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Inward transport of a magnetized pure positron plasma confined in a Penning-Malmberg trap is produced by applying a rotating electric field to the plasma. Compression is observed over a broad range
of frequencies. Compression factors up to 20 in central density were obtained. Positron collisions with
a neutral buffer gas are used to counteract the heating due to the rotating electric field. The results
have implications for a variety of applications including the production of brightness enhanced positron
beams, the study of electron-positron plasmas, and antihydrogen production.
PACS numbers: 52.25.Wz, 52.25.Fi

Techniques to cool and manipulate low-energy
positrons have found application in areas as diverse as
atomic physics [1], materials and surface science [2],
plasma physics [3], mass spectrometry [4], and astrophysical simulations [5]. The ability to accumulate positrons
in Penning traps has extended many of these applications
and led to new ones [6]. A recent outgrowth of positron
trapping has been the extraction of high quality pulsed
beams with energy spreads as low as 18 meV [7], while
cooling of positrons using laser-cooled ions has the
potential to produce subkelvin beams [8].
One capability of trap-based beams is the potential for
brightness enhancement by compression of the positron
plasma prior to beam extraction. Other applications of
this compression technique include long-term storage of
antimatter, the creation of high density positron plasmas
for electron-positron plasma experiments [3], antihydrogen
formation [9], and the cooling of highly charged ions [10].
In this Letter, we present the first experimental demonstration of radial compression of a positron plasma by
the application of a rotating electric field. Inelastic collisions with a low-pressure buffer gas provided the required
cooling.
Experiments of this type are also of relevance in understanding how waves and electric fields alter the transport
properties of magnetized plasmas. These processes are
believed to dominate anomalous transport in a variety
of magnetically confined neutral plasmas [11], and their
study in the unusually simple geometry of the single
component plasma has the potential for yielding new
insights [12].
One method of compressing non-neutral plasmas is to
vary the plasma rotation frequency using radiation pressure from laser beams [13]. This technique, however, is
restricted to certain species of ion plasmas. A more general method that can also be applied to other types of nonneutral plasmas is the injection of angular momentum by
exciting plasma waves that rotate faster than the plasma
column. Compression of both electron and ion non-neutral
plasmas has already been demonstrated using this technique by applying a rotating electric field. In ion plas0031-9007兾00兾85(9)兾1883(4)$15.00

mas, the signal is applied at a frequency slightly above the
E 3 B rotation frequency of the plasma [14]. For crystallized ion plasmas, the rotation frequency can be phase
locked to the applied frequency [15]. In electron plasmas
the frequencies employed are somewhat above the rotation
frequency. Maximal plasma compression was obtained
when the applied frequencies coincided with those of rotating Trivelpiece-Gould (TG) modes [16–18].
In both cases, a strong cooling mechanism was required
to counteract the heating produced by the applied rotating electric field. In the ion plasma experiments, laser
cooling or neutral gas cooling was employed. Early electron plasma experiments demonstrated the ability to produce inward transport by a rotating field but achieved only
modest compression because of strong heating [19]. Other
experiments utilized this heating to replenish the plasma
by ionization [20]. More recent electron plasma experiments used cyclotron cooling in the strong magnetic field
of a superconducting magnet [16,21]. For many positron
applications it is desirable to avoid a strong magnetic field,
especially if positrons must be extracted into the electrostatic beam lines that, for example, could be used for materials science studies and atomic physics experiments.
Unfortunately, in a low magnetic field the cyclotron cooling is slow, and so an alternative mechanism must be
sought. For the experiments presented here, cooling by
positron collisions with a neutral buffer gas was employed.
The ideal cooling gas for positrons should have a low
annihilation cross section, large cross sections for inelastic processes such as vibrational and rotational excitation,
and a low elastic collision cross section to avoid enhancing
cross-field transport. Unfortunately, very little is known
about positron-molecule collision cross sections in the energy regime of interest (i.e., ,1 eV). On the basis of the
above criteria, the following gases were chosen for study:
N2 , CF4 , SF6 , CO2 , and CO.
The compression experiments were performed in the
cylindrical Penning-Malmberg trap illustrated in Fig. 1.
The trap consists of four cylindrical electrodes of length
3.8 cm and inner diameter 2.54 cm. The electrode S2
is azimuthally segmented to allow the application of an
© 2000 The American Physical Society
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FIG. 1. (a) Electrical connections to segmented electrodes.
( b) Layout of the positron trap used for compression experiments. (c) Axial potential well.

mu 苷 1 azimuthal perturbation, and S1 is segmented as
shown in Fig. 1 to measure oscillations excited in the
plasma. The excitation field consisted of four sine waves
of amplitude Aw and frequency fw , with relative phases
shifted by 90± generated by a broadband phase shifter
(0.1–4 MHz). The trap is housed in a vacuum chamber pumped to a base pressure ⬃1 3 1029 torr. The radial profiles of the plasma are measured by dumping the
positrons from the trap onto a phosphor screen biased to
28 kV and imaging the screen using a CCD camera.
Typical parameters before compression were magnetic
field, B 苷 900 G, plasma length, Lp 苷 6 cm, plasma radius, Rp 苷 3.3 mm, number of positrons Ntot 苷 1 3 107 ,
average positron density n0 苷 5 3 106 cm23 , plasma
frequency, vp 兾2p 苷 20 MHz, rotation frequency,
vr 兾2p 苷 50 kHz,
plasma temperature,
k B Tp 苷
0.025 eV, and Debye length, lD 苷 0.5 mm. From these
3
parameters, it can be seen that lD ø Lp , Rp and n0 lD
⬃
103 ¿ 1, so the positron cloud is in a well-defined plasma
state. In the compressed state, Rp ⯝ 0.7 mm, yielding
n0 苷 8 3 107 cm23 .
Positrons were obtained from the third stage of a separate three-stage positron trap that accumulates positrons
from a radioactive source [6,22]. Cooling rates were measured by filling the third stage of the trap for a time
short compared to cooling times of the respective gases
共⬃10 ms兲 and then by releasing the positrons from the trap
after a variable delay. When initially trapped, positrons
have a residual energy of several eV from the injection
process. The positrons cool to room temperature by collisions with gas molecules. By measuring the number of
positrons released from the trap as a function of the exit
gate potential, the positron temperature can be obtained.
By using this technique, the cooling times were measured
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for the selected gases. The results are presented in Table I,
together with other parameters relevant to this experiment.
These data indicate that cooling times comparable to those
of cyclotron radiation cooled plasmas in the field of a superconducting magnet can be obtained using gas cooling
at pressures as low as 2 3 1028 torr, where positron annihilation is negligible.
For compression experiments, positrons were transferred from the three-stage accumulation trap to the
compression trap. Compression was studied by applying
a fixed frequency to the plasma and then dumping the
plasma onto the phosphor screen. Data thus obtained,
showing rapid compression of a positron plasma, are
presented in Fig. 2(a). Because the transport is rapid, the
plasma does not evolve to an equilibrium profile while the
transport is occurring, but, rather, it immediately develops
a dense core which grows in time as the surrounding
plasma is driven inward. When the signal was applied
to the entire length of the plasma (using electrode V1
and V2 as the end electrodes), no compression was
observed. There is very little loss of positrons 共,5%兲
during compression.
Figure 2(b) shows the time dependence of the central
plasma density for different amplitudes of the applied signal. If no signal is applied, the central density decays with
an exponential time constant ⬃11 s. If even a small rotating electric field is applied 共⬃2 mV兲, this outward diffusion is reversed, and for larger amplitudes strong inward
transport is obtained. (If the direction of rotation is reversed, the plasma is driven rapidly out to the wall.) Initially there is an approximately linear increase of density,
followed by a nonlinear phase and eventual saturation. The
minimum radius does not show a strong dependence on the
number of positrons in the trap. The smallest radius that
was observed was Rp ⯝ 0.7 mm, with an increase of 20 in
central density. Factors determining the minimum radius
are not understood at present, but a small m 苷 1 diocotron
mode that is observed to grow as the plasma is compressed
may play a determining role. The observed compression
rates are about a factor of 30 larger than those reported
in the experiment of Anderegg et al. [16]. Attempts to
directly detect the excitation of plasma modes using the
pickup electrode failed.

TABLE I. Parameters for cooling gases at 2 3 1028 torr: annihilation time ta (from Ref. [23]), measured cooling time tc ,
vibrational quanta En , relevant to the cooling, where known, and
ᠨ max .
maximum measured compression rate n兾n
Gas

ta 共s兲

tc 共s兲

En 共eV兲

ᠨ max 共s21 兲
n兾n

SF6
CF4
CO2
CO
N2

2190
3500
3500
2400
6300

0.36
1.2
1.3
2.1
115

–
0.157
0.291, 0.083
0.266
0.292 eV

10
10
4
,0.2
,0.2
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FIG. 2. (a) Radial profiles of a positron plasma with
Ntot 苷 107 positrons, fw 苷 2.5 MHz, Aw 苷 56 mV, and
2 3 1028 torr of CF4 . ( b) Time evolution of the central
density, normalized to its initial value for various values of the
applied amplitude.

In Fig. 3, data are presented for the dependence of compression on the frequency and amplitude of the applied
signal. The data in Fig. 3(a) were obtained with frequencies in the range 0.1–4 MHz and Aw 苷 56 mV applied
for 1 s. The central density is normalized to the initial
value. For comparison with earlier experiments, we calculated the mode frequencies for the lowest order TG modes.
For the relevant limit, kRp ø 1, the dispersion relation for
the TG modes with mu 苷 1 and radial mode number l is
v ⯝ vr 6 kRp vp 兾pl , where pl is the lth root of J1 共x兲 苷
0 [17]. The frequencies f1 and f2 of the two lowestorder modes with mz 苷 1 and mz 苷 2, respectively, are
indicated by arrows in Fig. 3(a). It can be seen that compression is observed for frequencies in the range of these
low-order TG modes. It is interesting to note, however,
that the effect is broadband in character, in contrast to the
resonances reported in Ref. [16].
Figure 3(b) shows data for compression as a function of
the amplitude of the applied signal. The quantity Dn兾n0
is plotted, where Dn is the increment in central density
after 1 s and n0 is the initial value. For the lower amplitudes, this is a reasonable approximation to the compresᠨ
sion rate n兾n.
The initial compression rate follows the
ᠨ
predictions of linear theory, i.e., n兾n
~ A2w [16]. Thereafter, the compression rate begins to level off until some

FIG. 3. Positron density after 1 s of compression for 共±兲 Ntot 苷
1 3 107 positrons and 共≤兲 Ntot 苷 5 3 106 positrons with 2 3
1028 torr CF4 : (a) Frequency dependence for Aw 苷 56 mV.
Arrows indicate the frequencies for the lowest order TG modes
for the initial plasma conditions. ( b) Amplitude dependence for
fw 苷 2.5 MHz.

critical amplitude, after which it drops off as the amplitude
is further increased.
Figure 4 shows the effect of varying the cooling gas
pressure. No significant compression is observed in the
absence of a cooling gas. For P 苷 2 3 1028 torr, substantial compression is observed. If the pressure is doubled, there is no significant effect on the compression rate
for low drive amplitudes, but at high amplitudes (in the
nonlinear regime) the compression effect is increased, although it does not scale linearly with pressure. These data
show clearly the crucial role played by the cooling gas.
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FIG. 4. Compression for cooling on CF4 with Ntot 苷 5 3 106
positrons and fw 苷 2.5 MHz for 1 s: 共≤兲 P 苷 4 3 1028 torr;
共䊐兲 P 苷 2 3 1028 torr; 共±兲 no cooling gas.
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We have also studied the effect of different gases. In
general, they exhibit behavior similar to Fig. 4, but produce different compression rates, which are summarized
in Table I. One surprising result is the low compression
obtained when using CO, which has a relatively high cooling rate. This shows that complicating factors play a role in
the cooling process, probably reflecting details of the energy dependence of the positron-molecule cross sections.
For example, CO has one of the largest vibrational quanta
of the gases studied (see Table I), resulting in less effective
cooling below this energy.
There are a number of interesting similarities and
differences from the earlier electron plasma studies.
These differences can be understood qualitatively in
terms of the differences in the plasma parameters and,
in particular, the damping rates. The damping rate, g,
scales as g兾v ⬃ 2共1兾2兲 共yf 兾yth 兲3 exp关2共yf 兾yth 兲2 兾2兴,
where yf ⬃ 共v 2 mu vr 兲兾k is the wave phase velocity
and yth is the positron thermal velocity [18]. For the
earlier experiment, g兾v ⬃ 20.01, while, for the present
experiment, g兾v ⬃ 20.6. The much stronger damping
in the present experiment can account qualitatively both
for the higher compression rates (because of the more
direct coupling between the applied electric field and
particles) and for the nonresonant nature of the interaction,
due to mode broadening. It also accounts for the failure to
observe the mode directly on the pickup electrodes. The
2
ᠨ
strong damping may also explain the scaling n兾n
~ Aw
observed here but not in previous experiments. The
present experimental results are therefore consistent with
the excitation of TG modes, as reported by Anderegg
et al. [16].
The results presented here have implications for a range
of low-energy positron applications. One application is
the production of brightness enhanced positron beams
for positron microscopy and other uses.
Currently,
such beams are produced by using the technique of
remoderation brightness enhancement [24]. By using
positron plasma compression, it is, in principle, possible
to achieve the same effect with much higher efficiencies.
This technique also has practical implications for the
manipulation of positrons in other areas of research where
high density positron plasmas are desirable. These include
the production of antihydrogen [9], the cooling of highly
charged ions [10], electron-positron plasma experiments
[3], and mass spectrometry [4].
In summary, we have made the first experimental
demonstration of compression of a magnetized positron
plasma by applying a rotating electric field at frequencies
well above the rotation frequency. A key element of these

1886

28 AUGUST 2000

experiments was the implementation of buffer gas cooling
using suitably chosen polyatomic gases.
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