HTML AESTRACT * LINKEES

PHYSICS OF PLASMAS VOLUME 11, NUMBER 5 MAY 2004

Emerging science and technology of antimatter plasmas
and trap-based beams ?

C. M. Surko®
Department of Physics, University of California, San Diego, 9500 Gilman Drive,
La Jolla, California 92093-0319

R. G. Greaves®
First Point Scientific, Inc., 5330 Derry Ave. Suite J, Agoura Hills, California 91031

(Received 7 November 2003; accepted 7 January 2004; published online 23 April 2004

Progress in the ability to accumulate and cool positrons and antiprotons is enabling new scientific
and technological opportunities. The driver for this work is plasma physics research—developing
new ways to create and manipulate antimatter plasmas. An overview is presented of recent results
and near-term goals and challenges. In atomic physics, new experiments on the resonant capture of
positrons by molecules provide the first direct evidence that positrons bind to “ordinary” matter
(i.e., atoms and moleculesThe formation of low-energy antihydrogen was observed recently by
injecting low-energy antiprotons into a cold positron plasma. This opens up a range of new scientific
opportunities, including precision tests of fundamental symmetries such as invariance under charge
conjugation, parity, and time reversal, and study of the chemistry of matter and antimatter. The first
laboratory study of electron-positron plasmas has been conducted by passing an electron beam
through a positron plasma. The next major step in these studies will be the simultaneous
confinement of electron and positron plasmas. Although very challenging, such experiments would
permit studies of the nonlinear behavior predicted for this unique and interesting plasma system. The
use of trap-based positron beams to study transport in fusion plasmas and to characterize materials
is reviewed. More challenging experiments are described, such as the creation of a Bose-condensed
gas of positronium atoms. Finally, the future of positron trapping and beam formation is discussed,
including the development of a novel multicell trap to increase by orders of magnitude the number
of positrons trapped, portable antimatter traps, and cold antimatter feagnswith energy spreads

=<1 meV) for precision studies of positron-matter interactions. 2@4 American Institute of
Physics. [DOI: 10.1063/1.1651487

I. INTRODUCTION example, to characterize materials. In this sense, the study of
antimatter encompasses broad areas in science and technol-
From all observations, the universe is composed almosbgy.
exclusively of matter—this, in spite of the fact that the un- This article focuses on the creation and use of specially
derlying equations that describe our physical world appear tprepared antimatter plasmas and beams as enabling tools for
be symmetric, treating antimatter and matter on an equd€search on antimatter and matter—antimatter interactions.
footing. This prevalence of matter over antimatter raises d he reader is referred to the wide range of available review
profound and fundamental question as to the origin of thénaterial on other aspects of antimatter research, such as pos-
antimatter/matter asymmetry. To begin to address this quedfon atomic physics: positron studies of materials and ma-
tion, one would like to conduct precise comparisons of thd€a .surface§;4 and physics with antiprotoris.
properties of matter and antimatter. This, in turn, entails care- _Smgle-component plasmas are the iny method currently
fully preparing states of neutral antimattée.g., trapped, available to accumulate, cool, and manipulate large numbers

. . . of antiparticles. These collections of antimatter can be stored
cold antihydrogen On a different level, a central question P

invol derstanding the behavi ¢ antimatter i for very long times in a high-quality vacuum using suitably
INVOIVES Unders anllng e. € aymr ot an |m§ ern _Ourarranged electric and magnetic fields—a nearly ideal electro-
world of matter. This behavior will play a crucial role in

o ) ; ) magnetic bottle. Not only can these plasmas be made arbi-
determining the ways in which antimatter can be used for g5y free from annihilation, but also techniques are avail-

range of scientific and technological applications rangingape to further cool and compress them, so that they can be
from precise tests of matter/antimatter symmetry to questiongpecially tailored for specific applications. The central mes-
in plasma and atomic physics, and the use of positrons, fasage of the present article is that antimatter plasmas now play
an important role in science and technology and this can be
expected to continue for the foreseeable future.

a)Paper AR1 1, Bull. Am. Phys. Sod8, 17 (2003.

Yinvited speaker. Electronic mail: csurko@ucsd.edu ThIS review concent_rates on positron plasmas, because
®Electronic mail: greaves@firstpsi.com positrons are more easily produced than plasmas of other,
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4—phase other, qualitatively new capabilities. Methods are being de-
oscillator veloped to create plasmas containing in excess of
%@ 10'° positrons, cooled to 10 K in a volume1 cn?.?° Mul-
gamma-—ray ticell traps have been proposed to extend trapping capabili-
i detecter ties b | orders of magnitude in particle nunibef
cco y several orders of magnitude in particle nu .
270 180 camera successful, these techniques would represent an important
positrons \ pggfg:r?r step toward the development of portable antimatter traps.
from trap In the area of basic physics research, one dramatic new

advance is the creation in the laboratory of the first low-
energy antihydrogen atoms. While small numbers of high-
energy antihydrogen atoms had been made previously, two
recent experiments showed that antihydrogen atoms can be
spectrum produced in large numbers from positron plasmas and clouds
analyzer of antiprotons cooled to temperatureslO K.??=? The ad-
vent of improved antiproton traps and low-energy antiproton
| beams is also enabling new kinds of antiproton
DC bias DC bias experiments?2>2°

. , . _ Electron-positron plasmas have unique plasma
FIG. 1. Typical geometry for studying positron plasmas, showing a seg- ti §7,28 d fi ¢ f le i t
mented electrode for applying a rotating electric field for radial pIasmaprOp_er e and are or importance, or'examp e, m. as I’.O-
compression, a phosphor screen for measuring radial density profiles, arf@nysical contexts. They have been studied for the first time

the electronics to excite and detect plasma modes for diagnostic purpose$n the laboratory using an electron-beam positron-plasma
geometry’°>*° New experiments are now being proposed to
create and study simultaneously confined electron-positron
heavier antiparticles such as antiprotons. In particular, thelasmas?
threshold for the production of an antiparticle/particle pairis ~ One of the unique capabilities of antimatter traps is the
~1 MeV for positrons as compared with 6 GéMe., in the  ability to accumulate positrons for long periods and release
laboratory framg for antiprotons. As a consequence, posi- them in an intense pulse. This capability has been proposed
trons are readily available from radioisotope sources ands the basis of a new tokamak diagnostic that measures the
electron accelerators, while antiprotons are generated in onlyansport of positrongwhich function in this context as
a few high-energy particle accelerators. Thus, techniques faglectron-mass test particle¥>*Methods to produce intense
antiparticle accumulation, confinement, cooling, and study obursts of positrons are also being developed to create the first
plasma behavior have been much more fully explored fopositronium molecules (Bs as well as a Bose—Einstein
positrons. Analogous processes with antiproton plasmas armbndensatéBEC) of Ps atoms? Although this is an exceed-
beams are briefly discussed. The focus of this article is théngly challenging experiment, it has also been discussed as a
great amount of progress that has been made since a previom®thod to create stimulated gamma-ray annihilation radia-
review on this subject in 1997. tion (i.e., from the condensat&*

The most successful device to confine single-component One area that has blossomed in recent years is the study
plasmas is the Penning—Malmberg trap, in which a stron@f the interaction of low-energy positrons with matter. The
magnetic field inhibits loss of particles across the field whilecold positron beam described ab&¥has now been used to
an electrostatic potential well confines the particles in thestudy a range of positron interactions with atoms and mol-
direction of the field.° It is the extremely long confinement ecules, including measurements in a low-energy regime pre-
times that can be achieved in these tfdpbthat make fea- viously inaccessible to experimefit®® This cold beam was
sible the accumulation of substantial amounts of antimattealso used to make the first energy-resolved studies of posi-
in the laboratory. Recent developments in positron technoltron annihilation in molecules at energies below the thresh-
ogy include methods to effect rapid plasma cooling usingold for Ps formation’” These experiments resolved a four-
specially chosen buffer gas&sapplication of rotating elec- decade-old mystery regarding anomalously large annihilation
tric fields for plasma compressidf®and the further devel- rates observed in hydrocarbon molecules and provided the
opment of nondestructive diagnostics using plasma wHes.first direct evidence that positrons bind to ordinary neutral
Figure 1 shows a typical Penning—Malmberg trap for confin-matter’®-3° Positron annihilation on large molecules has also
ing, manipulating, and studying positron plasmas. Othebeen used to selectively create ions for mass
variations of the Penning trap that have been employed tepectrometry®*! This technique has the potential to provide
trap antiparticles and antimatter plasmas includestructural information about biological molecules. These
hyperboloidalt® orthogonalized cylindricadf and multi-ring  positron atomic-physics experiments can be regarded as es-
electrode structure's. tablishing important elements of a quantitative chemistry of

Antimatter plasmas in Penning—Malmberg traps havematter and antimatter.
been used to create beams in new regimes of parameter Positrons have been used extensively to study matérials.
space, including state-of-the-art cold posiffband antipro-  One important example is the characterization of low dielec-
ton beamg? and improvements in methods to create shortric constant insulators that are key components in high-
pulses. The future of antimatter technology holds promise fospeed electronics and chip manufacttfrdn important fo-
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cus of recent work in the materials area is the developmendingle crystal or polycrystalline tungsten, copper, or nickel;
of pulsed, trap-based positron beams that offer improvedr a layer of rare gas solid at cryogenic temperattii@es-
methods to make a variety of measurements. In a recent adrons lose energy in the moderating material. They are re-
vance, commercial prototypes of these positron beam sy®mitted with energies-0.5 eV from metals ané-2 eV from
tems are now being develop&t. rare gas solids. Reemission efficiencies-ark0 *—10 2 for
There is an increasing effort to develop improved trapsmetal$* and 10°2 for rare gas solids?
for antimatter plasmas. Applications include specially de-  Using a relatively convenient 100 m&Na source and a
signed traps for long-term storage of antimatter, and coldesolid neon moderator, typical positron fluxes are
higher density plasmas for cold, bright beams. As mentioned- 10" s .5 There are several higher-flux positron facilities
above, one long-term goal is the development of portablén the world, such as the one at the U. Delft, the
antimatter traps. In the case of antiprotons, this would permiNetherlands° One notable development on the world pos-
antimatter research at locations distant from the few largéron scene is the recent commissioning of the FRM-II reac-
high-energy facilities in the world that can produce antipro-tor in Munich, which is projected to produce moderated pos-
tons efficiently. In the case of positrons, portable traps wouldtron fluxes in the range £8-10°s .5 Also coming on
enable experiments in settings where use of radioisotopkne is a 40 MeV electron linac at the Rossendorf Research
sources is impractical and/or inconveniéafg., to character- Center, Germany. It will have a multipurpose positron facil-
ize materials at a chip manufacturing faciity ity with an anticipated slow positron flux of 1G™ 2.
In this article we present an overview of the current state
of antimatter plasma creation, manipulation and characterizeB. Sources of low-energy antiprotons
tion. We describe the development of new kinds of antimat- Antiprotons are produced at only a couple of high-
ter beams that can be expected to enable a range of new

L : : . ner lerator faciliti h Fermil nd the Euro-
applications in science and technology. We discuss the futur% ergy accelerator facilities such as Fermilab and the Euro

i : . ) ean Center for Nuclear Resear€@ERN). The unique
of positron trapping and cold beam generation. Finally, We\F/)vorld facility for low-energy antiprotons is the Antiproton

desgrlbe new physics results obtal_ned with these tOOIS.” InDeceleratOt(AD) at CERN®® This device, commissioned in
cluding the first laboratory synthesis of low-energy antihy-

. 1999, takes antiprotons with momenta of 3.5 GeV/c and
d.rogen, pIan; to study electron—posnron plas_mas, af‘d N®%ows them to 105 MeV/c+£5 MeV) using a combination of
kinds of studies of a range of positron-matter interactions. stochastic and electron cooling stages. Typical AD operation
provides bursts of %10’ antiprotons every 100 s. Three
II. CREATION OF ANTIMATTER PLASMAS international  collaborations, ATHENA, ATRAP, and
AND BEAMS ASACUSA, currently have experiments sited at the AD. The

) _ i ATHENA and ATRAP collaborations use material degraders
In this section, we present a summary of techniques tQ, fyrther reduce the antiproton energy<id0 keV to permit
accumulate antiparticle plasmas, methods to characterizg.cymulation in a Penning trap. The latest development in
them, and their use to form cold antiparticle beams. slow-antiproton technology is the installation by the ASA-
A. Positron sources CUSA team of a rf quadrupole decelerator at the RE°
This device is capable of increasing the number of trapped

Fluxes of positrons can be obtained from a number Ofantiprotons by a factor of 100, from 4160 10 per AD cycle.

radioisotopes and from pair-production sources such as elec- The availability of such a source of low-energy antipro-

tron acceleratort Rad|0|sotop_e Sources are commonly usedtons is a critical facet of antimatter research. Currently, the
for small-scale laboratory positron beam lines. Currently, the()peration of the AD is scheduled to stop for a year in 2005

radioisotope of choice i&Na (half life, 2.6 yeary whichis 0\ ecime operation in 2006. A new low-energy antiproton
available commercially in sealed capsules with h'gh'facility, to be sited at GSI in Germany, is in the planning

transparency windows in activities up 0100 mCi. There is o005 |f constructed, it would begin operation early in the
an ongoing effort to develop high-flux positron sources. Onenext decade.
approach is to use short-lived positron-emitting isotopes that
can be produced by acceleratfts®® .  C. Antimatter trapping
Pair-production sources create positrons by impinging )
fast electrons on higE- targets(so-called “convertersy®® 1. Positrons
This process produces high-energy gamma rays that, in turn, While a number of schemes have been proposed and
interact with the target nuclei to produce pairs. Alternatively,used to trap antimatter, the device of choice is the Penning—
high-energy gamma rays for positron production can be obMalmberg trap, because of its excellent confinement proper-
tained from the radioactive decay of short-lived reactor-ties. It then remains to find an efficient method to fill the trap
produced isotopes created by neutron capture on targets suelith antiparticles. A variety of trapping techniques have been
as'%cd.*° developed for positrons. If a pulsed positron source such as a
Regardless of whether the positrons are obtained usiniinac or cyclotron is used, the positrons can be captured by
isotopes or pair production, they have relatively high enertimed switching of the potential on the confining electrodes.
gies (e.g., 100's of keV and must be decelerated to lower This technique has been employed extensively for capturing
energies before they can be captured. This can be accomesitron pulses from linacs for beam conditioniigt can
plished using a “moderator,” typically a block or foil of also be used to transfer positrons from one trap to
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TABLE I. Typical plasma parameters achieved in a range of positron trap-
I I I ping experiments.
I — | ) Parameter Typical value
I -
| Magpnetic field 102-5T
| 3 | 4 | 6 | Number 16-10

| L1107t | 107 torr | 107 torr | Density 16-4x10° cm 2
= - Lo Lo Temperature 10°-1 eV
= lA | | Plasma length 0.1-200 mm
1 N Plasma radius 0.05-10 mm
§| P Debye length 1022 mm
4 Confinement time 1-fos

1 | | | 1

0 50 100 150 200 . L

z (cm) carbon tetrafluoride or sulfur hexafluoride in stage(dlg.,

10~ 7 Torr) assists in rapid cooling to room temperattie.
F|G.'2. Buffer gas trapping scheme, showing the eIeptrode ge_ometry.of thejsing a solid neon moderator, trapping efficiencies are typ|_
modified Penning—Malmberg tragabove, and the axial potential profile cally in the range of 10%—20%, although efficiencies of up
(below). There is an applied magnetic field in thalirection. e .
to 30% have been observed under optimized conditions. Us-
ing a 100 mCi?®Na source and solid neon moderator, 3
X 10° positrons can be accumulated in a few mindfes.
another®*°The requirements for high capture efficiency areOnce accumulated in a buffer-gas trap, positron plasmas can
that the spatial extent of the incoming pulse be shorter thage transferred efficiently to another trap and stadleg., for
twice the trap length and that the slew rate on the capturong-term storage®®®° A two-stage trap of this design with
gate be sufficiently rapid. In most circumstances, these corshorter positron lifetime 1 s) is currently being developed
ditions are relatively easy to meet. by Charlton and co-workers for pulsed positronium beam
If positrons are to be captured from a steady-state sourcstudies’” The characterization and manipulation of positron
such as a radioisotope, this can be done by extracting energifasmas is described in Sec. Il D below. Table | summarizes
from the positron motion in the direction parallel to the mag-the parameters that have been achieved using a range of pos-
netic field. A variety of techniques have been developed foitron trapping and manipulation techniques.
this purpose including collisions with neutral gas atdfhs,
trapped ion§! and trapped electrons in a nested potentiall- Antiprotons
well.?8 Other methods used to trap positrons include using The AD at CERN provides 100 ns pulses of antiprotons
dissipation in an external resistdr,field ionization of at 105 Mev/c every 100 s. The principal method to trap these
weakly bound positronium atoni$and the exchange of par- antiprotons  was  developed by Gabrielse and
allel and perpendicular momentum exploiting stochasticcollaborator$®®° |t first uses a material “degrader” to de-
orbits®* Each of these techniques has its advantages and disrease the energy of the incident antiproton beam and pro-
advantages. duce a low-energy tail in the particle distribution with ener-
The positron trapping method most widely used is thegies <10 keV. Approximately 0.1% of these particles can
buffer-gas technique. It has the highest trapping efficiencyhen be trapped in a Penning—Malmberg trap by gate switch-
and modest magnetic field requirements. Figure 2 illustrategyg. The trap has cryogenically cooled electrodes (T
the operating principle of the buffer gas accumuld?é?  <10K) and is placed in a magnetic field of several tesla. It
Positrons are injected into a specially modified Penning-is preloaded with an electron plasma that cools to the elec-
Malmberg trap having a stepped potential profile and thred¢rode temperature by cyclotron radiation. The potential on an
stages, each with a different pressure of buffer gas. Using antrance-gate electrode is lowered to allow the antiprotons to
continuous gas feed and differential pumping, a high presenter the trap. The potential of the entrance-gate electrode is
sure (~10 2 Torr) is maintained in the small-diameter re- then raised quickly before the antiprotons can escape. The
gion at the left(“stage 1"). Positrons are initially trapped by antiprotons cool to the electron temperature by Coulomb col-
making inelastic scattering collisiorisarked A in the fig- lisions with the electrons. The electrons can then be ejected
ure). The trapped positrons make multiple passes inside throm the trap by the application of a series of rapid, negative-
trap and lose energy by subsequent inelastic collisi@s Vvoltage pulses, leaving a cold gas of pure antiprotons. Pulses
and Q causing them to accumulate in stage lll, where theyof antiprotons can be stacked to produce collections of 4
cool to the electrode temperatufiee., typically room tem- X 10° particles’® Typically these antiproton clouds are either
perature. not sufficiently dense to be in the plasma regime or are bor-
The accumulator can be operated using a variety oflerline plasmas.
gases including molecular nitrogen, hydrogen, carbon diox- ) , . ,
ide and carbon monoxid8.The highest trapping efficiency D Manipulating and characterizing antimatter
is obtained with molecular nitrogen tuned to a resonance "H)Iasmas
the positron-impact electronic excitation of thg &t 8.8 eV In this section we focus on positron plasmas because
(see Sec. lll C 1 for detailS® The positron lifetime in stage more work has been done with them than has been done with
[l is typically >60s. The addition of a small amount of antiprotons in the plasma regime. Methods to characterize
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trapped charged particles in the nonplastsiagle-particle
regime are discussed elsewh&ré number of tools to char-
acterize and manipulate positron plasmas have been devel-
oped. They have proven useful in creating antimatter plas-
mas tailored for specific applications. Techniques include
methods for cooling and radial plasma compression, as well
as measuring nondestructively the plasma parameters such a: 7
density, shapéi.e., aspect ratip and temperature. In many
cases, these techniques exploit the intrinsic behavior of the
non-neutral plasma such as the properties of the plasma
modes.

9Bet Bet

1. Positron cooling

Methods to decelerate positrons to electron-volt energies
are discussed above. Typically a moderator material is used,'
either a metal, such as copper or tungsten, or a solid rare gas ’
such as neon. In order to avoid unwanted annihilation, ma-
terials are chosen so that the positrons do not bind to the —_— 1 mmn——
material or b.ecome trapped in voids O.r at defects. . FIG. 3. Above: side view of a laser-cooled Be ion plasfiuminated

Gas cooling At electron-volt energies and below, posi- shape obtained by laser-induced fluorescersterounding a sympatheti-
tron cooling can be accomplished by collisions with a Suit-cally cooled positron plasmédark core. The magnetic field is in the
able gas of atoms or molecules. The cooling gas is selectediection. Centrifugal separation causes _the positrorjs to acpumulate in
to have a large cross section for positron energy loss, but %ef cgnter of the cloud. Below: radial profile of the 'Be®n density(see
small cross section for positronium atom formatioe., the ef. 62.
bound state of a positron and an elecjramhich is typically
the dominant positron loss process. So-called “direct” anni-  Cyclotron cooling A convenient method to cool
hilation of a positron with a bound electron typically has aelectron-mass particles, such as positrons, is cyclotron radia-
much smaller cross sectiéhWhenever possible, one tries to tion in a strong magnetic field. In this case, the positrons
work below the threshold for positronium atom formation. come to equilibrium at the temperature of the surrounding
As a consequence, direct annihilation is an important factoelectrode structure. The cyclotron-cooling rate for electron-
in determining the lifetime of cold positrorie.g., seconds to mass patrticles is approximately
minutes in a gas with pressure10 ® Torr). I —B24 )

As discussed in Sec. IllE1 below, only recently have ¢ '
state-resolved inelastic cross sections been measured, andvgbere B is in tesla andl’,, is in s 1.” The characteristic
a quantitative understanding of the collisional positron cool+adiation cooling time, 1/, of positrons in a5 T field is 0.16
ing processes involving atoms and molecules is not avails. Assuming an emissivityg =1, of the electrodes at the
able. Typically, at energies in the electron-volt range, elececyclotron frequency, the surrounding electrode structure is at
tronic transitions can be used effectively to lose energy. Atemperaturel,, and there is no external heating, the time
energies in the 0.05 to several eV range, vibrational transidependence of the temperatuilg, of a positron plasma at
tions in molecules are used, and below 0.05 eV, rotationainitial temperaturer, will be
transitions in molecules and momentume-transfer collisions in
atoms are used to cool the positrons. The most efficient gas TO=Tet (To~ Te)exp~T'ch). @
for buffer-gas trapping has proven to be molecular nitrogen, ~Sympathetic cooling of positronFhe techniques de-
which has a large, resonant cross section for the lowest lyingcribed above are limited to producing a temperature equal to
AYTI state at an energy of 8.8 &¥In N,, this occurs at an the temperature of the environmeletg, 4 K for cyclotron
energy where the cross section for loss by positronium atorf@0ling in a trap cooled to liquid helium temperaturé
formation is small. technique has been develofkdo reach temperatures sig-

At lower energies, where vibrational excitation is impor- Nificantly below the ambient by sympathetic cooling of the
tant, cross sections have been measured for only a feROSitrons with laser-cooled ions, simultaneously confined in
molecules’®”® However, positron-cooling rates have beenthe same trap with the positrons. Typical results are shown in
measured for several moleculé$374SF, and CR, are par-  Fig. 3. This technique recently demonstrated a high-density
ticularly effective in this energy range. The current versionPOsitron plasma (%10 cm %) at <5 K in a room tempera-
of buffer-gas positron traps typically uses a mixture of N ture trap. The technique has the potential to produce posi-
and CF, in the final trapping stage for rapid cooling. CRas ~ trons with parallel energies less than 100 mK.
also been used effectively for the cooling required in rotating ) )
wall compression of positron plasmés., to counteract the 2 Rotating wall compression
heating caused by the work done on the plasma by the ap- An important technique for manipulating non-neutral
plied torque. plasmas is radial plasma compression using a rotating elec-
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Einstein condensatiofBEC) of positronium atoms and
stimulated emission of annihilation radiation.

100

3. Characterizing antimatter plasmas

A variety of destructive and nondestructive techniques
has been developed to measure the properties of non-neutral
plasmas in traps, parameters such as plasma temperature,
density, shape, and the total number of particles. Destructive
diagnostics involve releasing the particles from the trap and
0-110' - '5 - i B 10 detecting them either directly or indirectly. Absolute mea-
16 radius (mm) surements of the total number of particles can be made by

: : : dumping the particles onto a collector plate and measuring
0.0 05 1.0 15 20 the total chargé? In the case of antiparticles, the annihilation
time (s) products can be detected and the total number extracted us-
FIG. 4. Radial compression of a positron plasma using a rotating electriéng a calibrated detector. Radial profiles were first measured
field. The inset shows the radial density profiles-ad (uncompressecand by collecting the particles in Faraday cups located behind
att=4 (compressex normalized to the central density tat 0. small holes in an end plat8.A second technique, which
provides excellent spatial resolution, uses a phosphor screen
biased at a high voltage<(10 kV). The resulting quoresc%4ent
_ ) : - light is measured using a charge coupled device cafilera.
was first used for the COTlpreSS'On_Of |oqsplas?ﬁa7§’ and  plasma density can be inferred from the radial profiles and
later extended to electr8h’ and positrof?** plasmas. The total number of particles calculated using a Poisson—

basic geometry is illustrated in Fig. 1. The rotating eIeCtriCBoltzmann equilibrium cod® Plasma temperature can be

field is produced by the application of suitably phased Sine'measured by releasing particles slowly from the trap and

Wa(\j/e vc;_l:\ages t|9 one or r’r:jore a2|muthallyhser§];me.nted elecrHeasuring the tail of the particle energy distributidn.
trodes. The cooling required to counteract the heating caused  peqirciive diagnostics have been employed extensively

by the torque-related work on the plasma can be provided b}ﬁ the development of new techniques to manipulate and trap

c_yclotron cooling(in th_e case of a strong confining magne_tic antiparticles. However, for experiments where the particles
I!e:g)’ bu;ferl-gas cooll_mg(lfn the case of ? weak ['}agnef’t'ﬁ are collected for long times, such as antihydrogen production
ield), or by laser cooling for certain ion plasmas. Use of t €or the creation of giant pulses, destructive diagnostics are

rotating wall technique has provided dramatic new Capablll'unsuitable. Several nondestructive techniques have been de-

ties for single-component plasma research in terms of Cour\ieloped, based on the properties of the plasma modes. For

Fer.ac_:ting ou_tward plagma transport and permitting essential%ng cylindrical plasmas, the frequency of the diocotron
infinite confinement tlme_s. L mode yields the charge per unit length of the plasma, and

' The process of rotafur?g wall compression mvolve; COUthance provides information about the total number of
pling to the plasma to inject angular momentum, which Sparticles”8 For spheroidal plasmas in harmonic potential
re_zlat_ed to thhe. second moment of t_he radla_l partlClewells, the frequencies of the axial TG motfegield the as-
distribution®® This can be done by coupling to azimuthally pect ratio of the plasnid®2 and can be used to measure

; H H 0,81 _ > -

propagating Trivelpiece—GoulTG) modeS™® or by cou plasma temperature in cases where the aspect ratio is con-

pling directly to the plasma particléé. Efficient coupling stant. The total number of particles can be determined by the
has been found to exhibit different dependences on plas factor of the respons¥,or by independently calibrating
parameters in different regimes—sharp, resonant behaviqgf,, amplitude respons"é.l,?ecent work shows that passive
corresponding precisely to the frequencies of the TG mOde?‘nonitoring of thermally excited modes can also be used to
for low-amplitude drive, and good coupling over a broaddetermine the plasma temperatdielhe driven-wave tech-

range of frequencies at larger drive amplitude#n ex- niques are now used routinely to monitor positron plasmas

ample O.f the_degree Of po_sitrgn plasma compression tha_‘t C&ked for antihydrogen productiéfThey are also being ap-
be (_)b_tamed_ |§_shown n F'Q- é.The central plasma de_n5|ty lied to characterize electron plasmas that are used to trap
exhibits an initial exponential increase at a compression rat nd cool antiproton&

~500 s !, followed by a nonlinear saturation. Shown in the
inset are the radial profiles before the application of the ro—E B ‘ tion techni ing t
tating electric field and after 4 s. During this time, the central™ €am formation techniques using traps
density increases by two orders of magnitude, while the di- Trapped plasmas have proven extremely useful as beam
ameter is reduced by a factor ef13. sources of exotic particles such as positrons because this
Rotating-wall compression has been used to productechnique allows the particles to be more efficiently utilized.
high-density positron plasma$?X® including those for anti- Unique capabilities for trap-based beams include the ability
hydrogen productici?>® and for brightness-enhanced posi- to produce ultracold beams, short-pulsed beams, and
tron beamgthe latter discussed in Sec. Il E s described brightness-enhanced beams. They also have the potential to
in Sec. IVF5, this technique is also an important facet ofproduce giant pulses of antiparticles for a range of applica-
plans to produce giant pulses of positrons to create Bosetions.

10

T T T TTTT]

central density

central density (normalized)

tric field torque(the so-called “rotating-wall” technigue It
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FIG. 5. Parallel energy distribution functio) of a cold beam released 1240 1260 1280 1300 1320 1340
from a trapped 300 K positron plasma, obtained from retarding potential time (ns)

analyzer datde). Inset: axial potential structure for creating and releasing a

positron beam from a trap with an energy of gV FIG. 6. (a) Typical shape of a positron pulse released from a positron trap

without additional bunchingb) Same pulse using the timed potential tech-
nique.

1. Cold beams

As described above, antiparticles in traps cool rapidly taincluding rf bunching® harmonic potential bunchintj;®’
the ambient electrode temperature., typically room tem-  and timed potential bunchir§.Of these, the latter two can
perature or beloyv If care is taken in extracting the particles pe applied to trapped positron plasmas and have significant
during beam formation, the narrow energy spread can bgdvantages over conventional techniques. In particular, trap-
maintained. This provides a method of efficiently producingpased pulsed beams have much lower energy spreads than
cold particle beams that is not possible using other techconventional pulsed beams, and they can be operated at
niques. As an example, shown in Fig. 5 is a positron beamnuch lower repetition rates with proportionally more posi-
with an energy spread of 18 meV, produced from a trappedyons per pulse. This allows both the long and short lifetime
room temperature positron plasifaThis beam is much components to be measured and improves signal-to-noise ra-
colder than positron beams produced using conventional posios. Figure 6 shows the time structure of positron pulses
itron moderators, which typically have energy spreadseleased from a trap with and without bunchffigihe data
=0.5eV. As described in Sec. [IlE 1, beams created in thisn Fig. 6(b) were obtained using the timed potential tech-
way have been used to investigate a variety of positronnique and show a pulse width 2 ns. With improved shap-
molecule interactions that were previously inaccessible dughg of the acceleration wave form, it is expected that pulse

to lack of a high-energy-resolution, low-energy positronwidths of <400 ps can be obtained, which will be suitable
source. This technique is now being used to create cold afor positron-lifetime measurements in solids.
tiproton beams?

3. Brightness-enhanced beams

For many applications, small-diameter beams are desir-
Trap-based beams can easily be bunched in time. Typicalble, such as Lsm-diam beams for positron microscopyin
pulse widths are of the order of the thermal transit time forthe case of positrons, electrostatic and magnetic focusing
the particles to travel the length of the trafe.g., techniques, such as those used for conventional electron mi-
~0.1-0.5us for positrons at room temperatiurdt is also  croscopy, are limited by the low brightness of conventional
possible to operate such beams in a quasi-steady-state moplesitron sources. Thus, beams smaller than a few hundred
by releasing the particles slowly from the tripFor many  microns in diameter are difficult to achieve without the use
applications, much shorter pulse widths are desired than casf specially designed brightness-enhancement technijues,
be obtained by simply dumping the trap. For example, asvhich, in turn, result in a significant reduction of the positron
described in Sec. lIlIE 4, a powerful technique for probingflux.
materials is the measurement of the lifetimes of injected pos-  Positron traps offer the possibility of producing small-
itrons. This lifetime-spectroscopy technique enables the aadiameter beams in an efficient manner by combining the ra-
curate characterization of defects. However, it requires pulsdial compression technique, described above, with extraction
widths shorter than the positron lifetime in the matet@al., from the center of the plasma. This latter technique is en-
typically several hundred picoseconds in metals and semibled by the fact that, in the regime where plasma space
conductors and a few nanoseconds for polymers charge is appreciable and only a portion of the plasma is
A variety of techniques has been developed for producdumped, the first particles exiting the trap come from the
ing pulsed positron beams from continuous positron sourceg@lasma centeti.e., the region of largest space charge poten-

2. Beam bunching

Downloaded 13 Jul 2004 to 132.239.73.116. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



2340 Phys. Plasmas, Vol. 11, No. 5, May 2004 C. M. Surko and R. G. Greaves

rotating wall duce microbeams for surface scanning applications. This
electrode techniqgue has been implemented on a number of linacs
around the world.

extracted

5. Giant pulses

One of the unique capabilities of positron traps is the
ability to accumulate large numbers of positrons and release
them as a single giant pulse. As will be discussed in Sec.
Il F below, it is planned that this technique will play a major
min D role in experiments to create Bose-condensed gases of posi-

tronium atoms? As discussed in Sec. Ill D, giant pulses of

positrons can also be converted to intense pulses of fast pos-
1.2 itronium atoms, which, when injected into a tokamak
plasma, can provide a unique diagnostic of plasma transport.
In this application, positrons can be accumulated and stored
—_— ] when the plasma device is not running, thereby making most

confining

electrodes positron

plasma

%‘ 0.8 HW ~ 60um efficient use of the positron source.
= : G 10—~
3 £ ™~ . .
B 06 Sos M F. Future prospects for antimatter trapping
N 206} \ and beam formation
© r 04} . .
g 04l '?,," f5 \ 1. Accumulating and storing large numbers
S i ; s . __ of antiparticles
0.2 g B . 1O For a number of reasons, it is desirable to accumulate

Radius (mm) . . .
and store large numbers of antiparticles. There are three im-

oot pediments to doing this: large space charge potentials;
0.0 0.2 0.4 asymmetry-driven, outward, radial transport; and the heating
Radius (mm) associated with this transpdite., heating that increases rap-
idly with increasing plasma densjtyCounteracting the out-

FIG. 7. Above: cutaway view of a positron trap illustrating techniques for\yard radial transport with rotating-wall electric fields does
brightness enhancement using a trap-based beam. Below: use of these tech

niques to extract a beam Gm in radius from an electron plasma 1 mm in not mitigate _the .heatlng, but mstegd produces Compar?‘ble
radius. amounts of it, since the rotating fields introduce heating
through the work done by the applied torcfde.

Taking the next steps in antimatter-plasma accumulation,
storage, and beam development will require a quantitative
understanding of thénonequilibrium radially compressed,
torque-balanced steady-state plasmas that can be obtained
using strong rotating-wall compression and available cooling
in order to optimize plasma parameters. Of interest, for ex-
ample, is developing techniques to specifically tailor plasmas
for high densities and large particle numbers. However, also
of interest is optimizing plasmas for the extraction of cold,
bright beams, which imposes different constraints on the
plasma parameters.

Experiments on electron plasmas indicate that the out-

Linacs have the potential to furnish powerful sources ofward, asymmetry-driven transport rate scales Hg
positrons for a variety of applications. Unfortunately, theoanL;/TBZ,mO whereL is the plasma length. This is an
time structure of linac pulses is unfavorable for many appli-empirical relationship and is presently the best available for
cations such as surface analysis. In particular, the pulsdesign purposes. We note that recent experiments to study
length is too long for lifetime measurements, and the pulseasymmetry-driven transport due to weak magnetic mirrors
repetition rate is low, which results in the saturation of de-and small asymmetric electrode potentials is beginning to
tectors. The energy spread of the positrons from linacs is alsaddress the underlying nature of this transp®rThe rate of
relatively large, leading to poor phase-space matching to rplasma heatingl’,,, associated with the outward transport
bunchers. One method to circumvent these limitations is tacales ad',~(e¢s./T)I',, where ¢4 is the space charge
capture the positrons in a Penning—Malmberg trap and repotential. This heating must be balanced by the available
lease them slowly during the time between linac pulses, thusooling (e.g., via cyclotron radiation These considerations
creating an essentially steady-state beaffipulse  put important constraints on the antimatter plasma param-
stretching™.®”%° The beam can then be bunched as desiredeters that can be achiev&dFor example, high plasma den-

It can also be focused using conventional techniques to prasities favor hot plasma&.g., T~ electron volt, while cold

tial). In principle, it is possible to create a beam with a di-
ameter approximately four times the Debye length,.2%-%®
This technique is illustrated in Fig. 7. A beam of diameter
120 um is extracted from an electron plasma, 2 mm in di-
ameter, having a central density of xX10° cm 3
(B=5T).2% This technique is currently being developed to
produce positron microbeams.

4. Pulse-stretching for linac positron sources
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Side View described above, a beam of *1fositrons/s(typical of a
CULIULIU Iab(_)ratory positron beam systemould be su_pphed for a
TErE =N period of 12 days. The trap would then be shipped to a high
flux positron facility for refilling.
B —=
| 3. Ultracold positron beams
- L .

As discussed in Sec. IIIE 1 below, the cold trap-based
positron beam described in Sec. IE 1 has enabled a wealth
L of new atomic physics experiments, such as the first state-

resolved inelastic positron-impact cross sections for atomic
Positron Plasma U ’LJ LJ_{ and molecular processes. This cold positron beam advanced

2R the state of the art for positron atomic physics by a factor of

Y (ﬁ P more than 20 in energy resolution. We have now constructed
a cryogenic, high-field tr&f to produce a positron plasma at
a temperature of 10 K. Using this plasma and the off-the-
RF Electrodes . . . X .
DC Electrode centerline extraction technique for increased beam bright-

FIG. 8. S o , 1 . . ness, we expect to be able to create a bright beam with 1
. 8. Schematic diagram of a multicell trap for'3@ositrons showing } . :
arrangement of the cells parallel and perpendicular to the magneticgield, M€V parallel energy reS(_JlUt'On- This YVOUld improve by an-
other factor~ 20 the available resolution for the study of a
range of physical processes. It would, for example, permit
trap-based beams require low temperatures, and this in tutthe first studies of rotational excitation of molecules by pos-
imposes important limits on the plasma den&tty. itron impact.
Recently, we proposed a novel design for a multicell
Penning trap, shown in Fig. 8, for long-term storage of large
numbers of positron&. It is designed specifically to mitigate 4. Spin-polarized positron plasmas and beams
the constraints imposed by outward transport and large val- L .
. .. For a number of applications, such as creating BEC pos-
ues of space charge potential. The space charge potential .{s . L : . . .
o - . itronium, it is desirable to have positron plasmas with a high
mitigated by dividing the charge cloud intm rod-shaped . o : -
: o degree of spin polarization. Positrons from radioisotope
plasmas, each of length,, oriented along the magnetic field : : ; :
. " sources are, in fact, partially polarized due to parity
and shielded from each other by close-fitting copper elec: 102 e : . S
) ) . ' .~ “nonconservatioh’ It is likely that this spin polarization is
trodes. In this way, for a given maximum electrical potential, . .
. . preserved in a buffer-gas trap, although this has not yet been
V, applied to the electrodes, the number of positrons storel]
) i . measured.
can be increased by a factor of. In addition, the design S .
. . In a cryogenic high-field positron trap, such as that de-
breaks up each long rod of plasma imt@eparate plasmas in

the direction along the magnetic figlide., separated by elec- scri_bed above, it.is possible tq cgnfine a positron .plasma ina
trodes at potentiaV/). The plasma Ieng’th in the expression region of appreciable magnetic field gradiéfitin this case,

for T'y is reduced by a factor p/ and the associated out- when the plasma is cooled to low temperatures, the relative

ward, asymmetry-driven radial transport is decreased by Ropu 'Iations of the tW.O spﬁn states wil vary as a functiqn of
factolr of 1p2. The rotating electric field technique can then position along the direction of the applied field gradient.

. hus by raising the potential on an electrode between the
be used to counteract the remaining, but much-reduced, out- o :

two ends of the plasma, it is possible to separate off a
ward transport.

With applied potentials<2 kV and magnetic fields of 5 sp?n-polar?zed plasma that_ .COUId .then. be extracted as a
T, it should be possible to construct a multicell trap to Storespln—polanzed beam. Specifically, &iH is the change in

10'2 positrons in a trap with~100 cells each containing in magnetic f|.eId. along the plasmalength, the fr{;\ctlon,
excess of 18 positrons. The design of such a trap is dis-f’ of polarization at one end of .the plasma will be
. S f=[1+exp( ugAH/ksT)] %1% Assuming AH=3T and
cussed in more detail in Ref. 21.
T=1K, f=88%.
An alternative method to polarize the positron sptrt§®
is to excite simultaneous spin-flip and cyclotron transitions at
If a sufficient number of positrons can be accumulated irthe “anomaly frequency,”f,=(1/2)(g—-2)f., wheref; is
a compact portable positron trap, such a device could be usebe cyclotron frequency anglis theg factor of the positron.
as a high-quality positron-plasma and/or positron-beanDenoting the positron state &s, s), wheren is the cyclo-
source in place of a radioactive source. This would have th&on level ands is the spin state, this provides a mechanism
advantage of providing positron beams for a variety of apto depopulate th¢d, — 1) state by way of an anomaly tran-
plications at greatly reduced cost, since a significant fractiorsition to the|1, +1) state, followed by a cyclotron transition
of the capital cost of positron beamlines is in the cost of theo the |0, +1) ground state. The required spin-resonance
radioactive source and moderator. For example, ifmagnetic fields and considerations regarding possible posi-
10 positrons could be accumulated in a compact device, ason heating due to these fields are discussed in Ref. 105.

2. Portable positron traps
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IIl. ANTIMATTER IN LABORATORY SCIENCE
AND TECHNOLOGY (a)

A. Synthesis of low-energy antihydrogen

w

oo

—

There has been keen interest in making the first neutral
antimatter in the laboratory for at least two decades. Among
other motivations, this would permit precise comparisons of
the properties of hydrogen and antihydrogen to test symme-
tries, such as the CPT theordire., invariance under charge
conjugation, parity, and time revergahnd to make precise
comparisons of the effect of gravity on matter and antimatter.
Also of interest is the study of the low-energy interaction of > 1 0 ) > 3
antimatter with mattel° the first steps toward the establish- Horizontal position (cm)
ment of a quantitative chemistry of neutral matter and anti-
matter. Small numbers of high-energy antihydrogen atoms (b)
were made at CERN and Fermilab in the 1998''°How- 1200 &
ever, it is desired to make antihydrogen atoms with suffi- 2 :
ciently low energies that they can be trapgedy., in a mag- g
netic gradient trap—estimated well deptl K) and studied O
with precision. 6

Recently two groups at CERNthe ATHENA and
ATRAP collaborationsreported the first successful creation
of low-energy antihydrogen atom$.2*We briefly describe T — T 7
the results of these experiments and discuss the challenges Y
remaining in conducting precise experiments to compare hy- Mixing time (sec)
drogen and antihydrogen. Many of these challenges will benFIG. 9. The creation and detection of low-energy antihydrogen at¢ans:
efit by the further development of techniques to prepare Spespatially resolved annihilation of antihydrogen atotdgrk ring on the

cially tailored antimatter plasmas and trap-based beams dfner surface of the electrodes of the nested Penning—Malmberdsteap
antiprotons and positrons. Ref. 148; (b) modulation of the detected antihydrogen annihilation signal

. . . by heating and cooling the positron plasma that produced it. See Ref. 22 for
Both antihydrogen experiments used nested Penninggetails.

Malmberg traps to combine cold antiproton and positron
plasmas. Two different recombination mechanisms are reldrogen atoms annihilated at an electrode, and the resulting
evant: spontaneous photon emission in an antiprotonback-to-back gamma rays from the positron annihilation and
positron collision, and three-body recombination involvingthe chargedr mesons from the antiproton annihilation were
an antiproton and two positrons. The formation rates for bothjetected to come from the resolution volume in space and
processes increase with decreasing positron temper@eie  time. Other features of the data, such as two-gamma detec-
as T 063109 and T 92,10 respectively, motivating the de- tion at angles other than 180°, were in good agreement with
sire for cryogenically cooled plasmés.g., T<10 K). Monte Carlo simulations of their detector performance. Fig-
The antiproton cooling and trapping schemes used by thare 9a) shows the reconstructed locations of the annihila-
two groups were similar. ATHENA used a buffer-gas trap totions for recombination using a cold positron plasma. For the
collect ~10° positrons every 3 min. They combined case shown, corresponding to mixing the antiprotons with
~10* antiprotons, collected from three AD bunches, with cold positrons (T 15 K), the figure shows that the annihi-
the positrons for 190 € ATRAP used a novel positron- lation peaks at the inner surface of the electrodes, as ex-
trapping scheme based on field stripping high Rydberg pospected for these neutral atoms that are not confined by the
itronium atoms made on the surface of a cryogenicallymagnetic field. When the positron plasma is heated, the re-
cooled positron moderat6t.In the ATRAP experiment, pos- constructed antihydrogen annihilations are much fewer and
itrons and antiprotons were collected and stored forshow no such spatial correlation with the position of the
~500min and then charge ~clouds of~1.5 electrodes.
X 10° antiprotons and 1 10° positrons were As shown in Fig. @), the ATHENA experiment was
combined®™?*As expected, in both experiments it was nec-able to modulate the antihydrogen annihilation signal by
essary to use nonequilibrium configurations to obtain particldeating the positron plasma, in agreement with theoretical
overlap, since in nested Penning traps, equilibrium plasmagredictions for both the spontaneous photon emission and the
will separate’ !t three-body recombination mechanisms. Measurements of the
The detection schemes for the two experiments were diftemperature dependence of the antihydrogen formation rate,
ferent. ATHENA has developed a detector that is able td", in the ATHENA experiment show thdt decreases with
spatially resolve both the antiprotdf and the positron an- increasing positron temperature, but a simple power-law
nihilations to ~4 mm accuracy, and time resolved tois  scaling was not observéd Remarkably, significant antihy-
accuracy during the 190 s mixing time. They reported thedrogen production is observed even for the case of recombi-
observation of 130 so-called “golden events” where antihy-nation with a 300 K positron plasma.

Q

'
—

Vertical position (cm)

.
)
[y

0o
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The ATRAP experiment used a novel technique involv-arises when the densities of antiprotons and positrons are
ing field ionization to detect the antihydrogen produced.comparable is the generation of plasma instabilittés.
They arranged a separate potential well for the collection of ~ An alternative approach to precise comparison of the
antiprotons along the magnetic axis, adjacent to the nestguroperties of antihydrogen and hydrogen is being pursued by
Penning traps used for antihydrogen formation, and they inthe ASACUSA collaboration. They are building a magnetic-
serted a region of variable electric field between the nestedusp trap to confine cold antiprotons and positrdfishis
traps and the antiproton collection well. Weakly bound anti-type of trap can confine antihydrogen atoms with one orien-
hydrogen atoms traveling toward the collection well are extation of magnetic momerti.e., low-field seekeps Due to
pected to be field ionized and trapped in the collection wellthe magnetic geometry, trapped, spin-aligned antihydrogen
After collection for a fixed time period, emptying the collec- atoms, once formed, eventually exit the trap and focus on the
tion well produced an antiproton annihilation signal which, magnetic axis at a given distance from the cusp that depends
the ATRAP collaboration convincingly argued, can only on the energy of the atoms. The ASACUSA collaboration
come from the field ionization of antihydrogen atoms pro-proposes to put a microwave cavity at this focal point, tuned
duced in the nested Penning—Malmberg traps. The ATRARo the hyperfine transition, followed by a magnetic lens tuned
group presented an analysis of the dependence of the antihfgr the oppositesign of magnetic moment. An antihydrogen
drogen production rate on ionizing electric field. They con-detector will be placed at the focal point of this lens. The
cluded that the principal quantum numbers of the detectedetected signal is expected to be maximized when the micro-
antihnydrogen atoms are in the range<g9<80. As the wave cavity is tuned to a hyperfine transiti@re., that flips
ATRAP collaboration points out, casting the result in termsthe sign of the magnetic moment
of a principal quantum number is not strictly correct for The authors of Ref. 118 estimate that this experiment can
these atoms in a strong magnetic field. Nevertheless, therovide one part per million or better comparison of the
analysis does indicate that the atoms are very weakly boundnagnetic moments of hydrogen and antihydrogen. This ex-
This is consistent with the predictions for the three-bodyperiment offers the possibility of comparing a different com-
recombination mechanisi’ bination of fundamental parameters than measurement of the

One important issue is the behavior of the antihydrogerhydrogen B-2S transition, and so both experimental tests
atoms formed from the cold positron plasmas and coldwill be of considerable value.
clouds of antiprotons. For weak binding energies
(<100 K), the atoms are strongly affected by the imposed3. Physics with low-energy antiprotons
magnetic field with strength-3—5 T. These atoms are the

strong-magnetic-field analogs of high Rydberg states. Th The ASACUSA collaboration is using low-energy anti-

positron wave function is strongly localized, and the positrorﬁrOtOnS to study a range of scientific issUESAs de-
. . i’ scribed above, they have developed a rf quadrupole decelera-
executes areEXB drift motion about the antiproton. Three- y P q P

bodv recombination of these “auiding center atoms” haStor that increases the flux of trappable low-energy

e Yo ol belen slt died theiret%l;%fésrecent anal 3%4 antiprotons from the AD by a factor of 100. It is being used
previously udi : ' y to produce a high-quality, low-energy antiproton bergx-
shows an encouraging correspondence between the pred

. o eriments to study the structure of radioactive nuclei usin
tions for three-body recombination and the ATRAP results.Lg y g

: ) L antiproton attachment and subsequent annihilation are in the
Open questions regarding these loosely bound guiding cent P q

. : o - Blanning stage®
atoms include thew dynamics in the electric f|e'lds of the. Antiprotons are known to bind to atomic ions, replacing
positron and antiproton charge clouds, and questions of theijr

re-ionization and/or evolution to more deeoly bound stat an electron. These species, with in effect, a massive, distin-
€-lonization andior evolution to more deeply bound Stales. . ;iop e electron, can be thought of as intermediate be-
These recent, successful low-energy antihydrogen ex:

ween an atom and a molecule—a so-called “atomcule.”

periments are seminal. The ability to create in the IaboratorWembers of the ASACUSA collaboration have studied the
low-energy antihydrogen atoms for the first time has clearly.

been established. As described above, one goal of these antiproton-He "’.‘tom%glle_llgg detail in a series of elegant spec-
. . . .~ froscopy experiments:
periments is to trap the antihydrogen and conduct precision
comparisons of antihydrogen and hydrogen using two-
photon spectroscopy. However, many challenges remain. Th%
method currently favored to trap the antihydrogen atoms As pointed out in the seminal paper by Tsytovich and
uses a magnetic gradient trap to confine atoms with one sigwharton?’ electron-positron plasmas possess unique proper-
of magnetic momentexpected maximum well depts1 K).  ties because of the equal-mass, opposite sign of charge of the
This introduces zeroth-order azimuthal magnetic asymmeplasma particles. Specific examples of the unique plasma
tries, which are extremely deleterious to the confinement oproperties include the linear polarization of cyclotron radia-
the antiproton and positron plasma3Azimuthally symmet-  tion and dramatic differences in the nonlinear plasma pro-
ric trapping schemes have recently been proposed to circuncessege.g., the absence of three-wave coupling, and nonlin-
vent this difficulty*'® In general, the search for solutions to ear Landau damping larger by the electron/ion mass ratio,
this problem of compatible trapping schemes for the plasmaM/m). Relativistic electron-positron plasmas have been
and the antihydrogen atoms is at an early stage. Neverthstudied extensively theoreticaftf*~*?8because of their im-
less, it is fair to say that this problem currently presents gortance in astrophysical contexts such as pulsar magneto-
serious challenge to further progress. Another problem thatpheres. The first laboratory experiments to study these plas-

. Electron-positron plasmas
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mas were conducted by passing an electron beam through a positronium beam
positron plasma confined in a Penning tfajt is, however,
desirable to create an electron-positron plasma in which the
two species are not drifting relative to each other.

Various technigues have been proposed for creating such
simultaneously confined electron-positron plasmas. These
techniques include confinement in magnetic mirfdrs,
stellarators® and combined Penning/Paul trag8.Due to
the anticipated difficulties in simultaneous confinement of
these plasmas, an intense positron source, such as that from 3
linac or the new FRM-II fission reactdt* would be very
useful for these experiments.

It would also be of great interest to study the relativistic
regime. A magnetic mirror device is expected to provide
good confinement for such a hot, electron-mass plasma.
However, at the anticipated high temperatures, the Debye
length is comparatively large for a given plasma density.
Consequently, relativistic electron-positron plasma experi-
ments will require very large numbers of positrdiesg., N
=107 per eXperimer)tm This is likely to challenge the ca- FiG. 10. Schematic view of an experiment to study transport in a tokamak
pabilities of available positron sources for the foreseeabl@lasma using positrons, which function as electron-mass test particles.
future1®2

An alternative approach to study relativistic electron-
positron plasmas is use of intense lasers. This kind of experlso uses such a field. It permitted measurement of the first
ment is outside the scope of the present review. We refer thetate-resolved positron-impact cross sections for electronic
reader to Refs. 132, 133-136 for further discussion of thisand vibrational excitation of target species, as well as a va-

positronium positron
converter trap

——— free positrons

gamma-ray
detector

promising new direction. riety of other cross section measurements. For example, in
the case of CQ, the measurements were of sufficient quality
D. Studying plasma transport using positrons and energy resolution to study the mode at 80 meW’

An important topic of current interest in tokamak fusion- Data for the electronic excitation of the lowest allowed states

plasma research is understanding anomalous eIectro‘?{ N_2 showed a large, resona_mt enhancement in the cross
transporﬁ37 Since, at present, there are no good technique§eCt'0n at threshol(B.8 eV). While not yet understood theo-

available to directly measure electron transport, it would beretically, this observation explains the empirical discovery

desirable to have new diagnostics to address this questiof!at N 1S the molecule of choice for use in buffer-gas posi-

0,65
One possibility is to inject pulses of positrons into the roN t;laps‘? Id b | bled the fi di fh .
plasma and detect the time delay between the injection and_I T N cfol eam also enabled the |Irst sltu 1es Olt 3 ann-
arrival of the positrons at a plasma divertor by detecting thdvilation of low-energy positrons in molecules, resolved as a

characteristic 511 keV annihilation gamma rays. This can béunctlon 9f positron energy.** These ex_perlrnents focused
accomplished using the giant positron pulses describe@n €nergies below the threshold for positronium atom forma-

above. As illustrated in Fig. 10, positrons would first be con-t'_on' This annihilation vyork re_:pre_sented a qualitatively new
verted into neutral positronium atoms, which are able tok'nd of experimental |nve§t|gat|on and resol_v_ed a four-
cross the confining magnetic fietd3 For positronium beam d€cade-old mystery regarding very large annihilation rates
energies of-100 eV, most of the positronium atoms will be observed in a variety of molecules. Shown in Fig. 11 are data

ionized within a typical plasma, releasing free positrons tha{or positron annihilation in pentane as a function of positron

function as “tagged electrons® The transport information energy. h in th inilati is ob df
is contained in the distribution of arrival times of the posi- No enhancement in the annihilation rate is observed for

trons. In a refined version of this experiment, localized pos_energies above those of the .molecular.vibrations, put large
itron deposition could be achieved by using a laser to phognhar)cemgnt§ are observepl in the region qf energies of the
toionize the Ps atoms. vibrations, indicated by vertical bars in the figure.

The resonances are downshifted from the vibrational en-
ergies by an amount that increases with molecular size.
) ) These data fit the theoretical picture of vibrational Feshbach
1. Atomic physics resonancescartoon, Fig. 1L Namely, if the positron has a

The cold, trap-based positron beam described in Sedound state with the molecule, this state can be populated in
IIE 1 has enabled a variety of new positron atomic-physicsa two-body collision if the incoming positron energy, is
studies, including both scattering and annihilation experi-equal to the vibrational mode energy minus the positron-
ments. The scattering work exploited a new technique tonolecule binding energyc.f., Fig. 11: e=AE;,—AE).
study scattering in a magnetic fieltf This technique was These data resolve the issue of large annihilation rates in
developed to be compatible with the trap-based beam thaholecules. More importantly, they provide the first direct

E. Positron-matter interactions
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10 - - - - - cable to the study of atomic clusters and nanopartidles,
V() sity, in vacuo In addition, positron-induced Auger spectros-
o+ copy will also be very useful to study these species. This
81 # ] technique is very surface sensithf®and capable of studying
ABvip & the outer monolayer of clusters—information difficult to ob-
*g 6l J.AE :§ 1 tain by other methods. Problems of interest include novel
» | \<?7/ b s “positron cage states” predicted for open structures such as
- ,' AEp 1 Ceo,*° understanding the structure of solvated ions, and the
% al . :‘_—’: physics of molecular clusters such as polycyclic aromatic
N . y & | hydrocarbon molecules.
. o e !
s @ |
2t * !
4 o . 4. Bulk materials and material surfaces
® o
ol | |0o.|'" . opoeee®one When a positron is injected into a solid, gamma rays
0.05 0.15 0.5 0.35 0.45 and/or a variety of particles can be ejected. These particles

include reemitted, reflected or diffracted positrons, positro-
nium atoms, secondary electrons, Auger electrons and ions.
FIG. 11. Evidence that positrons bind to hydrocarbon molecules. Shown id "€ gamma-ray photons result from either the direct annihi-
the normalized positron annihilation ra. for positrons on pentane mol-  lation of the positrons or from the annihilation of positro-
ecules (GH;) as a function of positron energy. If the collision were elastic, njum atoms formed within the sample. Each of these exiting
Zey would be -~ the number of electrons in the moleculg<42). Instead, projectiles can be analyzed to provide useful information
it is a factor of 18 larger. The cartoon illustrates the attachment process tha . . "
explains the large values @ that are observed. about the system, including the composition of the surface of
a bulk material, crystal structure and orientation, surface-
adsorbed layers, porosity, pore interconnectivity, and the dis-
experimental evidence that positrons bind to ordinary neutrarribution and concentration of vacancy defects. Analyzing

Energy (eV)

matter. the annihilation gamma rays, in particular, provides unique
information about defects that cannot be obtained using other
2. Positron ionization mass spectrometry techniques. Timed measurements, for example, using ul-

trashort positron pulses<(500 ps), permit determination of
the lifetime of the positrons, which in turn, allows the defect
size and concentration to be measured. Depth profiling infor-
mation can be obtained by implanting the positrons to vari-
able depths using different incident enerdigsSpatially
resolved information can be obtained using scanning micro-
E)eams.

These techniques are currently being used to investigate

2 wide variety of problems of importance in materials sci-
ence and integrated circuit manufacturing. Topics include

tudy of the properties of low dielectric constant insulators
pging developed for integrated circuit manufacturing to re-
duce stray capacitan¢&-1*?jon-implantation-induced dam-

A positron can ionize a neutral molecule by one of four
basic processe¢l) direct ionization, which produces both a
positron and a free electron in the final stat8) charge
exchange to form positroniuni3) annihilation of an electron
following attachment; and4) annihilation during an other-
wise elastic collision. Proceqd) is analogous to electron-
impact ionization, but the other three processes are unique
positrons. Annihilation following electron attachment was in-
vestigated in early experiments in which sample gases we
introduced into a Penning trap containing cool positrarg.
The ions created by positron annihilation were confined b
the same fields that confined the positrons, and mass spec
were obtained using time-of-flight techniqu@4 his method : X o
showed extensive fragmentation, qualitatively similar to tha ge in semlcond_uctdf? agcelerated aging in polymet&;
observed in electron-impact ionization. However, subseque ydroqﬁg embrlttl_emeﬁ_f‘, and fatigue in structur_al
experiments using higher energy positrons, to create ions b etals.™ As desc_rlbed in Sec. _” E2, trap-based posﬂrqn
positronium formation, showed that the fragmentation coul eams are vv_e!l suited to ihese Kinds of measurem_ents, since
be controlled by adjusting the positron enefgyn particu- they can efﬁuently produce ultrashort pulses sunabl_e for
lar, for positron energies close the threshold for positroniumOOSItron "fe“”.‘e measurements. Furthermore, as described in
formation (i.e., E=E;—6.8 eV, whereE; is the ionization Sec. Il E3, brightness en_hancement t_echnlque_s. can be used
energy, the mass spectrum was dominated by the parent ioﬁ? producg trap-based.mlcrobeams with capabilities for sha-
and showed increasing fragmentation as the positron ener%fl resolutlon not obtainable by other methods..CommeruaI
was decreased or increased from this value. The controllabfe2S'On beam systems based on these principles are now
fragmentation processes have the potential to provide impoHnder development.
tant information about the chemical structure of large organi&. The quantum electron-positron system: BEC Ps
molecules, including biomolecules. and stimulated y-ray emission

) As described above, positron traps have the capability to

3. Atomic clusters accumulate large numbers of positrons and release them in
The scattering and annihilation techniques described igiant pulses. If such a pulse of spin-aligned positrons is fo-
Sec. IlIE 1 to study atoms and molecules are directly applicused onto a subsurface cavity, a significant fraction of the
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