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Abstract We have observed a new mechanism for compression of a non-neutral plasma,
where antiprotons embedded in an electron plasma are compressed by a rotating wall drive
at a frequency close to the sum of the axial bounce and rotation frequencies. The radius of
the antiproton cloud is reduced by up to a factor of 20 and the smallest radius measured is
∼ 0.2 mm. When the rotating wall drive is applied to either a pure electron or pure antipro-
ton plasma, no compression is observed in the frequency range of interest. The frequency
range over which compression is evident is compared to the sum of the antiproton bounce
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frequency and the system’s rotation frequency. It is suggested that bounce resonant transport
is a likely explanation for the compression of antiproton clouds in this regime.

Keywords Antiprotons · Rotating wall · Compression · Electrons · Penning-Malmberg
trap · Non-neutral plasma · Antihydrogen

1 Introduction

Antihydrogen is the simplest neutral antimatter atom. Precision comparisons between
hydrogen and antihydrogen would provide stringent tests of the CPT (charge conjuga-
tion/parity transformation/time reversal) invariance and the weak equivalence principle [1].
In the last few years, the ALPHA collaboration has produced [2], and trapped antihydrogen
[3, 4]. Recently, ALPHA studied antihydrogen’s internal structure by inducing hyperfine
transitions in ground state atoms [5].

In order to form antihydrogen, antiprotons and positrons are first stored in the form of
non-neutral plasmas in Penning-Malmberg traps [6] and then, are allowed to interact to form
antihydrogen [7].

The radial compression of antiproton, electron and positron plasmas is necessary to
counteract expansion drag due to asymmetries in the static fields and the presence of
background gases [8–10], and thereby attain long confinement times. Moreover, radial com-
pression allows control of the radial sizes and densities of the non-neutral plasmas [11].
A commonly-used technique is the rotating wall (RW), in which a time-varying azimuthal
rotating electric field is used to balance or exceed the drag by applying a positive torque to
the plasma (see e.g., [6, 12]).

Antiproton cloud compression is an important tool for the formation and trapping of cold
antihydrogen. Decreasing the antiproton cloud’s radius reduces the circumferential veloc-
ity of the antiprotons and results in antihydrogen atoms with lower kinetic energy [13].
Additionally, ALPHA’s magnetic trap is used to confine low energy antihydrogen atoms
and it is composed of an octupole magnet providing a transverse magnetic field, plus two
mirror coils [14]. The transverse magnetic field breaks the cylindrical symmetry of the
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Fig. 1 a) Schematic of the electrodes making up the Penning-Malmberg trap of the antiproton capture trap.
b) The magnetic field on the axis of the trap as a function of the longitudinal position. The position of the
electrodes and the MCP/phosphor/CCD detector are illustrated. A small solenoid is placed at z = 1.2 m to
guide the particles

Penning-Malmberg trap and induces non-neutral plasma diffusion [15] and ballistic loss
[16]. The exposure of the plasmas to the octupole’s transverse magnetic field can be mini-
mized by reducing their radial size. Finally, the antiproton and positron plasmas should be
well-overlapped to maximize the yield of antihydrogen atoms. Since radially small, dense
positron plasmas are needed to increase the rate of antihydrogen production, thus radially
small antiproton clouds are optimal.

Until present, two different kinds of antiproton cloud compression have been reported.
In Ref. [17], in the ALPHA experiment, an electron plasma co-located in the trap was
compressed by a RW in the 10 MHz region, cooling and sympathetically compressing the
antiproton cloud. In this work, we present evidence of compression of antiproton clouds at
low frequencies (hundreds of kHz), in a markedly different regime. Furthermore, this work
is differentiated from the observations reported by the ASACUSA collaboration in Ref. [18],
since we use an electron plasma as a source of cooling for the antiprotons. The presence of
the electron plasma, particularly its self-electric field, greatly affects the behaviour of the
system.

2 Experimental procedure

2.1 Apparatus

The upgraded ALPHA antiproton capture trap used for these experiments is a Penning-
Malmberg trap with a stack of twenty cylindrical electrodes for axial confinement of
charged particles, plus a 3 T solenoidal magnetic field, directed along the trap axis, to con-
fine the charged particles radially. Figure 1a illustrates the electrode stack. Two high-voltage
(HV) electrodes are used to catch and trap antiprotons from the Antiproton Decelerator [14].

The particles can be released from the trap onto a MCP/phosphor/CCD1 detector assem-
bly to destructively image the radial density profile [19]. The detector is shown on the right
hand side of Fig. 1b, along with a plot of the axial magnetic field used to guide the particles.

1MCP: micro-channel plate and CCD: charge-coupled device.
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Fig. 2 Black continuous line: the electric potential well used to hold the electrons during the application of
the RW. The (purple) shaded region indicates the position of the rotating wall electrode. The various dotted
and dashed lines show the self-consistent potential for the numbers of electrons indicated in the legend

2.2 Antiproton capture and cooling using secondary electrons

Antiprotons are extracted from the Antiproton Decelerator into the experiment with a kinetic
energy of 5.3 MeV. The energy of the antiprotons is degraded by thin layers of aluminium
and beryllium, and antiprotons with an energy less than 5 keV are captured by the high-
voltage electrodes [14]. The antiprotons are cooled by allowing them to interact with an
electron plasma [20]. Energy is transferred to the electrons through Coulomb collisions,
while the electrons cool with a time constant of about 0.4 s in the 3 T magnetic field through
emission of cyclotron radiation.

Typically, the electrons are preloaded from a source, but in this work, we made use of
the secondary electrons that are created when the antiprotons pass through the degrader
layers. Using secondary electrons, ∼ 90 % of the antiprotons are cooled while usually only
∼ 60 % are cooled with preloaded electrons [17]. This increase in the cooling efficiency
is due to improved radial overlap of the antiproton cloud and the secondary electrons. For
every measurement, this cooling procedure results in ∼ 1.5×105 antiprotons and ∼ 20×106

electrons. If desired, a fraction of the electrons can be removed by suddenly opening one
side of the trap well. Depending on the pulse time and voltage, a fraction of the electrons
escape from the trap, while heavier antiprotons remain trapped [14].

2.3 Rotating wall application

The RW field is produced by an electrode divided into azimuthally isolated segments and
by applying to each segment a sinusoidal potential Vj (t) of frequency ω, amplitude A and
phase θj = 2πj/k, where k is the number of segments. The potential can be expressed as:

Vj (t) = Acos(θj − ωt). (1)

For the measurements presented in this paper, we used one of two six-segment electrodes
(identified as RW in Fig. 1). For each measurement, antiprotons and electrons were captured
and cooled. Then, the electron number was adjusted if necessary and the RW was applied
at a fixed amplitude of 1 V for 100 s. For technical reasons, the frequency of the drive was
swept over a 0.2 kHz range centred on a given frequency. After the RW application, the
particles were extracted onto the MCP.

The continuous line in Fig. 2 shows the potential well used to hold the particles while the
RW was applied. The potential well is almost harmonic with an antiproton bounce frequency
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Fig. 3 a) MCP image of an antiproton-electron plasma after compression. The (black) arrow indicates the
position of the profile shown in b). b) Dots are the data from the radial profile across the arrow shown in a)
and the (red) curve is the respective fit

of ∼ 270 kHz. When electrons are added, the shape of the potential is distorted due to their
space charge. The dotted and dashed lines in Fig. 2 shows the total self-consistent potential
when using 4 × 106, 7 × 106, 12 × 106 and 20 × 106 electrons, as calculated by solving
Poisson’s equation with a density distribution given by a Boltzmann distribution, using the
self-consistent potential [6].

2.4 Analysis of MCP images

An example image of an antiproton-electron plasma is shown in Fig. 3a. Due to their mass
difference, the antiprotons and electrons image to different positions on the MCP, with
the antiprotons appearing on the left [19, 21]. The electron density can be conveniently
described by a two-dimensional generalized Gaussian of the form neexp(| r−re

σe
|ke ), where

ne, σe, re and ke are fit parameters. For the antiproton density, we use a similar equation
but modified to account for the observed elliptical shape [21]. A simultaneous fit of the two
distributions is performed for each image. A cut through the image in Fig. 3a is plotted in
Fig. 3b, along with the respective fit. ne and np , the central densities of the electrons and the
antiprotons, respectively, are used as quantitative measures of the degree of compression.

3 Results

An image of the antiproton-electron plasma after capture and cooling is shown in Fig. 4a.
We estimate that the plasma has a radius of ∼ 4 mm and a rotation frequency of ∼ 10 kHz.
Figure 4b shows the plasma after the electron number has been reduced to 4×106 electrons
and a RW field at a frequency of 140 kHz has been applied for 100 s. We observe that the
antiproton cloud has been compressed to a radius of ∼ 0.3 mm, while only a few of the
electrons have been compressed. Figure 4c shows the plasma with 20 × 106 electrons after
compression at 600 kHz. Similarly to the previous case, we see a dense antiproton cloud,
with a radius of ∼ 0.2 mm. Additionally, about 15 % of the electron plasma has also been
compressed. In any of these experiments, we do not observe that the rotating wall induces
any loss of antiprotons.



A. Gutierrez et al.

Fig. 4 a) MCP image of the antiproton-electron plasma before applying the RW. b) MCP image of the
antiproton cloud co-located with 4 × 106 electrons after applying the RW at 140 kHz. c) MCP image of the
antiproton cloud co-located with 20×106 electrons after applying the RW at 600 kHz. The clouds in image a)
are too disperse to image as b) and c). The circle near the edges of images a) and c) is a mechanical aperture.
The mechanical aperture is not observed in b) because the electrons are not dense enough

The striking difference that emerges when compared to the case of sympathetic compres-
sion [17] is that when the RW field is applied to a pure electron plasma in the hundreds of
kHz range, no compression is observed. (Recall in [17] that the electron plasma was com-
pressed with or without the presence of the antiprotons). This implies that in the present
case, the antiproton compression was caused by the RW field directly coupling to the
antiprotons, rather than being mediated by compression of the electron plasma. On the other
hand, when no electrons are present and the RW is applied to a pure antiproton cloud, no
compression is observed. Antiprotons are lost from the trap, perhaps indicating that they are
heated by the RW field in the absence of a cooling medium.

The compression was studied as a function of RW frequency for antiproton-electron plas-
mas containing different numbers of electrons. Figure 5 shows the antiproton cloud central
density, np (see Section 2.4), as a function of the RW frequency for different numbers of
electrons.

One can see, for the 4 × 106 electrons case, that the antiproton cloud compresses for RW
frequencies in the range 50–200 kHz. With increasing numbers of electrons, the maximum
frequency at which compression is observed increases. Moreover, higher central densities
are achieved with larger numbers of electrons. We note that the antiproton cloud does not
compress well above ∼ 700 kHz, which is similar to the lowest frequency at which the pure
electron plasma compresses.

4 Bounce resonant transport of antiprotons

In many experiments, the RW field couples to Trivelpiece-Gould (TG) modes of the plasma,
thereby applying a torque and leading to radial compression of the plasma [22, 23]. How-
ever, the lowest TG mode frequency of the electron plasma studied here is ∼ 15 MHz, and
therefore this mechanism is not consistent with the observed compression.

At first glance, compression by magnetron sideband cooling seems to provide an
explanation for the data, because the sum of the magnetron (∼ 1 kHz) and axial bounce
(∼ 270 kHz) frequencies of the antiprotons is close to the compression frequency [24–
27]. Magnetron sideband cooling requires harmonic potentials, although compression has
recently been achieved for independent particles in a slightly anharmonic potential [28].
This mechanism is unlikely to be responsible for the observed compression, because
the space charge of the electrons greatly distorts the potential and it becomes highly
anharmonic.
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Fig. 5 Antiproton central density after applying the RW for 100 s, at 1 V and at a chosen frequency (with
0.2 kHz sweep). Different number of electrons are used, while the antiproton number remains the same at
∼ 1.5 × 105. The error bars are too small to be visible

Fig. 6 The distribution of (ωb + ωrot ) for antiprotons cooled by 4 × 106 electrons

For particles moving in an asymmetric time-varying potential (such as a RW), it has
been observed that resonances between the particle’s motional frequency and the drive
frequency can result in radial inward or outward movement [29–33]. We have investigated
whether this mechanism can be responsible for the compression described in Section 3. The
antiproton bounce frequency, ωb, was calculated by integrating the one-dimensional equa-
tions of motion in the self-consistent electric potential (see Fig. 2). Taking into account the
distributions of radial positions and thermal energies allows a distribution of the antiproton
bounce frequencies to be built up. The rotation frequency, ωrot , of the antiproton-electron
plasma was calculated from the self-consistent electric potential, and is dominated by the
density of the electron plasma.

Figure 6 shows the combined distribution, f (ωb + ωrot ), of the antiprotons when cool-
ing with 4 × 106 electrons. This is the simplest system, since the electron plasma can be
assumed to remain constant during the application of the RW. This assumption is supported
by the fact that a compressed electron plasma is not visible in Fig. 4b. We observe that
f (ωb + ωrot ) lies over the same range of frequencies (50 – 200 kHz) as the observed
compression. This indicates that bounce resonant transport may be a viable explanation for
our data. When using a larger number of electrons, the system becomes more complex. The
electron plasma compresses over time, with the result that both the rotation frequency and
the shape of the potential well change dynamically. Compression of the electron plasma
would increase ωrot and consequently shift f (ωb + ωrot ) to higher frequencies. This is
qualitatively consistent with our observations, but further work is needed before a definitive
conclusion can be made.
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5 Conclusion

We have observed a new regime of compression of antiproton clouds, where the effect is not
mediated by the compression of an electron plasma. We have investigated the compression
as a function of the RW frequency and the number of electrons used to provide cooling. It
is suggested that the compression may be explained by the bounce resonant transport of the
antiprotons.
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