field have also been performed [12].
CPT tests such as a comparison of the proton/antiproton magnetic
moment and mass have also been performed with isolated
antiprotons [13, 14]. These tests have attracted much attention,
both in the physics community and with the lay public.

Sources of antiparticles are relatively weak. Positrons can be
obtained from a variety of radioisotopes, nuclear reactors, and
linear electron accelerators (LINACS) [15]. However, while one
can easily obtain many Coulombs of electrons at amp-strength
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currents, only pico-Coulombs at sub-pico-amp currents are
available in the case of positrons. Antiprotons for low-energy
research with antimatter are available only at the Antiproton
Decelerator (AD) [16] at CERN in Geneva, Switzerland. Once
degraded to below 5 kV, bunches of only ~ 10° antiprotons are
delivered by the AD, at a rate of one bunch every two minutes.
The new upgrade to the AD, ELENA [17], is expected to deliver
10-100 times more useable antiprotons.

Some applications demand tailored antiparticle beams.
Depending on the application, one might want fine lateral
focusing, high areal densities, low-energy beams, nearly
monoenergetic beams, or short temporal pulses. Alternatively,
one might want to deliver intense bursts of large numbers of
antiparticles.

Other applications work best with confined antiparticles.
Because antiparticles suffer annihilation when they come in
contact with matter, they must be confined in vacuum, typically
in an electromagnetic trap. The antiparticles form a charged
cloud which is often in the plasma state. The focus of this article
is to describe the techniques required to accumulate antiparticles
and manipulate the resulting plasmas, tailored for specific
applications. The techniques described here rely heavily on
research in plasma and beam physics [15]. In particular, many
useful processes are extensions of techniques developed to tailor
more conventional single-component plasmas (i.e., plasmas
composed of electrons or ions) and mixed-species nonneutral
plasmas.

II. ANTIMATTER PLASMAS IN TRAPS

A. Penning-Malmberg traps

A wide variety of electromagnetic traps have been used to confine
positrons, including Penning traps, magnetic mirrors and levitated

magnetic dipoles [18-22]. For long-time confinement of large
numbers of positrons or antiprotons, the method of choice is some



variant of the Penning-Malmberg (PM) trap [23]. As shown in
Fig. 1, PM traps use a uniform magnetic field for radial
confinement and an electrostatic potential well in the magnetic
field direction for axial confinement. These traps are used to
confine gases or plasmas whose constituents are all of the same
charge sign, though in antihydrogen synthesis, two adjacent,
oppositely charged plasmas are merged.! As pointed out by
O’Neil, for a cold, magnetized plasma consisting of particles with
a single sign of charge, the canonical angular momentum in a PM
trap can be approximated as

B
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where z is the direction of the magnetic field B, and 7; is the radial
position of particle j with charge e (SI units) [24]. If there are no
torques on the plasma, the angular momentum is constant and the
plasma cannot expand. Thus, confinement is nominally perfect,
and the plasma can reach an equilibrium state [25].
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Fig. 1. Schematic diagram of a Penning-Malmberg trap for the
confinement of plasmas consisting of particles of a single sign of
charge, here biased for positive charges. Typical electrode radii
and lengths are several centimeters. The “parallel” direction z is
defined to be aligned with the trap and magnetic axes, and
“perpendicular” refers to the orthogonal directions.

A plasma in a PM trap produces a strong radial electric field. This
field results in an E x B drift in the azimuthal direction, which
causes the plasma to spin about the magnetic axis. With good
confinement, the shears in the plasma damp out, and the plasma
rotates as a rigid rotor at frequency
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where n is the plasma density [26] and &, is the permittivity of
free space. Depending upon the application, PM traps can operate
at a variety of magnetic fields (e.g., 0.01-7 tesla). As discussed in
the next section, particle cooling is frequently necessary. At high
(e.g., tesla-strength) magnetic fields, naturally occurring
cyclotron radiation can fill this role, while at low B, other
techniques, such as collisions with a molecular gas, are used.

Plasma expansion and losses in PM traps have been extensively
investigated [15, 24, 27]. They are believed to be due to torques
induced by azimuthal asymmetries. The transport induced by
these torques cannot yet be predicted by theory for a particular
device. Thus, when constructing a trap, one endeavors to
minimize magnetic and electrostatic asymmetries. Even with a
perfectly symmetric trap, patch potentials can produce deleterious

! Usually, but not always, the charge clouds are in the plasma
regime, which is defined by 1, < L and n(1p)3 > 1, where

asymmetries [28]. Recent evidence suggests that colloidal-
graphite-coated electrodes are superior to electroplated gold in
minimizing patch asymmetries [29].

In practice, plasma confinement times in PM traps range from
milliseconds to hours and scale approximately as B2 [27]. There
is evidence that confinement is superior in multi-ring PM traps
[30], which utilize many short electrodes extending over the
length of the plasma, rather than one long electrode, as depicted
in Fig. 1. These short electrodes can be used to generate a near-
harmonic potential. ~ Investigation of the possibly better
performance of such multi-ring traps is a fruitful area for further
research.

B. Ultra-long-time confinement

If long-time confinement is needed, antiparticles can be
transferred to an ultra-high vacuum (UHV) PM trap where
annihilation losses are minimized (cf. Fig. 2) [31]. Transfer
efficiencies can be in excess of 90 %, but can also be lower
depending upon the specific circumstances. Antimatter can be
routinely confined in such traps for days, and in exceptional cases,
years [13, 32], using traps mostly or entirely enclosed by surfaces
at 4.2 K. Pressures below 107 Torr are readily obtained in such
cryogenic traps, and can go as low as ~107'® Torr [13, 32].
When necessary, plasma expansion can be minimized or
eliminated by applying rotating electric fields [i.e., the “rotating
wall” (RW) technique [33]]. The RW technique and long
confinement also require good particle cooling, which can be
provided by cyclotron radiation in strong (e.g., tesla-strength)
magnetic fields. We defer further discussion of the performance
and limits of UHV traps to the later sections on cyclotron cooling
and the RW technique.

C. Buffer-gas PM traps

Sources of positrons typically produce particles with energies of
kilo-electron volts or higher. There is not yet an efficient way to
trap particles at these energies, and so various materials
(“moderators”) are used to slow them to electron volt energies [1,
15, 34-36], whereupon they can be trapped in a buffer-gas trap
(BGT). The BGT (cf. Fig. 2) is a modified PM trap that employs
a stepped potential well in the B direction and corresponding
regions (stages) of varying gas pressure. The highest-pressure
region (stage I) is used to trap the particles by electronic excitation
of'a molecule (N2 is the molecule of choice) in one transit through
the trap. Subsequent collisions act to move the particles to stages
of lower potential and gas pressure, where annihilation is slower
(e.g., annihilation times ~ 100 s). Buffer-gas traps using solid Ne
moderators can have as high as 30% trapping efficiency [34].

The operating cycle of the BGT will depend upon the application.
For energy-resolved scattering and annihilation experiments, one
desires to avoid space charge effects. Trap operation is typically
a few Hz, with microsecond pulses of 10° — 10* positrons. In other
applications, one may want large bursts of positrons in which case
accumulation (and hence cycle) times can be of order 100 s.

Ap = (g,T /ne?)/? is the Debye length, &, is the permittivity of
free space, T is the plasma temperature, L is the characteristic
dimension of the plasma, and n is the plasma density.



Discussed below are techniques developed to “bunch” the
positron bursts into nanosecond pulses.

Even in the low-pressure regions of BGT traps annihilation can
be problematic. When longer time confinement times are needed,
the positrons can be transferred to an UHV trap such as those
discussed above [31].
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Fig. 2. Schematic diagram of a three-stage buffer-gas positron
trap and an adjacent high-magnetic-field UHV trap (HFT) [31].
In the BGT, each of the latter two stages are at successively lower
bufter-gas pressures and lower electrical potentials.

I1I. PLASMA DIAGNOSTICS

Diagnostics measuring the plasma density, radius, length, and
temperature have played a key role in the development of the
physics of antimatter plasmas. Experience has shown that the
progress of underdiagnosed experiments has suffered. Many of
these diagnostics were first developed by the nonneutral plasma
community, but the unique conditions of antimatter experiments
(sometimes tenuous plasmas, cryogenic traps with poor access,
ultralow plasma temperatures) have made applying them difficult.

Total particle number. Because antimatter plasmas typically
contain only one sign of charge, the total charge can be detected
by destructively dumping the plasma onto a Faraday cup, or if the
plasma is tenuous, a microchannel plate (MCP). Alternatively,
the charge can be counted by detecting the annihilation
byproducts (gamma rays for positrons, pions for antiprotons) on
particle detectors (commonly scintillators or Si-based devices).
Calibration of annihilation-based diagnostics is complicated by
solid angle, scattering, and absorption issues.

Plasma density profile and aspect ratio. The areal plasma
density (the density projected onto the transverse plane,
typically in units of [cm™2]) can be determined by destructively
dumping the plasma onto a phosphor screen and imaging the
resultant light with a CCD camera. For a recent study of the
difference in detection characteristics of phosphor screens for
electrons and positrons, see Ref. [37]. Often, an MCP is used to
brightness-enhance the image [38, 39]. Typically, the type of
particle being detected is known beforehand. If not, there are
other ways to distinguish them. For example, antiprotons are
approximately a factor of 100 brighter than leptons on an MCP,
and antiparticles will have characteristic annihilation products
that can be detected separately.

The plasma aspect ratio (length to radius), and radial density
profile n(r) [cm™3] can be determined numerically from the areal
density, the total charge, and the confinement geometry [40]. The

plasma profile and aspect ratio can also be determined by
measuring the plasma axial bounce and breathing mode
frequencies [41, 42]. While often useful, the reconstruction of the
plasma parameters is hindered by wall effects, and, for needle-
like (high aspect ratio) plasmas, by a numeric instability in the
formulas for the mode frequencies.

Temperature. The parallel plasma temperature can be measured
by lowering the barrier that confines the plasma slowly compared
to the bounce time of the plasma particles. The most energetic
plasma particles will escape first and can be counted with a
Faraday cup or scintillators. The temperature can then be
determined from the count vs. confinement voltage profile [43].
Only particles escaping from within a few Debye lengths of the
plasma center contain temperature information. This makes the
diagnostic difficult to operate at low temperatures (sub 100K),
and an MCP is often necessary to amplify the signal from these
few escaping particles. The temperature can be measured from
just one plasma sample. To-date, this method of measuring the
temperature has been most generally useful in antihydrogen
trapping. However, there are other methods of measuring the
temperature, several of which are described below. Of these, the
modes diagnostics has been the most useful.

The perpendicular plasma temperature can be measured by using
a magnetic gradient field to convert perpendicular to parallel
energy in conjunction with an electrostatic energy barrier [44,
45]. This technique has the advantage that it measures the bulk
distribution, rather than the Maxwellian tail distribution as is
measured by the parallel temperature diagnostic described
immediately above. However, the technique requires a gradient-
producing coil as well as multiple plasma samples, and the
samples must be nearly identical. To our knowledge, the
technique has not been implemented for antimatter plasmas.

Plasma temperatures can also be measured by systematic trends
in the bounce and breathing mode frequencies [46-48]. While this
diagnostic has the advantage that it is nondestructive, it should be
emphasized that this is a relative temperature diagnostic and does
not yield absolute temperatures. Moreover, the numeric
instabilities and wall effects previously mentioned hinder its
applicability.

For a single component plasma, one can also extract small pulses
of charge by lowering an end gate (i.e., as with the velocity
measurement described in the previous paragraph). The charge,
which will come from the region near the axis, has a Gaussian
radial distribution with a 1/e width of two Debye lengths [49]. If
other measures of the density are available, the width of the pulse
provides a measurement of the plasma temperature.

Finally, the temperature can be determined by measuring the
thermal fluctuations in the naturally excited plasma-mode
amplitudes [50]. Unfortunately, this otherwise advantageous
technique requires a true thermal equilibrium (i.e., without
extrinsic noise) and good signal-to-noise. Consequently, it is
difficult to apply at low temperatures (< 300K) or in a noisy
environment.



IV. PLASMA MANIPULATION TECHNIQUES
A. Plasma cooling and temperature control

For most applications, good particle cooling is either desirable or
necessary to avoid deleterious effects (e.g., ionization and/or
positronium formation on background gas, and evaporative
particle loss). Cooling methods include using a buffer gas and
cyclotron radiation, as well as sympathetic cooling via laser-
cooled ions and adiabatic and evaporative cooling.

Buffer gas cooling. Cooling of positrons using a molecular gas is
now a well-established technique [15, 51, 52], and it is central to
the operation of the buffer-gas positron trap. Where possible
(initial trapping in a BGT being an exception), one tries to avoid
energy loss by electronic excitation, since this occurs close in
energy to positronium-atom formation which is a virulent
positron-annihilation loss process. Thus, one relies on molecular
collisions and the associated excitation of vibrations and rotations
for cooling (i.e., below the threshold for positronium atom
formation). As long as the positrons do not form positron-
molecule bound states (which are absent for many small
molecules), annihilation (a key limitation of this technique) is
relatively benign. Depending upon the choice of molecule,
cooling times from energies of ~ 1 eV to 25 meV (11,600 to 300
K) range from < 10 ms to 1 s at gas pressures ~ 107 torr [52].

Molecular nitrogen N2 is used in BGT for the initial trapping
(energy loss ~ 10 eV/collision), since the cross section for
electronic excitation near the threshold is large at energies before
positronium formation dominates. The N is frequently
augmented by CF4 or SFs for more rapid vibrational cooling to
lower temperatures. The rates for cooling to 300 K due to
vibrational and rotational collisions are compared for three
molecules in Fig. 3 [52]. At 10 Torr of these gases, positron
annihilation times are ~ 10% s. A recently developed cryogenic
BGT operating at 50 K used the CO molecule [29], which has a
permanent dipole moment and hence enhanced rotational energy
loss. The CO has a sufficiently high vapor pressure so as to not
freeze out at 50 K. Buffer gas cooling to temperatures as low as
20 K appears to be possible with Hz, but cooling will be slow (i.e.,
comparable to N2).
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Fig. 3. Positron cooling on molecular vibrations and rotations for
(®) CF4, (A) CO, and (m) N2 gases at 300 K (horizontal line)
[52]. The data are normalized to 1 ptorr and shifted to coincide at
t = 0 s; the dashed lines show an exponential fit for each case.
Inset shows CF4 in more detail. The corresponding cooling times
to 1/e are 4.8, 130, and 1,500 ms/utorr for CF4, CO, and No.

Cyclotron cooling. In a magnetic field, the cyclotron orbits of the
particles result in the emission of radiation. This can be an
efficient cooling mechanism for the perpendicular degrees of
freedom of electrons and positrons [53, 54]. Except under
extreme conditions of high fields and low temperatures [55],
collisions thermalize the parallel and perpendicular energies at a
rate much faster than the cooling itself. Including this
thermalization, the free-space cooling rate (in units of ') is

1dT _ 2e2Q2 B\?
Pe=22=2"0 ~026(2), 3)
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where T is the plasma temperature, (). = eB/m is the cyclotron
frequency, m is the particle mass, and c is the speed of light.
Cyclotron cooling has been exploited extensively at tesla-strength
magnetic fields. While generally not as fast as buffer-gas cooling,
it is compatible with UHV vacuum environments and thus avoids
the use of a buffer gas and the associated annihilation loss.

Recently, a resonant cavity was used to enhance the cyclotron
cooling rate (cf. Figs. 4 and 5) [56]. As in the Purcell effect, the
cavity enhances the cyclotron rate [57]. Electron plasmas have
been cooled to 10 K with a rate 100 times faster than the
spontaneous rate given by Eq. (3). Fast cooling has been observed
in fields as low as 0.15T, where the free-space cyclotron cooling
rate is very small. While there is some limitation on the number
of particles that can be cooled in this manner, resonant cavity
cooling offers considerable potential, particularly when one wants
to operate in UHV conditions and/or at low magnetic fields.

Sympathetic cooling on electrons. A key advance in antimatter
physics was the development of techniques to trap and cool
energetic antiprotons. Antiprotons from CERN’s LEAR (and
later the AD) facility can be slowed by a degrader. About 0.5% of
the antiprotons in the 5.3 MeV AD beam can be slowed to below
5 keV. These antiprotons can then be “barn-door trapped” with an
efficiency approaching 100% by the application of a fast-rising
electrode potential, resulting in a cloud of 0 — SkeV antiprotons
in a PM trap [58]. The antiprotons can then be cooled to ~5 meV
temperatures by collisions with cyclotron-cooled electrons [59].
Note that because of baryon number conservation, antiprotons do
not annihilate on electrons.
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Fig. 4. (a) Electrodes of a PM trap designed to exploit resonant-
cavity cyclotron cooling in resonant Cavity 2. Cavities 1 and 3 act
as waveguides beyond cutoff. (b) the simulated electric field
intensity for the TEi11 mode in Cavity 2 [56].
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Fig. 5. Measured temperatures of electron plasmas initially at
26,000 K and cooled for 8 s at the indicated magnetic field values
using the apparatus in Fig. 4. The dips occur upon excitation of
TE11x modes [56].

Sympathetic cooling using laser-cooled ions. Small numbers of
positrons (~ 1000) have been sympathetically cooled to T < 5 K
when they were co-loaded in a PM trap with a larger number
(~10°) of laser-cooled Be" ions. However, deleterious centrifugal
separation was observed [60]. Further work is necessary to
determine the extent to which centrifugal separation is an intrinsic
limitation, and also to determine if a large number of positrons (=
10°) can be cooled with a smaller number of ions (e.g., ~ 10°)
[61].

Adiabatic expansion. Adiabatic expansion can be used to cool
nonneutral plasmas [45] to temperatures below 10K. In this
process, the electrostatic confining potential well is expanded
axially. By conservation of the bounce adiabatic invariant, the
plasma will cool. For best results, the well must be expanded
slowly compared to the particle bounce time, since this preserves
the adiabatic nature of the expansion. While the plasma only
directly cools in the axial direction, Coulomb collisions
thermalize the plasma in all directions.

Evaporative cooling. Nonneutral plasmas can also be cooled by
evaporative cooling, in which the electrostatic confining well
barrier is lowered so that the hottest plasma particles escape. The
remaining plasma then re-thermalizes on the collision time scale.
An example of the use of this method to cool antiprotons is shown
in Fig. 6.

Both adiabatic expansion and evaporative cooling have proven
useful and important in antimatter physics experiments (e.g., see
Refs. [62-64] for cooling both positrons and antiprotons.
Expansion cooling retains all of the particles, which is
advantageous. It does, however, expand the plasma axially,
which lowers the plasma density.  Evaporative cooling
necessarily involves loss of particles, though with care, this loss
can be minimized. Further, angular momentum conservation
requires that the plasma expand radially [24], which also lowers
the plasma density.

B. Plasma density control—the “rotating wall technique”

If there are no torques on a plasma in a PM trap, angular
momentum is conserved and there is no net expansion. However,
realistic plasma traps always have asymmetries which act to
expand the plasma. If one injects angular momentum by
deliberately applying a torque, one can compress the plasma as
required by Eq. (1) and counteract the intrinsic expansion. Such
torques can be applied by the “rotating wall” (RW) technique
illustrated in Fig. 7. It has been used to compress single-

component plasmas, charged gases in the single particle regime,
and cold, high density ion crystals [33, 65-70]. To use this
technique, phased electrical signals at some frequency fzy, are
used to drive azimuthally segmented sectors of an electrode
surrounding an axial portion of the plasma. The electric field
induces a dipole moment, resulting in a torque. This torque
increases the rotation frequency of the plasma and thus acts to
increase the density as per Eq. (2) (see Fig. 8). The RW technique
can be used to increase the plasma density and/or to achieve long
term particle confinement (e.g., days, weeks or longer). It has
proven useful in both BG and UHV traps [15, 69, 70].
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FIG. 6. (a) Six steps of evaporative cooling of antiprotons,
resulting in a temperature decrease from 1,000 K to 9 K (m). The
temperature vs. the on-axis well depth is compared with a model
calculation (solid line). The initial number of antiprotons was
approximately 45,000 at an on-axis well depth of 1.5 eV.
Approximately 6 % of the particles remain at the final
temperature of 9 K. See Ref. [63] for details.

The torque due to the RW fields does work on the plasma and
hence produces heating [33]. Thus, RW compression requires a
plasma cooling mechanism. This cooling can be provided by the
background gas in BG traps, by cyclotron cooling in UHV traps,
or laser cooling using co-loaded ions. For antiprotons,
sympathetic cooling on co-trapped cyclotron-cooled electrons
can be used [71]. One group, however, has reported RW
compression without an obvious cooling mechanism [72].
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Fig. 7. Apparatus for RW compression of single component,
negatively charged plasmas. The areal density profile is measured
by accelerating the particles onto a phosphor screen and
measuring the resulting light, as discussed in Section III.

Particle heating is reduced when the asymmetry-induced
transport is minimized, and this is desirable. For a single
component plasma in a PM trap with good confinement, the
plasma density » approaches a constant, independent of the radial
position in the plasma. As illustrated in Fig. 9, when the applied
frequency fryy > fE, the plasma can be made to spin up until the



two frequencies are approximately equal, namely fp = fgy (the
so-called “strong drive regime” of RW compression) [33, 73].
Experience has shown, however, that PM traps with relatively
good confinement are required in order to be able to operate in
this strong drive regime.

The Brillouin density limit, ng = B2/(2uomc?), where y is the
permeability of free space, is the maximum plasma density that
can be confined in a magnetic field B [74]. As shown in Fig. 9,
for plasmas in PM traps using buffer gas cooling, densities of 17%
of ng have been achieved. That this is not 100 % of ng can likely
be understood as limited by molecular collisions in the relatively
strong radial electric fields near ng [75]. In contrast, while higher
absolute densities have been achieved in cyclotron-cooled
plasmas in high-field UHV traps, the fraction of the Brillouin
limit achieved is much smaller (e.g., n/ng < 1073). The
relatively poor performance in this regime is not understood and
is a subject of ongoing research.
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Fig. 8. Rotating wall compression of an electron plasma starting
at time t = 0 [76]. Note the log density scale. The constant
density profiles at t = 0 and 10 s are characteristic of rigid-rotor
rotational motion [i.e., as described by Eq. (2)].
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Fig. 9. Change in density of a positron plasma as a function of
applied RW frequency when a constant frequency is applied [15].
The solid line corresponds to fr = fzy, characteristic of the
strong drive regime. For this experiment, B = 0.04 T, and the
maximum density achieved is 17% of the Brillouin density limit.
The sharp drops in density at specific frequencies are due to static
asymmetries that couple to low-order plasma modes and act as a
drag on the plasma.

C. Combined techniques to provide unprecedented plasma
reproducibility

The parameters of plasmas loaded into PM traps can vary
substantially from loading to loading. Some of this variation
comes from the particle source itself: for positron sources, for
instance, due to the variations in pumping, the quality and age of
the moderator, and other factors. In some experiments, the
number of trapped positrons can easily vary by a factor of two.
Other variations can come from the transport of particles from
low to high magnetic field, where magnetic mirroring can play a
significant role. Mirroring can be reduced by transferring the
particles at an axial energy much greater than the plasma
temperature; however, as discussed below, this can introduce
other problems.

In some applications, such as the trapping of antihydrogen, the
reproducibility of the plasma loading is critical. Reproducibility
can be dramatically improved by simultaneously employing
strong-drive RW fields (SDR) (which sets the plasma density)
and evaporative cooling (EVC) (which sets the plasma on-axis
potential). So long as the temperature is low, setting the density
and the on-axis potential fully specifies the remaining plasma
parameters, including the plasma radius and total charge. An
example of this procedure, called SDREVC [62], is shown in Fig.
10. The stability engendered by SDREVC has led to more than an
order of magnitude increase in the formation rate of trappable
antihydrogen.
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Fig. 10. Stability of the electron and positron plasmas (the former
for sympathetic cooling of the antiprotons) used to create
antihydrogen atoms before and after plasma tailoring by radial
compression and evaporative cooling (SDREVC) [62].

D. Plasma purity control for antihydrogen formation

While some plasma processes used to form antihydrogen require
or tolerate multispecies plasmas, many require that the plasmas
be pure. Some techniques to purify the plasmas are given below.

Removal of cooling electrons. Antiprotons are initially captured
from the AD by sympathetic cooling on electrons. These
electrons must be removed from the mixed antiproton/electron
plasma before the antiprotons can be moved substantial distances
(e.g., to another trap). Once moved, the antiprotons are frequently
remixed with new electrons to re-cool them. These electrons must
be subsequently removed before the antiprotons are further
processed to make antihydrogen. The electrons are usually
removed by momentarily lowering the electrostatic confinement
well trapping the mixed plasmas. Because the electrons are much
lighter than the antiprotons, they will escape the trap before the
antiprotons respond significantly. This process, sometimes called
“e-kicking,” is somewhat delicate. Lowering the barrier too much



or for too long a time, heats or even loses the antiprotons, while
lowering the barrier too little or for too short a time, does not
remove all the electrons.

To obtain pure, cold, antiprotons plasmas, it is often necessary to
perform several cycles of ever deeper, albeit incompletely
effective e-kicks. Between each cycle, the antiprotons are
sympathetically re-cooled on the ever-diminishing number of
electrons.  E-kicking also expands the remaining plasma,
counteracting sympathetically cooled antiproton compression.
Thus, it is frequently necessary to do compression in several
stages, separated by the partial e-kicks. Consequently, the
optimal tuning of this process is subtle [77], but when well-tuned,
few antiprotons are lost.

Positron cleaning.  When positrons or other particles are
transported long distances and/or into higher field regions, they
are often transported at axial energies well above the initial
plasma temperature. For example, a 50 eV transport energy is
often used. This energy is greater than the ionization and
positronium formation thresholds for background neutrals, and so
the particles can become contaminated with background ions.
This is particularly troublesome for positrons, because the
background ions are typically positively charged, and are hence
confined by the same electrostatic well as used to confine the
positrons. These ions can cause fast expansion and plasma
heating, and so they need to be removed before the positrons are

further processed. This can be accomplished by a modified e-
kicking process, in which the ejected, now pure, positrons are
then re-caught in a potential well downstream, or by driving the
ions out of the positron plasma with a frequency resonant with the
ion bounce frequency. When done carefully, few positrons are
lost by these cleaning operations.

E. Autoresonance.

Under certain circumstances, a nonlinear oscillator can be made
to phase lock to a drive signal if the drive frequency is slowly
swept through the linear (low amplitude) resonant frequency of
the system [78]. This phenomenon, called autoresonance, has
proven useful to coherently manipulate plasmas in PM traps. An
example is shown in Fig. 11 where the longitudinal motion of an
antiproton cloud in a PM trap has been excited and the cloud
released at various mean energies set by the end-gate potential
[79]. In another application, development of a practical multicell
positron trap for large numbers of positrons [80, 81], an electron
plasma was moved across the magnetic field by autoresonant
excitation of the diocotron mode (i.e., the bulk rotation of the
plasma around the trap axis caused by the plasmas interaction
with its image) [74].

The combination of trapping and plasma manipulation techniques
has established the ability to create a wide variety of trapped
antimatter plasmas. Table I gives some examples.

Table 1. Examples of operating parameters for antimatter plasmas in PM traps, the plasma length and radius, L, and rp, temperature and
density, T and n, space charge potential, Vs, and the confinement time z.. Positrons: in gas-cooled traps: UCSD — three-stage BGT, UCR —
2-stage BGT, FPSI — First Point Scientific BGT and accumulator; and in cyclotron- cooled traps: the ALPHA [82], ATHENA [83] and
ATRAP [84] collaborations at CERN. Antiprotons: the ALPHA [82], ATRAP [64], and AEgIS [77] collaborations at CERN.

Device B Lp ro T n Nmax Vs T,
(1) (cm) (mm) (eV) 108 (cm)? 107 (v) (s)
Positrons
ucsD 0.1 10 6 0.03 0.02 30 15 300
UCR 0.09 1 0.5 0.03 1 0.1 0.01 1
FPSI 0.04 10 0.5 0.05 12 10 ~10 ~1000
ALPHAT 1 1 0.7 0.001 1 3 0.2
ATHENAT 3 26 120 ~9000
ATRAP 1 400 530* ~14400
Antiprotons
ALPHAT 1 1 1 0.0006 0.01 0.005 0.02
ATRAP 3.7 0.0003 0.3
AEgIS 4.46 0.17 0.2 0.007

T Not achieved simultaneously ~ *Confinement voltage

V. TRAP-BASED ANTIPARTICLE BEAMS

Different applications require different types of optimization of
antiparticles beams generated from PM-trapped antiparticle
plasmas. Described here are some frequently used techniques.

A. Narrow energy spreads

Buffer-gas trap-based positron beams with narrow energy spreads
have proven useful for studying positron scattering and
annihilation processes [5, 6]. A simple method to create a beam
is to trap and cool positrons in a PM trap and then carefully raise
the bottom of the confining potential well to force them over an

end gate barrier. Typically, the plasma is allowed to cool to the
ambient gas temperature Ty, in which case the achievable spread
in total energy is approximately (3/2) ksTgy. In more detail, the
beam energy distribution can be described by an exponentially
modified Gaussian (EMG) distribution [85]. The energy
distribution in the motion perpendicular to B is Maxwellian, but
the parallel energy depends on the dynamics of the expulsion of
the particles from the PM trap and the shape of the confining
potential well. Energy spreads of 40 meV FWHM have been
achieved using a 300 K buffer gas and 7 meV with a gas at 50 K
[15, 29].



B. Short temporal pulses

For applications such as study of high-density gases of
positronium atoms, one would like short temporal bursts of
antiparticles. Examples include the creation of dense gases of
positronium atoms at material surfaces [86], matching lasers to
collections of Ps atoms for precision spectroscopy, and preparing
long-lifetime, high-Rydberg-state Ps atoms for advanced Ps
beams [8]. For example, the more focused in space and time the
positron burst, the more efficiently it can be matched to laser
pulses for the manipulation of atoms (e.g., high-Rydberg Ps).
Temporal bunching technology is very highly developed due to
its importance in tailoring electron beams, and so techniques are
readily available for positron applications at the level of a few
hundred picoseconds. One would like to achieve such short pulse
durations for applications such as single-shot positron lifetime
spectroscopy [87].

FON4U

Fig. 11. Autoresonant release of a cloud of antiprotons from a
potential well. The frequency is swept downward from the linear
value for this well with bounce frequency w,/2m =410 kHz. The
open squares (right) denote the mean beam energy U of each
distribution f(U) (left), plotted against the final drive frequency
(dashed lines). See Ref. [79] for details.

One technique for temporal pulse compression is to confine the
plasma in a PM trap inside a stack of short cylindrical electrodes.
Shown in Fig. 12 are data using such a harmonic “buncher” to
time-compress a pulse of positrons from a BGT accumulator. In
this technique, a positron plasma is confined in a multi-ring PM
trap, the potential is quickly ramped up to a parabolic profile, with
the minimum in the potential some distance downstream, thus
producing a time focus at that location. Alternately, one can
produce short temporal pulses from an accelerator-based source
[88].

C. Beams with small transverse extent

The RW technique can be used to increase plasma density. This,
in conjunction with carefully extracting positrons from the center
of the plasma (i.e.,, center-line extraction), can produce
magnetically guided beams with small transverse spatial extent
(the limit being four Debye lengths) [49]. Such beams would aid
in the use in positron microscopy to study material surfaces, as
discussed further in the next section.

D. Electrostatic beams from trapped plasmas

Techniques have been developed to extract positron beams from
the magnetic field of a PM trap into a field free region. This is

difficult to do while simultaneously preserving beam quality.
Techniques used to help maintain beam quality include
transmission through a small hole in a high-permeability plate and
use of a specially designed grid made of a similar material [89,
90]. If the objective is a beam with small transverse extent, this
can be preceded by center-line extraction. Following extraction
from the field, one can then focus the resulting particles
electrostatically (frequently using a remoderator [91]). This latter
process can be repeated to further focus the beam, albeit with
some particle loss. Such narrow beams are of use, for example, in
applications such as positron microscopy.
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Fig. 12. Positron pulses with and without a harmonic buncher,
showing time compression of a factor of approximately ten to < 2
ns [92].

E. Spin-polarized positron beams

For applications such as the creation and study of dense gases of
Ps atoms, one would like to prepare the longer-lived spin S = 1
atoms. This has been done exploiting the fact that 2Na positron
sources emit spin-polarized positrons (i.e., since the positrons are
produced via the weak interactions). The approximately 30%
expected polarization was produced, and maintained even when
the fast positrons from 2?Na were moderated in energy using solid
neon and trapped in a BGT, followed by density increase using a
RW and time-compressed using a harmonic buncher [93].

F. Trap-based positronium atom beams

High quality Ps beams are important for characterizing materials
as well as for tests of fundamental physics such as the
gravitational attraction of matter and antimatter. This is an area
which has seen considerable progress recently, and one that holds
much promise for the future.

High-Rydberg-state Ps beams. The positronium atom is unstable
to electron-positron annihilation. The lifetime depends upon the
spin of the atom and the principle quantum number of the state.
The lowest order annihilation process for ground-state Ps atoms
with S =1 is decay by the emission of three gamma rays with a
lifetime of 140 ns, while the S = 0 state decays by the emission of
two gamma rays with a lifetime of 120 ps [94]. These short
lifetimes pose an important constraint on the creation and utility
of Ps beams.

One recent approach, offering considerable promise to produce
high quality Ps beams, exploits trap-based beam technology to



produce focused, time-compressed bursts of positrons. When
incident upon a specially chosen material surface, bursts of Ps
atoms are produced that can then be matched to laser pulses to
produce high-Rydberg-state Ps atoms [95]. In these atoms, the
overlap of the positron and electron wave functions is relatively
small, resulting in much longer lifetimes (e.g., lifetime > 100 ps
for the n = 31 state).

If these Rydberg atoms are made in a strong electric field (so-
called Stark states) [8], they can have large permanent dipole
moments. They can then be manipulated (guided, focused) by
suitably arranged regions of varying electric field. The schematic
diagram of a recent experiment is shown in Fig. 13. Typical Ps
energies are a few tenths of an eV. Potentially, this technique is
an alternative method to form antihydrogen (ie., by the process of
charge exchange of Rydberg Ps atoms with antiprotons) [96, 97]
and long-lived, high quality Ps beams for antimatter gravity
studies [8].

Higher-energy Ps beams using the Ps™ ion. A technique to form
high-quality Ps beams at higher energies is illustrated in Fig. 14
[98]. It uses time-compressed pulses of positrons incident upon a
Na-coated W foil to create the Ps™ ion (i.e., a positron and two
electrons). The Ps™ is then accelerated and the excess electron
laser stripped. This technique has produced Ps beams with

energies from 300 eV to 3 keV and beam divergences of 0.3°.

Alternately, it has been proposed to use a traveling optical lattice
[99]. Among other applications, such beams offer considerable
promise in studying material surfaces.

VI. APPLICATIONS ENABLED BY TRAPS AND TRAP-
BASED BEAMS

We review here recent progress in key antimatter applications
enabled by the plasma and trap-based tools discussed above and

describe the potential impact of tools currently under
development.

A. Formation, trapping and study of antihydrogen

As mentioned above, an exciting area of science with antimatter
is the creation of antihydrogen atoms and precision tests of their
properties compared with those of hydrogen. These activities are
the focus of work by several world-wide collaborations at
CERN’s AD facility. Antihydrogen trap depths are less than 1 K.
Consequently, antihydrogen experiments must be done with
particles at very low particle energies. Plasma manipulation and
beam formation techniques have played a critical role in
maximizing the efficiency of antihydrogen formation and
trapping. Important procedures include efficient antiparticle
trapping, density and temperature control, and tailored mixing of
positrons and antiprotons. (see Refs. [62, 100-102]). A recent
success of this strategy is the newly developed SDREVC
technique (cf. Sec. IV. C and Fig. 10) to prepare reproducible
single-component positron and electron plasmas (the latter for
sympathetic antiproton cooling) [62].

As a result of these and other advances, in the last decade
antihydrogen trapping rates have increased from 0.1 to 300/h
[103]. Figure 15 shows a precision measurement of the 1S — 2S
energy transition in antihydrogen [9]. Another recent
achievement is the single-photon excitation of the 1S — 2P
(Lyman o) transition in antihydrogen [104]. This sets the stage
for laser cooling the antiatoms and further increases in the
precision of comparisons of the properties of antihydrogen and
hydrogen. To-date, these comparisons have found no differences
between the two. A current goal is to study the 1S — 28 transition
with a precision comparable to that of hydrogen, which will
require an increase in precision of approximately 10°s.
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Fig. 13. Transmission and focusing of a high-Rydberg-state Ps beam [105]. Stark Ps states are formed using a UV and an IR laser. They are
reflected from a specially prepared “Rydberg mirror” consisting of closely spaced rods approximately parallel to the beamline with alternating
DC potentials that create a localized electric field near the surface. The mirror has a slight curvature such that low-field seeking Ps states are

focused on a detector 6 m from the Ps source. See Ref. [105] for further details.

B. Cyclotron resonance magnetometry

Many of the experiments that can be done with antimatter require
precise knowledge of the local magnetic field. For example, in
experiments intended to measure gravity with antihydrogen atoms,
a magnetic gradient of ~1.8 mT/m will produce a force on the
antiatom equal to the force of gravity. Thus, a 1% accuracy free-
fall experiment over a range of 0.3 mina 1 T background field must
control the field strength to the 10 ppm level.

Because antimatter traps are frequently in a UHV, cryogenic
environment and have poor access, conventional magnetometry
techniques employing NMR or Hall effect sensors are often
infeasible. In this case, one is led to consider electron cyclotron
resonance (ECR) magnetometry [106]. This technique uses
variable-frequency microwaves to heat a plasma. From the
frequency that maximizes the heating, as determined by the post-
illumination plasma temperature, one can calculate the local



magnetic field assuming the frequency is the plasma cyclotron
frequency [107].

Recently, two advances have led to ECR measurements at the 1
ppm level [108]. The first advance is the development of a
technique to rapidly generate small electron plasmas. An extension
of work to generate positron pulses [109], pulses from a reservoir
of electron plasma are recaptured to form a succession of ECR
target plasmas. These small target plasmas are required to measure
the local field in the presence of magnetic gradients. Rapidly
generated target plasmas are required to quickly complete a
frequency scan, since the target plasma temperature is measured
destructively (Sec. IV. A). The second advance is a methodology to
reliably identify the cyclotron-frequency-resonance peak in the
presence of many other heating resonances. This is accomplished
by searching for the peak that does not move when the plasma
electron bounce frequency is scanned. Research on this potentially
important technique is ongoing.
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Fig. 14. Formation of a variable-energy Ps beam using Ps™ ions [98].
(above) Schematic diagram of the apparatus. A pulsed positron
beam from a BGT is focused on a Na coated W film, which emits
Psions. The ions are accelerated through an imposed potential drop
V and then laser stripped to form the Ps beam. (below) Time-of-
flight energy spectra of the resulting beam upon varying ¥ from 0.3
to 3.5 kV.

C. Positron and positronium interactions with atoms, molecules and
atomic clusters

The method described in Sec. V to produce pulsed, magnetically
guided beams with narrow energy spreads has been exploited
extensively for both positron scattering and annihilation studies [5].

2 While it is predicted that positrons bind to many atoms, the lack of low-lying
excitations in atoms has, to date, hindered study of this process.
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It has enabled state-resolved measurements of the positron-impact
cross sections for electronic excitation in atoms and molecules and
vibrational excitation of molecules [5]. It has also led to the
discovery and study of vibrational Feshbach resonances in positron
annihilation in molecules, discovery and study of positron-molecule
bound states, and measurement of positron-molecule binding
energies for a wide variety of molecules [6].2 Another interesting
area for study is positron-induced fragmentation, which depends
critically on the incident positron energy [110, 111]. The fact that
positrons with energies close to the threshold for Ps formation
produce little or no fragmentation has potentially important
practical consequences [112]. The quest for colder beams to
improve the energy resolution of such measurements is ongoing. At
the current level of energy resolution (< 10 meV), maintaining this
energy resolution downstream of the trap has proven to be
challenging. This must be addressed.
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Fig. 15. A measurement of the antihydrogen two-photon 1S-2S
transition is shown here corresponding to a relative precision of 2
x 1072 [9]. The points show the number atoms that are detected
(appearance) when “kicked” out of the system after illumination by
light at various detuning frequencies, and the number of atoms that
are missing (disappearance) after illumination as inferred by
subtracting the number remaining after illumination from the
number before illumination (done with multiple, repeated
ensembles.) The line is the result of a simulation with 1W of laser
power.

Electrostatic (as opposed to magnetically guided) beams have
advantages, particularly in measuring angularly resolved scattering
cross sections. Techniques exist to tailor positron pulses and then
extract them from the magnetic field to create electrostatic beams
that can be used for this purpose, however they have yet to be fully
exploited.

Study of positron interactions with clusters has been discussed as a
fruitful area for investigation [6] (e.g., positronic “cage states” in
Ceo clusters [113]). Qualitatively, clusters should behave as large
molecules. Thus, they should exhibit resonant attachment and
bound states, greatly enhancing annihilation rates and providing
information about the target. Positron-induced Auger emission
could give information about cluster surfaces [114]. However, thus



far, there have been no experiments with clusters, and so this is an
interesting area for future investigation.

Positronium atoms couple differently to matter than do electrons or
positrons, and so they give unique information [115]. The new
generation of positronium beams can potentially shed light on Ps
interactions with atoms and molecules, which is a subject of current
interest [116].

D. Positron studies in condensed matter and materials physics

Trap-based beams offer many advantages for research in this area,
but also have yet to be fully exploited [117, 118]. In the case of
positrons, advantages include the possibility of single-shot
positron-annihilation-lifetime spectroscopy (PALS) [87], pulsed
beams for enhanced signal to noise in positron-induced Auger
electron spectroscopy, and rotating-wall radial plasma compression
and centerline beam extraction for spatial focusing (e.g., a positron
microscope). While useful with all types of positron sources, this
might be particularly beneficial at a high-flux reactor or LINAC-
based positron beam facility [114].

The new generation of positronium beams offers many important
avenues for future investigation of condensed matter phenomena.
This arises from the fact that the Ps atom is qualitatively different
(i.e., light, uncharged) probe particle, as compared with electrons,
positrons or neutral atoms (e.g., He atom diffraction). The use of
metal-organic framework (MOF) materials to create nearly
monochromatic Ps beams [119], and the technique to create high-
Rydberg-state atoms, offer complementary tools with which to
conduct a variety of surface analysis experiments. A longstanding
goal in this area is to study surfaces using Ps-atom diffraction [120].
The Ps beam described in Ref. [98] is an important step toward this
goal. Another goal is to test the quantum reflection of Ps atoms from
solid surfaces [121].

E. Bose-condensed gases of positronium atoms (Ps BEC)

Shown in Fig. 16 is a schematic view of the phase diagram for the
many-electron, many-positron system. One fascinating possibility
is to create a Ps-atom BEC. Bose condensation requires high
densities of cold Ps atoms, which can potentially be achieved by
implanting several-keV, partially spin-polarized positrons from a
22Na source into a material with a cavity below the surface [122].
The positrons will cool, pick up electrons to become Ps atoms and
diffuse into the cavity. After the two-gamma decays, the remaining
atoms will be in long-lived S =1 states. If they are sufficiently cold
and dense, they will transition to the BEC state [3]. The light mass
of the Ps atoms lowers the requirements on n and T to achieve the
BEC relative to that for ordinary neutral atoms. For example, for a
Ps density of 10'® cm™, the transition temperature is T,= 90 K.

Experiments are in progress to achieve such a state. They employ a
BGT and accumulator with a RW, buncher and pulsed magnetic
field to create bursts of ~ 108 positrons, which will then be extracted
from the magnetic field and electrostatically metal remoderator to
further increase beam emittance (¢ = D/AE, /E, , where Ej, is the
beam energy and D the diameter, and AE | is the spread in transverse
energies). It is planned that the beam would then be accelerated and
refocused on a suitable material to form a dense Ps focused on a gas
and a Ps BEC [3].
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F. Electron-positron plasmas

Another many-body electron-positron state, shown in Fig. 16, is the
classical “pair” plasma, where the Debye length is small compared
to the dimensions of the charge cloud and n43, > 1, where 4, is the
Debye length. Such a plasma has long been predicted to have
distinctly different properties than conventional electron-ion
plasmas [123] but has yet to be studied in the laboratory. It has been
proposed to confine such a plasma in variety of traps, including a
stellarator, levitated magnetic dipole, magnetic mirror and a
Penning-Paul trap [20-22, 124, 125]. Research on creating a pair
plasma is currently underway. As part of this effort, preliminary
experiments using a permanent magnet to mimic a dipole field have
demonstrated the efficient loading of small numbers of positrons
using E x B plates [126] and single-particle positron orbits with
lifetimes > 1 s [127].
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Fig. 16. Schematic (only) phase diagram of the electron-positron
system as a function of density n and temperature T. The density
nmi of the metal-insulator transition is indicated. While this
quantum phase is beyond current technology, Ps2 has been created
and studied, and near-term studies of a Ps BEC and a classical pair
plasma are possible. (Adapted from Ref. [128].)

A key impediment to creating a pair plasma is the difficulty in
accumulating sufficiently large numbers of positrons (e.g., 10'° —
10'2), to be injected in a burst to enter the plasma regime. The
confinement of such large numbers of particles in a conventional
PM trap results in large space charge potentials and hence requires
large confinement voltages. An alternative positron accumulation
scheme, the so-called multicell trap, has been proposed to
circumvent this impediment [81].

VIL KEY TOPICS FOR FUTURE RESEARCH

Much progress has been made in trapping antimatter, tailoring the
resulting plasma, and then tailoring delivery with specific
applications in mind. The successes, and in some cases, the lack of
progress raises new opportunities and necessities for further
research. Here we give some examples.

Improved plasma compression. The rotating wall technique has
proven to be a key tool in working with both positrons and
antiprotons. As discussed in Sec. IV. B, this technique can be used
to approach within a factor of six or less of the Brillouin (the



maximum possible) density limit when operated at 0.04 T and using
buffer-gas cooling. At higher magnetic fields, while the absolute
density reached is somewhat larger, it is nowhere near the Brillouin
limit, particularly at tesla-strength fields where one relies on
cyclotron cooling. This limiting behavior is not currently
understood. Given the importance of large antiparticle densities for
many applications, this should be a priority for further investigation.

Colder positron gases and plasmas. Techniques to prepare clouds
of colder positrons could be very useful. This might be
accomplished using the resonant cavity cooling technique described
above. Sympathetic cooling with laser-cooled ions might be another
useful approach.

Improved positron/antiproton mixing. The techniques to mix
positron and antiproton plasmas to create antihydrogen are poorly
understood and are thus tuned empirically. Simulations which
properly model the process might be informative.  These
simulations will need to model both the antiproton and positron
dynamics, include radial spatial effects as well as all three
momentum dimensions and properly model collisions. Ideally, the
simulations would model the exact procedures used in the various
experiments, including the details of antiproton injection and any
simultaneous adiabatic expansion/evaporative/sympathetic
cooling. They would be particularly useful if they were able to
provide insights into improving the antihydrogen formation and
trapping fraction [129-132].

Sympathetic cooling of positively charged antihydrogen atoms. The
GBAR collaboration intends to prepare the atoms for an
antihydrogen fountain using an intermediate step of
sympathetically-cooled, positively-charged antihydrogen ions
[133]. These anti-ions are the antimatter analog of negatively
charged hydrogen ions. Both the generation and sympathetic
cooling of these anti-ions will require further research.

Antihydrogen beams. The antihydrogen physics results to date have
been obtained with trapped antiatoms. There are potential physics
advantages to working with antihydrogen beams; primarily the
transport of the antihydrogen out of the strong magnet field
environment necessary for the synthesis of antihydrogen. Weak
beams, not yet necessarily in the required ground state, have been
created by the ASACUSA collaboration for hyperfine studies [134],
and the AEGIS collaboration is attempting to make beams for
gravity studies [135].

Handling more antiprotons and the creation of antideuterium. With
the coming operation of CERN’s ELENA ring, orders of magnitude
more antiprotons are expected to be available [17]. Efficiently
utilizing the additional antiprotons presents new challenges to
mixing schemes. Conversely, with the capability of producing
antideuterons at Brookhaven National Laboratory comes the
possibility, albeit very challenging, of creating antideuterium [136].
Since vastly fewer antideuterons than antiprotons would be
available, new positron/antideuteron mixing schemes with far more
efficient utilization of the antideuterons will need to be developed.

Improved electron cyclotron resonance magnetometry. While ECR
magnetometry has been perfected to the 1 ppm level, it is not yet
clear that it will be useable in the strong magnetic field gradients in
the ALPHAg antihydrogen experiment [137], especially as the
ALPHAg magnets are ramped, which is an intrinsic part of the
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ALPHAg scheme. Moreover, the current ECR schemes only
measures the on-axis field. The extension of this technique to the
measurement of off-axis fields would be very useful.

Higher quality positronium-atom beams. Much progress has been
made in creating high quality Ps beams, and ones with long-lived
high-Rydberg-state atoms. That said, the particle fluxes achieved to
date are quite small. This area is in its infancy, and one can likely
expect future improvements in technique.

Spin polarized positrons. Spin polarized positrons would be useful
in a number of applications. This raises the question as to whether
techniques can be developed to spin-polarize trapped positrons
from an unpolarized source such as the NEPOMUC beam at the
Technical University of Munich [138] or increase the degree of
polarization of positrons from a radioisotope source such as ?’Na.
One possibility is to put a PM trap in a magnetic field gradient and
extract positrons from one end. Unfortunately, one would need
plasmas colder than 1 K to do this, which is at present very
challenging.

Larger numbers of positrons. Creation of a pair plasma is an
application where large numbers of positrons are required (e.g., N
~10'% - 10'?). The practical capacity of a single PM trap is made
difficult by space charge. The larger the number of particles
confined, the larger the space charge potential and hence the larger
the required confining potential. One could work with a single
plasma with a very large confining potential, but it is thought that
the large space charge may well result in electrical breakdown
and/or unacceptable levels of expansion heating. As an alternative,
the possibility of using a multicell trap with an array of PM traps
arranged in parallel in a common vacuum and magnetic field is
being pursued [81].

Portable antimatter traps. A portable trap with capacity N ~ 10'2
would be of interest for a variety of positron applications. For
example, such a trap would useful at a location (a synchrotron or
chip assembly line) where a separate positron source is undesirable.
Such a trap is, in principal, possible (e.g., using a multicell trap).
However, present superconductor magnets require low
temperatures, and this is a key impediment. Thus, such a trap
appears to hinge on the further development in magnet technology
(i.e., high-T. superconductors).

In parallel with work on the positron transport, the PUMA project
at CERN [139] intends to capture and transport, by truck, 10°
antiprotons from CERN’s AD to their ISOLDE facility [140]. At
ISOLDE, interactions between the antiprotons and exotic nuclei
will be investigated. The BASE collaboration is considering
transporting ~ 100 antiprotons out of the AD hall to a quieter
environment to facilitate their measurements [141].

VIII. CONCLUDING REMARKS

Science with antimatter at low energies (e.g., tens of electron volts
or less) is a relatively new area of investigation but one in which
there has been much progress and one that offers considerable
potential for future science and technology. This article focuses on
the ways in which plasma techniques have played a central role in
this research and a glimpse as to what the future might hold for
further progress.



The capabilities to trap and cool positrons and antiprotons has
increased dramatically since the first efforts in the 1980s. Numerous
new techniques have been developed to create ever more dense and
cold antiparticle gases and plasmas and to manipulate them in novel
ways. Similarly, techniques have been developed for antiparticle
delivery, frequently as specially tailored beams. Of particular note
is the recent success in matching clouds of antiparticles to laser
radiation for further manipulation, and/or precision experiments.

These techniques have provided qualitatively new scientific
insights and technological capabilities. The trapping and cooling of
antiprotons, positrons and electrons enabled the first successful
formation of low-energy antihydrogen atoms, and improvements in
the plasma techniques have led to an increase in the antihydrogen
trapping rate by more than a factor of 1000 in the last decade. These
techniques also led to similar progress in understanding and
exploiting positron-matter interactions. Examples include the
creation and study of the positronium molecule (di-positronium,
Ps2), positron binding to molecules and atoms, and high-quality
beams of positronium atoms.

The future of progress in this area is exceedingly bright. This is in
no small part because of increased understanding of the importance
of plasma techniques in the atomic physics, fundamental physics,
and condensed matter physics communities, and the increased
appreciation in the plasma community of problems and
opportunities in these areas.
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