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INTRODUCTION AND CONTEXT. In the past two decades, there has been
tremendous progress in the ability to trap, manipulate and deliver collections of
antiparticles for a range of scientific and technological purposes [1]. Examples include
the formation, trapping and study of antihydrogen (i.e., the most elementary form of
stable neutral antimatter) [2-5], the formation of dense gases of positronium atoms (e'e’,
symbol Ps), the creation and study of the positronium molecule, Ps,, and the formation of
high Rydberg Ps for a new generation of beam experiments [6-9]. Near-term goals of this
research include fundamental tests of the CPT theorem and the weak equivalence
principle (antihydrogen and positronium); and the creation of a classical electron-positron
("pair") plasma [9-11] and its quantum analog, a Bose-Einstein condensed gas of Ps
atoms (a Ps BEC) [9].

Technological applications of antimatter plasmas include the development of a
variety of positron-based techniques to study materials (e.g., positron-induced Auger
spectroscopy to study surfaces and positron annihilation lifetime and Doppler broadening
spectroscopy to characterize defects and study porous materials) [12-14]. Research in this
area includes the development of a new generation of trap-based positron beams, with
finely focused beams for microscopy, short-pulse beams to measure positron annihilation
lifetimes, and beams with narrow energy spreads for improved energy resolution [1].

RESEARCH FRONTIER AND CHALLENGES. An exciting forefront of modern
plasma physics is the exploitation of plasma techniques to create specially prepared
states of antimatter. The fundamental plasma-physics challenge is to understand the
physical limits of such states (frequently driven or otherwise non-equilibrium) and
to develop optimized techniques to achieve these limits. Such specially prepared
states play central roles in other physics fields: examples include nano-fabricated
materials in condensed matter and cold-atom BECs in atomic physics. In the case of
antimatter plasmas, the approach is to sometimes exploit plasma self-organization,
while at other times, it is to overcome or mitigate such tendencies. Key goals for physics
with antimatter include new and/or improved techniques for:

* Plasma compression to high antiparticle densities

* Antiparticle cooling

* Advanced manipulation techniques

* Long-term antiparticle storage

* High-capacity (and eventually portable) antiparticle traps

APPROACH AND REQUIREMENTS. Progress in all these areas has been, and will
continue to be, driven by new advances in plasma physics. Antiparticles are best
accumulated, tailored and delivered in the form of single-component plasmas. Progress in
antimatter trapping provides improved particle sources, and novel manipulation
techniques permit the tailoring of plasmas for specific applications and for delivery as
specially prepared antiparticle beams. This field is a vital and fast moving area of
modern science, and it owes its successes to advances in plasma physics research.
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We suggest that this is a key area for future plasma physics support. The requirements for
an aggressive program in this area center on adequate support for P. I. and few-P. L.
driven research programs. Specific goals, and the physics they will enable are:

* Merged antiprotons and positrons at or near 1 K (for efficient production of
trappable antihydrogen)

10" trapped positrons (pair plasma studies) — 10" (relativistic pair plasmas)

* 100 ps positron pulses at areal densities > 10'> cm™ (Ps BEC)

* 100 ns positron pulses (single-shot positron lifetime studies of materials)

* A positron microscope using a trap-based beam (materials studies)

* 1 meV energy spread positron beam (spectroscopy, positron-atomic physics)

This program builds upon a list of demonstrated successes and indicated areas of
future promise. In all areas, new research could make an enormous impact.

Plasma compression and long-term confinement. Radial compression using
rotating electric fields ("the RW technique") is now widely used. However, the limiting
positron density in tesla-strength fields is ~ 10~ of the Brillouin limit. A Ps BEC would
be possible today if the density could be improved by a factor of 30. More generally, a
high-quality RW is the key to long-term confinement of large numbers of particles.

Antiparticle Cooling. Efficient plasma cooling is an absolute necessity. All current
techniques (cyclotron, buffer gas, evaporation, laser/sympathetic) have limitations,
making this a key area for future research. This will be particularly important for sub-
kelvin temperatures, large particle numbers, and/or high particle densities.

Advanced Manipulation Techniques. Autoresonance is now widely exploited.
Short bursts are created with bunchers, narrow energy spreads with tailored pulsed-beam
extraction, and finely focused beams with controlled extraction. Improved techniques will
expand research capabilities and permit a wealth of new science.

High-Capacity (and in long-term portable) Traps. This will be a key ingredient in
laboratory studies of pair plasmas and for the creation of robust Ps BECs. The near-term
goal of a trap for 10'* positrons, while challenging, appears doable. A portable trap for
10" would be exceedingly useful for materials applications. An increase to 10" positrons
could enable the study of relativistic pair plasmas.

IMPACTS, INCLUDING SOCIETAL BENEFITS. Plasma physics: Driven and
otherwise nonequilibrium phenomena frequently dominate plasma phenomena. Progress
in understanding (and exploiting) the limiting principles for such phenomena can be
expected to have widespread applications. Other scientific areas: There is significant
payoff in atomic physics, including enabling tests of gravity and the CPT theorem and
work to create a Ps BEC. In materials science, a wide range of positron-based, materials
characterization tools could be greatly improved. Societal benefits: The antihydrogen and
other gravity tests are of considerable fascination to the lay public, thus encouraging
broad interest and literacy in science. Positron emission tomography (PET) is used for
Alzheimer's and cancer detection and drug design. Recent studies help elucidate the fate
of positrons in such biological environments. Positrons can also be used to selectively
fragment large molecules, including those of interest in biology and medicine [15].
Finally, a portable trap would enable much greater use of positrons in engineering and
industrial settings (e.g., for materials characterization).
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