Hyperfine Interactions 109 (1997) 181-188 181

Stored positrons for antihydrogen production
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The production of antihydrogen is examined in the light of recent experimental results
on a technique for the efficient accumulation, manipulation, and storage of positrons. From
these data, we argue that this high-efficiency positron trapping technique could be adapted
for the production of antihydrogen and would offer significant advantages over other positron
trapping techniques currently being proposed for this purpose.

The production of atomic antimatter has been a long-standing research objective
for physicists from many different research disciplines, mainly due to its fundamental
interest [1]. Recent advancesin the accumulation and cooling of antiprotons [2—4] and
positrons [5—7] in Penning traps now make the production of low-temperature antihy-
drogen experimentally feasible. The remaining hurdles are the combination of these
constituents, and trapping the resulting cold antihydrogen atoms for experimentation
(see, eg., ref. [8]). The most promising of the various schemes proposed for com-
bining the two species are the collision of positronium atoms with stored antiprotons
[9], and the three-body recombination of antiprotons and positrons in nested Penning
traps [10,11]. Recently, Walz et a. [12] demonstrated the simultaneous confinement
of protons and electrons in a combined Penning—Paul trap, which could also be ap-
plied to antihydrogen production using three-body recombination of antiprotons and
positrons. Very recently atoms of antihydrogen at high energy have been created by
injecting a high-energy beam of antiprotons into a gas cell [13]. For spectroscopy and
other precision applications, however, trapped low-energy antiatoms are required, so
it isimportant to develop efficient methods to produce low-energy antihydrogen, such
as those described here.

At present, the world’s only source of low-energy antiprotons is the Low Energy
Antiproton Ring (LEAR) and associated apparatus at CERN. With dedicated use of
this facility, about 107 antiprotons could be trapped and cooled per hour [2,4], which
is adequate for the first production of antihydrogen at low temperatures. LEAR was
shut down at the end of 1996, but low-energy antiproton production is expected to
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resume in 1999. We are nonetheless faced with the prospect of reduced fluxes of low-
energy antiprotons, or much lower capture efficiencies of the higher-energy antiprotons
available at other facilities. This makesit timely to explore efficient methods for low-
energy positron accumulation so that the available antiprotons can be most effectively
utilized.

To create antihydrogen, it is necessary to have long lifetimes for the trapped an-
tiprotons, which has been achieved in a sealed cryogenic trap [14]. This may have
led to a perception of a very strict vacuum requirement for positron accumulation,
which in turn has favored an intrinsically inefficient positron accumulation scheme
with present trapping rates of less than one thousand positrons per hour [7]. In this
paper, we examine new and existing data and conclude that the vacuum regquirement
for antihydrogen production is much less stringent than has been suggested. We argue
that this should enable an alternative positron accumulation method with demonstrated
high trapping efficiency to be employed for antihydrogen production.

A number of methods have been described for accumulating positrons in Penning
traps. These include collisions with buffer gas molecules [15] or trapped ions [16],
applying a voltage ramp to the positron source [17], trapping positrons from pulsed
sources by fast switching of confining potentials [18,19], and trapping by exploiting
the magnetron drift of injected positrons [20,21].

Two of these methods have been demonstrated experimentally for the long term
accumulation of positrons, namely the buffer gas method [5,6,22], and the magnetron
drift technique [7,21]. The latter technique has the advantage of not requiring a buffer
gas, but it has a very low trapping efficiency of 0.02 et mCi—1s~1. This yields
positron loading rates of only 6.5 x 10? positrons per hour from a 10 mCi source.
While this is not a limitation for precision measurements on single trapped positrons
[21,23], it presents a serious drawback for the production of antihydrogen, where large
numbers of positrons are required.

The present state of the art in positron trapping using the buffer gas scheme is
presented in fig. 1(a), which shows the accumulation of ~ 1 x 108 positrons in a
three minute cycle using a 70 mCi source. This corresponds to a trapping efficiency
of 55000 et mCi—1s~1, which is six orders of magnitude more efficient than the
magnetron drift technique. This trapping rate corresponds to capturing about 30%
of the incident slow positron beam from the moderator, and leads to a loading rate
of ~ 2.4 x 108 et s~1 from a 70 mCi source. Figure 1(b) shows the storage of
positrons when the buffer gas (and consequently the trapping) has been shut off af-
ter the positrons were loaded. As described below, with some modifications, this
technique could be conveniently adapted for antihydrogen production.

Also shown in fig. 1 is the storage of the same number of electrons under similar
conditions. The fact that the positron lifetime does not scale with the gas pressure,
and is less than the electron lifetime (determined by cross-field transport) is a conse-
guence of the wide variation in annihilation cross-sections for different gases. These
cross-sections, represented by the dimensionless parameter Zg:, have been studied
extensively for atoms and molecules at low energies, both theoretically and experi-



C.M. Surko et al. / Stored positrons for antihydrogen production 183

1.2

1.0

o
o

positrons (1 08)
o
»

0.4
T=43s
0.2
0.0 ¢ 1 1 1 1 O—~0
0 100 200 300 400 500 600

time (sec)

particles (1 06)

TTTTT

o

10 20 30 40 50
time (min)

Fig. 1. (a) Accumulation of positrons from a 70 mCi Na source (p ~ 1 x 10~ Torr). The positron
beam is switched off at ¢t = 300 s. (b) Storage of: (e) positrons at p ~ 6 x 10~7 Torr; (o) positrons at
p~5x 1072 Torr; and (W) electrons at p ~ 5 x 1072 Torr.

mentally [24-26]. For the simple molecules such as H, and He, which are the major
constituents of the residual gas in well-baked vacuum systems, Zgs is of the order
of 10, but it can be as high as 106 or greater for large organic molecules [26]. Our
present vacuum system is sealed by rubber O-rings, and the hydrocarbon contaminants
have an estimated Zg¢ ~ 1000.

Because of the very high trapping rates that have been obtained using the buffer
gas technique, it is attractive to consider applying it for antihydrogen production.
The success of such a scheme would depend on isolating the positron trap from
the antiproton trap during the time that positrons are accumulated. One method of
accomplishing this is to use a separate UHV stage, as illustrated in fig. 2. After the
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Fig. 2. Schematic diagram of the existing positron trap (right of valve ‘B’) and the proposed isolated

UHV stage (left of valve ‘B’) designed for long-term storage. In an actua experiment, the positron trap

would have three stages, as described in ref. [22]. The pressures in parentheses are those estimated to be
obtainable using electrodes at cryogenic temperatures.

positrons have been trapped using the buffer gas, they would be transferred to the
UHYV trap, which would be isolated by a gate valve, denoted ‘B’ in fig. 2. This would
be accomplished using the following sequence: once a sufficient number of positrons
has been accumulated in the trapping stage, the buffer gas feed would be switched
off, and the trap pumped to a base pressure of 5 x 10719 Torr, which typically takes
less than 30 s, as shown in fig. 3. Gate valve ‘B’ would then be opened for the brief
time (~ 1 s) required to transfer the positrons to the storage trap.

The system would have metal gaskets and be bakable with a base pressure of
~ 10~ Torr, comprised mainly of He, Hy, and Ne (Z«; ~ 10), so that the positron
annihilation time would be greater than 50 days. The loss mechanism would be cross-
field transport, and the confinement time would be like that of electrons under similar
conditions, i.e.,, ~ 3 h.

The loading rates can be estimated as follows. With a three-minute trapping cycle
and alowing one minute for pumping out the buffer gas between cycles, positrons
could be loaded into the storage trap at a rate of 2 x 10° e per hour. Furthermore,
by means of relatively modest improvements to the trap using existing technology, it
should be possible to increase the number of positrons by a factor of 5 to 5 x 108
et per cycle. These improvements include increasing the source strength to 150 mCi,
which is conveniently available commercially, and modest improvements to the source
geometry, magnetic field, and vacuum system. With these modifications, positron
loading rates of ~ 1 x 109 positrons per hour should be achievable. With such
high loading rates, and a confinement time > 3 h, the limiting factor in the number
of positrons that can be accumulated is expected to be the space-charge limit of the
potential well. In atrap of the size presently used for antiproton storage, the limiting
total number of positrons would be ~ 1 x 10'° for a 5 mm radius charge cloud in a
~1 kV potential well.

Once a sufficient number of positrons has been accumulated in the storage section,
the gate valve to the antiproton trap (denoted ‘A’ in fig. 2) can be opened and the
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Fig. 3. Gas pressure in the third stage of the positron trap during a pumpout cycle. The buffer gas feed
is switched on at ¢t = 7 s and switched off at ¢t = 33 s.

positrons transferred. Data from an antiproton capture experiment indicate that the
lifetime of antiprotons in cryogenic systems partially exposed to room temperature
surfaces, is in excess of 1000 s [2].

Thus, the exposure to the UHV positron storage trap should pose no problem. We
note further that a recent study [3] has found evidence for anomalously long lifetimes
of antiprotons trapped in such an environment when the antiprotons were cooled to
low temperature. These lifetimes were not expected on the basis of the estimated gas
pressure and the theoretical cross sections [27].

After transfer to the antiproton trap, the perpendicular energy distribution of the
positronswill cool to the temperature of the electrodes (~ 20 K) by cyclotron radiation,
and the parallel energy distribution will also cool, by means of equilibration with the
perpendicular energy. These cooling and equilibration processes have been studied
in strongly magnetized electron plasmas in a parameter regime similar to the one
that would apply to the positron storage trap envisaged here [28]. For example, at
B = 60 kG and adensity of 8x 108 cm~3, the cyclotron cooling timeis ~ 0.24 s, while
the equilibration time varies between 1 x 1073 s and 1 x 10> s over a temperature
range from 20 to 10* K. This cooling is sufficiently rapid, so that the fact that the
positrons are trapped at room temperature is not a drawback, even if significant heating
occurs in the transfer of positrons between stages.

A simpler configuration than that shown in fig. 2 can also be envisaged in which
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Fig. 4. Possible geometry for antihydrogen production using a transmission-type positronium converter.

the positrons would be transferred to the antiproton trap directly from the trapping
stage via gate valve ‘B’ in fig. 2, after the buffer gas had been pumped out. In this
case, the number of positrons available in each cycle would be limited to a pulse of
at least 5 x 108 every three minutes. With a trapping stage sealed by metal gaskets,
the antiproton trap would never be exposed to a pressure greater than 10~* Torr.

In the antiproton—positronium scheme for producing antihydrogen, a positronium
converter (which could be one of a variety of solid materials that produce low-energy
positronium atoms when bombarded with positrons) would be located close to a
cloud of around 107 antiprotons in a cylindrical Penning trap [29]. One possible
interaction geometry is shown in fig. 4. Positrons enter the Penning trap from the
right and form positronium on a transmission-type converter [30] which is appro-
priately shaped and biased to mimic a trap equipotential so as not to disturb the
antiproton cloud [31]. Using a pulse of ~ 100 positrons accumulated in the stor-
age stage of the trap shown in fig. 2, it should be possible to produce a burst of
positronium atoms in the vacuum, which will pass through the antiproton cloud,
producing antihydrogen atoms via charge-exchange collisions. The number of re-
sulting antihydrogen atoms is difficult to estimate at present, since it will depend
on the details of the geometry of the positronium converter and its relation to the
antiprotons. However, Charlton [29] has estimated that if the antiproton cloud has
a diameter of 4 mm and is located 8 mm from the converter, then 100 antihydro-
gen atoms could be produced per day with a continuous positron beam of 5 x 10°
et s7L. In the present scheme, this translates into 2-3 antihydrogen atoms per pulse
of 109 positrons. The pions produced by these antiatoms when they annihilate on the
walls of the trap should be easily distinguishable from background events, since they
will occur within a well-defined time window of about 50 ps following the positron
pulse.

For antihydrogen production using either the nested-well or the positronium atom
beam technique, the availability of such large numbers of positrons as described here
holds several advantages over the magnetron-drift technique, which can trap only
3 x 10* positrons in a 60-h cycle. For antihydrogen formed in nested wells by the
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three-body recombination technique, this large number of positrons should also permit
evaporative cooling, so that positrons which are significantly colder than the antipro-
tons could be obtained.

In summary, we conclude that the use of a buffer gas in positron trapping poses
no significant impediment to efficient antihydrogen production. The existing positron
trapping techniques employing a buffer gas are now capable of producing suitable
accumulations of positrons to produce measurable amounts of antihydrogen.
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