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Abstract

This paper describes studies of positron accumulation and cooling using molecular gases. The production of high-
quality, bright positron beams from trapped positron plasmas is also discussed. Trapping efficiency and cooling-rate
measurements are presented for a number of gases. Results are presented for the radial compression of magnetized
positron plasmas using a rotating electric field and molecular gas cooling. A technique to exploit plasma space-charge
effects to extract the central portion of trapped plasmas is also described. The use of both techniques to produce bright
positron beams in new regimes of parameter space is discussed. © 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Penning traps have been used for some time for
pulse stretching applications on LINAC positron
sources [1,2]. The capabilities of trap-based posi-
tron beams were considerably enhanced by the
ability to accumulate large numbers of positrons
from radioactive sources and to cool them to room
temperature by collisions with a buffer gas [3,4].
These large collections of positrons have signifi-
cant space charge and are in a well-defined plasma
state, thus permitting the use of a range of tech-
niques developed for manipulating other types of
non-neutral plasmas. These techniques offer a
qualitatively new method for positron beam for-
mation and manipulation that potentially has
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significant advantages in efficiency, flexibility, and
cost over current beam conditioning techniques.

One unique capability of trap-based beams is
the ability to produce the ultra-cold positron
beams {5] that are now being used for ground-
breaking studies of positron-molecule interactions
[6,7]. A second important capability is the pro-
duction of the types of ultrashort pulses required
for positron annihilation lifetime spectroscopy and
time-of-flight techniques. A third important ca-
pability is brightness enhancement by radial com-
pression of the positron plasma by applying a
rotating electric field [8,9]. This effect can be fur-
ther enhanced by advanced techniques for ex-
tracting the positrens from the trap, which take
advantage of the positron space charge.

In this paper we discuss recent developments in
positron trapping, including investigation of dif-
ferent gases for trapping and cooling. We also
discuss brightness enhancement by plasma com-
pression and extraction from the magnetic field of
the trap.
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2. Positron trapping and cooling

Various methods have been demonstrated for
accumulating positrons from a radioactive source
in Penning traps including trapping using colli-
sions with trapped ioms [10,11] and neutral gas
{12]; stochastic orbits [13]; in a magnetic mirror
configuration [14]; electronic damping {15] and
field ionization of Rydberg positronium atoms
{16]. Positron pulses from LINAC sources have
also been captured in Penning traps for beam
conditioning by rapid switching of the potentials
on confining electrodes [1,2].

The method considered here is the buffer gas
technique, which is the only method thus far
demonstrated to have a high enough efficiency for
high-throughput applications. The basic trapping
scheme is illustrated in Fig. 1. Positrons from a
neon-moderated radioactive source [17] are guided
by a magnetic field into a modified Penning—
Malmberg trap. The magnetic field at the source is
about a factor of six less than the field of the trap,
$0 some magnetic compression of the incoming
beam (i.e. a factor of v/6) is obtained. The posi-
trons pass through a high pressure region (I’ in
Fig. 1} created by continuously feeding a buffer gas
into that part of the trap. In this region, the pos-
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Fig. 1. Schematic diagram of a buffer gas positron accumula-
tor, showing the three stages of differential pumping and the
electrostatic potential.

itrons are trapped by inelastic collisions, ‘A’°, with
buffer gas molecules. The positrons then filter to
lower energy by collisions ‘B’ and ‘C’ and as a
result are confined in region ‘III’, which is main-
tained at a low pressure by differential pumping.
The pressures in the trap are such that transition
‘B’ takes less than 100 ps, and transition ‘C’ takes
a few milliseconds. For optimal trapping effi-
ciency, the electrode potentials are adjusted so that
the cross sections for transitions ‘A’, ‘B’ and ‘C
are maximized for electronic transitions of the
buffer gas.

In Table 1, we present a comparison of the
measured trapping efficiencies for a selection of
molecular gases, The data were obtained after
optimizing the trapping efficiency by adjusting the
electrode potentials using a computerized search
procedure. As can be seen from these data, the
highest trapping efficiency is obtained with N,.
High trapping efficiency can be achieved using
buffer gases that have large positron-impact cross
sections for electronic excitation and small posi-
tronium-formation cross sections (i.e. the domi-
nant positron loss process in the trap). High
trapping efficiency in N, is obtained by tuning
each gtage of the trap to operate at ~9-10 eV. In
this case, the efficient trapping is due to electronic
excitation of the a'll state in N,, which has an
unexpectedly large near-threshold excitation cross
section, as compared, for example to H; [18]. For
certain applications, it may be desirable to operate
a trap with another buffer gas, even though the
trapping efficiency is lower. For example, the
Doppler broadening of the annihilation line for

Table 1
Summary of trapping efficiencies, normalized to nitrogen for a
selection of gases

Gas Formula Trapping
efficiency (%)
Nitrogen N, 100
Carbon monoxide co 68
Oxygen 0, 43
Sulfur dioxide SO, 33
Hydrogen H; 30
Nitrous Oxide NO; 20
Carbon dioxide Co, 16
Sulfur hexaflueride SF; 7
Carbonyl sulfide OCS 4
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hydrogen was measurcd using that gas as the
buffer gas to avoid contamination of the signal
from the nitrogen buffer gas. For operation of a
trap at cryogenic temperatures, hydrogen is also
an attractive choice, since it will not condense on
the trap electrodes, except at extremely low tem-
peratures.

Positrons cool in the third stage of the trap by a
combination of vibrational and rotational excita-
tions. The cooling rates for alternatives gases to
nitrogen in the third stage have been measured.
The gases studied were CO, CO,, CF4 and SF,.
Cooling rates were measured by filling the third
stage of the trap for a time short compared to
cooling times of the respective gases (~10 ms) and
then releasing the positrons from the trap after a
variable delay. When initially trapped, positrons
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Fig. 2. Fraction of positrons in the tail of the positrbn energy
distribution are shown as a function of time in the presence of
N; and CF, buffer gases at the pressures indicated.

Table 2
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have a residual energy of several volts resulting
from the injection process. As the positrons cool,
they develop a two-temperature distribution con-
sisting of a low-temperature component and a high
energy tail. As the cooling proceeds, positrons are
transferred from the high-energy tail to the low-
energy bulk by vibrational excitations of the
cooling gas. By measuring the number of positrons
released from the trap as a function of the exit gate
potential, the positron energy distribution function
can be obtained. From these data, cooling rates
can be extracted. The cooling rates presented here
are for vibrational cooling of the high-energy tail
(e.g. at energies above 0.1-0.3 eV). It is also pos-
sible to measure cooling below the vibrational
threshold using this technique if a finer energy
resolution is used for the measurements, but this
was not done for this experiment. However, as
described below, Qaradawi et al. have made mea-
surements in this regime using a different technique
[19].

Typical cooling data are presented in Fig. 2.
From these data a cooling rate can be extracted.
The results are presented in Table 2, together with
other parameters relevant to this experiment. As
can be seen from these results, the cooling rates for
all four of the other gases studied are dramatically
larger than for nitrogen. Thus even though nitro-
gen is the most efficient gas for positron trapping,
it is a poor choice for positron cooling. This defi-
ciency can be overcome by introducing small
quantities of a cooling gas directly into the third
stage of the trap, and this has now been adopted as
a standard operating procedure for the trap, using
CF, at a pressure of ~2 x 10~ Torr (7,18].

Measured positron cooling times, 7, and calculated annihilation times, t,, for selected molecules at a pressure of 2 x 10~* Torr. Plasma
compression rates, 7/n, are also shown, using the rotating electric field technique and these gases for cooling. Comparisons are also
shown for cooling times measured using a qualitatively different method [19]. E, are the vibrational energy quanta for each gas

Gas 1, (5) 1. (5)? 7. () E, (eV) 7 /e (571)
SFg 2190 0.36 1.52 0.076, 0.188 10

CF,4 3500 1.2 - 0.157 10

CO, 3500 1.3 3.8 0.291, 0.083 4

CO 2400 2.1 41 0.266 <0.2

N; 6300 115 532 0.292 <0.2

 This work.
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Recently, cross sections have been measured for
the vibrational excitation of a number of mole-
cules (e.g. CO, CO;, and CF4j by low-energy pos-
itrons [6,7). The cooling times shown in Table 2 are
in reasonable agresment (e.g. to within a factor
~2}, with these measurements, indicating the im-
portant role that vibrational excitation plays in
buffer gas cooling.

Cooling rates for many of these gases have also
been studied recently in high-density mixtures of
the test gas and Ar [15]. The cooling times from that
experiment are summarized in Table 2 for com-
parison with the present work. Except for CQO, their
cooling times are a factor of 3-5 longer than those
reported here, reflecting the fact that the present
experiment measures the initial cooling of high-
energy positrons by vibrational excitation, while
the data of {19] probably reflect cooling at lower
energies where rotational excitations dominate.
Since rotational excitations typically have lower
cross sections and have smaller guanta, longer
cooling times may be expected in this regime,

3. Positron compression

Positron traps have the potential for producing
brightness-enhanced beam by compressing the
positron plasma prior to beam extraction. This is
accompiished using a method first demonstrated

using pure eleciron plasmas {20,211, This method

involves the application of rotating electric field to
2 confired plasma. For this method to function
efficiently, a cooling mechanism must be present.
For positrons, this can be conveniently provided
by the presence of a low pressure of one of the
cooling gases discussed above, We now have
demonstrated this technique in a proof-of-princi-
ple experiment [8,9]. The rotating eleciric field is
generated by applying phase-shifted sine waves to
an azimuthally segmented elecirode surrounding
the plasma. In a typical cycle, about 10-20 million
positrons were accumulated in a buffer gas trap
and then transferred to a separate trap where a
cooling gas was introdoced at a pressure of
~1 x 1078 to ~5 x 107% Torr.

Following the application of the electric field,
the plasma was released from the trap onto a

phosphor screen biased at —10 kV and the re-
sulting image was recorded using a CCD camera.
Fig. 3(a) and (b} show typical CCD images rep-
resenting the plasma in the uncompressed and
compressed states, respectively, For clarity, the
images are normalized to their maximum values.
Fig. 3(c) shows the central density of the plasma as
a function of time for a selection of applied am-
plitudes of the rotating field. From these data; it is
clear that rapid and substantial density increases
{e.g. #/n ~ 15 57}, nyax/ng ~ 20) can be obtained
at a coolng gas pressure at which annihilation is
negligible. Furthermore compression was observed
over a broad range of applied frequencies, sim-
plifying the practical implementation of the tech-
nique. This technigue is now being refined and
incorporated into commercial trap-based positron

. beam systems being developed by First Point Sci-

entific, Inc. {22}, Much greater compression ratios
are expected in these systems.

The compression techpigue was investigated
using a selection of gases as cooling agents and the

time {s}

Fig. 3. CCD images of a positron plasma (a) before and (b}
t = 4 5 after the application of a rotating eleciric field. {c) Ratio
of the central density of positron plasmes to the initiel density
{t = 0} as 2 function of time following the application of the
rotating eleciric field for different amplitudes of the applied rf
field.
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maximum compression factors i2/r, obtained for
each gas are summarized in Table 2. Also shown in
this table are the quanta relevant for vibrational
cooling. The best compression was obtained with
CF, and SF;, while only minimal compression was
obtained with N, and CO. In general, there is a
correlation between the cooling time and the
maximum compression rate. It is interesting to
note that this correlation is better for the cooling
times reported in Ref, [19] than the cooling of the
high-energy tail reported here, especially for the
case of CO. Our interpretation is that cooling
below the threshold for vibrational excitation plays
an important role in the compression process.

Another technique for brightness enhancement
using trapped positrons becomes possible if a sig-
nificant amount of positron space charge can be
accumulated in the trap, In this case, when the
confining voltage is reduced to release the posi-
trons, they are released first from the volume
closest to the axis of the charge cloud. Thus, the
initial beam is narrower than the charge cloud it-
self. This effect is illustrated in Fig. 4 using an
electron plasma with a space charge of about 30 V
and a temperature ~1.5 eV. As can be seen from
the Figure, a significant reduction in beam dia-
meter can be obtained using this technique.

For this technique to be effectively employed for
brightness enhancement, only a small portion of
the positrons should be released. The rotating
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Fig. 4. Comparison between a partial release and a full release
of an electron plasma with a space charge of ~30 V and a
temperature of ~1.5 eV.

electric field, in combination with natural cross-
field transport processes (and perhaps instabilities
occurring in the hollow plasma column) could then
be used to replenish the depleted central portion of
the plasma. The charge cloud would have to be
continuously (or periodically) replenished to
maintain the total space charge. The plasma con-
ditions for this technique to function correctly is
that the space charge potential energy must be
much greater than the thermal energy of the pos-
itrons. This can be easily arranged in a positron
trap because of the low positron temperature. For
example, 5 x 10® positrons {amounting to only a
few seconds accumulation in a buffer gas trap) in a
cloud 1 cm long would have a space charge of
about 1.5 V, in comparison with the thermal
positron energy spread of 0.025 eV.

4, Extraction from the magnetic field

Positron beams extracted from Penning traps
are magnetized because of the confining magnetic
field of the trap. For many applications, it is de-
sirable to extract the beam from the magnetic field.
This leads to a degradation in the quality of the
beam, because the angular momentum associated
with the cyclotron motion is translated into an
additional component of transverse momentum.
In particular, for a beam of diameter 4 and
transverse energy spread AE, the beam emittance,
¢ = d+/AE, /E,, must be generalized to include a
magnetic field dependent term [23]. The general-
ized (noninvarient) emittance is then

AEJ_ edzB
o~ d
©=NTE T PEaAE (1)

where B is the magnetic field strength.

In Fig. 5, the generalized invarient emittance,
VvEpe* is plotted as a function of beam diameter
for three values of magnetic field. As can be seen
from this figure, the magnetic component in Eq.
(1) dominates the emittance for larger diameter
bearns, even at magnetic fields as low as 100 G.

Various schemes have been proposed for ex-
tracting positrons from a magnetic field, all of
which involve accelerating the positrons through




R G Greaves, C M. Surko | Nucl Instr. and Meth. in Phys. Res. B 192 (2002) 90-96 95

10

10°

10

102

(E)"e” (eV"?-cm)

108

10+ MR P Lt
103 102 101 10°

beam diameter (em)

Fig. 5. Generalized emittance as a function of beam diameter
for a 0.025-eV positron beam as calculated from Eq. (1).

some region in which the magnetic strength drops.
off rapidly [23-26]. In the most sophisticated
configurations, compiex magnetic terminations are
used to produce abrupt changes in the magnetic
field [25,26]. In others, the natural decline of the
magnetic field from a small diameter solenoid is
employed as a “soft” termination [24]. We have
successfully used this latier method to extract
positron beams from the magnetic field of a trap.
The extraction geometry is illustrated in Fig. 6(a).
It consists of a small diameter solenoid (4.5 ¢cm)
and a system of accelerating and focusing lenses.
The extracted beam is imaged using a phosphor
screen. Positrons are accelerated prior to entering
the magnetic field termination and are focused by
two einzel lenses following extraction. Calculated
particle trajectories are shown in Fig. 6(a). These
calculations show that the beam can be easily ex-
tracted and focused, but that the beam quality (as
represented by the focus angle at the target) is
considerably degraded for positrons starting at
larger initial radii. This is expected from Eq. (1)
and highlights the importance of plasma com-
pression in obtaining high-quality beams.

Fig. 6(b) shows the beam diameter and extrac-
tion efficiency as a function of the bias voltage on
electrode #5. These data indicate that extraction
efficiencies as high as 90% can be obtained (keep-
ing the spot size no larger than the original beam
size) from a magnetic field as high as 450 G and a
beam as large as 4.5 mm in diameter. The next
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Fig. 6. (a) Electrostatic lens system for extracting positrons
from a magnetic field with examples of calculated positron
trajectories; and (b) measured beam diameter and extraction
efficiency for a 4.5-mm diameter positron beam extracted from
a 450 G magnetic field, as a function of the bias voltage on
electrode #5 shown in {a). Other electrodes were biased such
that =0V, o=—4 kV, i, =-200 V, ¥, =-30 V and
Vi—Vo = —4.0 kV,

generation FPSI system will operate at a lower
magnetic field (e.g. 100 G) and use the plasma
compression techniques described above to obtain
a significant degree of focusing, possibly even to
the extent of obtaining microbeams.

5. Summary

The buffer gas positron accumulator has proven
to be a relatively simple and effective way to effi-
ciently trap and cool positron plasmas. These
plasmas, in turn, provide a convenient positron
source for the production of cold and/or bright
positron beams. In this paper, we have described
further studies of the cooling of positrons by mo-
lecular gases. We have also described techniques to



96 R.G. Greaves, C.M. Surko | Nucl. Instr. and Meth. in Phys. Res. B 192 (2002) 90-96

brightness-enhance positron beams, using both a
rotating electric field for plasma compression and
exploiting plasma space-charge effects to permit
the extraction of particles from the axis of a
magnetized plasma. These tools are potentially
useful in a variety of applications, including study
of atomic physics and establishing a guantitative
antimatter-matter chemistry, the selective frag-
mentation of molecules including those of biolog-
ical interest, the characterization of materials and
material surfaces, and the study of electron—posi-
tron plasmas. The data presented here for positron
cooling by specially selected polyatomic gases
have, for example, already proven useful in atomic
physics studies [7,18] and are crucial to the success
of positron plasma compression experiments [8,9].
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