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Abstract. We describe a multi-step “rotating wall” compression of a mixed cold antiproton–electron
non-neutral plasma in a 4.46 T Penning–Malmberg trap developed in the context of the AEḡIS experiment
at CERN. Such traps are routinely used for the preparation of cold antiprotons suitable for antihydrogen
production. A tenfold antiproton radius compression has been achieved, with a minimum antiproton radius
a
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of only 0.17 mm. We describe the experimental conditions necessary to perform such a compression: minimizing the tails of the electron density distribution is paramount to ensure that the antiproton density
distribution follows that of the electrons. Such electron density tails are remnants of rotating wall compression and in many cases can remain unnoticed. We observe that the compression dynamics for a pure
electron plasma behaves the same way as that of a mixed antiproton and electron plasma. Thanks to this
optimized compression method and the high single shot antiproton catching efficiency, we observe for the
first time cold and dense non-neutral antiproton plasmas with particle densities n ≥ 1013 m−3 , which pave
the way for an efficient pulsed antihydrogen production in AEḡIS.

1 Introduction
Cold trapped antiproton clouds are instrumental for low
energy antimatter research. Since the first efficient production of cold antihydrogen (H̄) was achieved [1,2], several
experiments are preparing the first precision measurements with H̄, such as the measurement of the gravitational behavior of antimatter [3,4] or precise spectroscopy
on antihydrogen as a test of the CPT theorem [5,6]. These
experimental setups share some common features, including the use of Penning–Malmberg traps to catch, cool and
store antiprotons, and it is of great importance to create cold, dense and small radius antiproton clouds. For
example, in the case of multipolar combined traps, which
are used for simultaneous antiproton and antihydrogen
confinement, the radial plasma dimension limits the particle expansion rate and thus the particle heating [7,8]. On
the other hand, for experiments like AEḡIS, where antihydrogen will be produced by a charge exchange reaction
between positronium and cold antiprotons [3], it is necessary to prepare a radially small antiproton cloud to allow
for a radially small antiproton trap. This is necessary in
order to be able to place the positronium formation target as close as possible to the antiprotons to maximize the
antihydrogen production rate.
In this work we show the results and a detailed description of efficient compression of a mixed p̄ and e− nonneutral plasma up to high antiproton peak densities using
a “rotating wall” (RW) drive [9]. The RW drive, which
is common in experiments with single-component nonneutral trapped plasmas, creates a torque on the plasma
and, within an appropriate range of parameters, compression is obtained by increasing the total angular momentum
of the rigidly rotating plasma. Many non-neutral plasma
RW experiments have been performed in the past, usually with pure electron plasmas or with laser-cooled ion
plasmas [9–11]. The theory behind the dynamics of the
compression of single or multi-species plasmas with the
rotating wall method is rather limited (especially in case
of a dipolar field) and, to our knowledge, up to now there
is little theoretical work that would allow the experimentalist to use a simple set of formulae to predetermine the
compression rate and efficiency inside a trap. Much of
the previous work was thus done in a descriptive manner, where some observed effects are partially explained
by observing that the torque transfer from the RW drive
to the plasma can be attributed to the coupling of the
RW signal to the azimuthal Trivelpiece–Gould (standing)
waves of the finite-length plasma column (see for example
[10]). In the first reported antiproton compression study

that used the RW technique on antiprotons and electrons
[12], it was shown that the compression of a mixed p̄ and
e− plasma is achieved at a fixed frequency if the compression of the electron cloud is slow enough (using low
amplitudes). In this paper, we expand on this finding
and show that the speed of compression is not the key
parameter; rather, full compression of the electron cloud,
including its low density radial tails, is central in achieving high radial antiproton compression. The antiproton
compression dynamics seems to be solely dependent on
the electron dynamics and can thus be optimized outside of the antiproton beamtime. Before discussing the
compression technique in Section 4, the initial conditions
(Sect. 2) will be presented and the centrifugal separation
effect (Sect. 3) addressed, which is an important factor
to be avoided in cold non-neutral antiproton plasma compression. We expect that the techniques described here
could be further improved in the future to achieve even
higher radial compression ratios and improve the overall
p̄ compression efficiency.

2 Experimental scheme
All measurements described within this work were carried out in the AEḡIS experiment’s antiproton catching
and cooling Penning–Malmberg trap as part of the experimental campaign towards pulsed antihydrogen production. The experimental setup is schematically shown in
Figure 1. The so called “P-trap” region of the AEḡIS
trap system, which was used in the compression studies, is a 12-electrode Penning–Malmberg multi-ring trap
with an inner diameter of 30 mm composed of ten 13.5 mm
long electrodes and two 30 mm long endcaps at each end.
All electrodes can be independently biased with up to
±200 V. Two of the central electrodes are equally cut into
four azimuthal sectors onto which the RW radio-frequency
(RF) compression signal is summed on top of the respective DC bias potential. The RW drive is a sinusoidal
voltage signal V (t) = ARW sin(ωRW t + φ) of a given frequency fRW = ωRW /2π and an amplitude ARW . The sine
signal is shifted in phase φ by 90 degrees on each azimuthal
sector of the electrodes, thus creating an approximation
of a rotating dipolar radial field. The trap is located in a
cryogenic 10 K UHV bore of a superconducting solenoid,
which creates an axial magnetic field of 4.46 T. The P-trap
is used to store electrons, antiprotons and positrons.
The particle diagnostics is performed destructively by
lowering the endcap voltage, allowing the particles to
escape, and by recording the resulting signal on three
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types of detectors: a Faraday cup that measures the total
electron number; external scintillator detectors that count
the number of p̄ by comparing the detected signal to a
Monte Carlo simulation; and a micro-channel plate (MCP)
assembly (Hamamatsu F2223 with a P46 phosphor screen
and a digital camera) that can measure the radial profiles
of electrons or antiprotons. The MCP is located in a magnetic field of 1 T and at a temperature of ≈40 K. It images
only 5 mm radially of the 15 mm radius P-trap, both due
to the presence of smaller radius electrodes upstream of
the MCP in the 1 T region, and
p due to particle cloud
radial expansion (by a factor of 4.46 T/1 T) caused by
the difference in the magnetic fields.
A typical operation cycle starts by loading ≈4 × 108
−
e in a region spanning ten electrodes of the P-trap (with
a trapping potential of 140 V, green curve of Figure 2) and
then adjusting the electron plasma to radii of ≈1.5 mm by
turning on the RW1 drive1 with fRW1 = 300–400 kHz, and
ARW1 = 2 V. After ≈35 s (while the RW1 drive is kept
on) the antiprotons are caught. Antiprotons at 5.3 MeV
kinetic energy delivered by CERN’s Antiproton Decelerator (AD) pass through a 53 ± 3 µm thick silicon beam
monitor and a 173.7 ± 0.5 µm thick aluminum “degrader”
foil,2 which acts as the final decelerator where a small fraction of the incoming beam is slowed down below 9 keV and
caught by two high voltage (9 kV) electrodes (not shown in
Fig. 1) that are located upstream and downstream of the
P-trap region. The antiproton catching and cooling trap
of AEḡIS, along with the antiproton catching procedure,
is described in greater detail in [13].
The catching efficiency depends mainly on the aluminum foil degrader thickness and the p̄ beam position
and its intensity. We optimized the degrader thickness to
achieve a peak p̄ catching efficiency of 1.25% for one AD
bunch of 3.6 × 107 antiprotons.
The ∼keV energy antiprotons remain trapped by the
high voltages and are gradually cooled down to the ∼eV
energy range (and lower) within <50 s by collisions with
the previously loaded electrons,3 which in turn cool down
by emission of cyclotron radiation in the strong magnetic field (the calculated cooling time constant of e− in
the absence of p̄ is 200 ms [14]). At this stage the high
voltage electrodes are ramped to ground potential, releasing the uncooled antiprotons towards the degrader, where
their annihilation signal and number is measured by the
external scintillators. At the end of the cooling cycle, the
cold antiprotons thus remain trapped along with the preloaded electrons in the P-trap region with the RW1 drive
being on for ∼85 s in total, of which 50 s are during the
p̄ catching and cooling. The p̄ cooling efficiency (measured
with the external scintillators) ranges from 50% to 60%
and mainly depends on the initial antiproton–electron
1 RW indicates the ith RW application (with possibly differing
i
settings) in the particle manipulation procedure.
2 This aluminum degrader foil is connected to an amplifier and
acts as the Faraday cup detector for the electron number readout at
later stages of the experiment.
3 The p̄ energy range is indicative; even though it has not been
measured, we know that the temperature is in the eV range (or
lower) from the absence of cold antiproton losses in similar cooling
experiments that used lower trap potentials.
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Fig. 1. Schematic of the experimental setup. The antiproton
and electron non-neutral plasma is kept in the 4.46 T Penning–
Malmberg trap and is then extracted either towards a Faraday
cup on the left (not shown) or towards the MCP located inside
the 1 T field and behind the smaller radius 1 T traps.

cloud overlap. Thus normally, the number of antiprotons
mixed with electrons before the compression experiments
is ≈2 × 105 p̄.
We then perform various particle manipulations as
described later in the text and at the end of each experiment we reshape the trap to a shorter configuration,
where the plasma is trapped under five electrodes with two
short electrodes acting as endcaps (blue curve in Fig. 2).
We then apply five 80 ns long pulses (8.3 µs apart) to
the endcaps of this trap that temporarily set the endcap potential to 0 V. This allows the electrons to escape,
while the majority of the antiprotons remain trapped due
to their lower speed (from the scintillators we see that
more than ∼90% of p̄ remain trapped). Successively, after
250–500 µs the antiprotons are released from the trap
either with ten 2.6 µs long pulses (8.3 µs apart) applied
on the right endcap electrode (in Fig. 1) onto the MCP
detector, which measures the radial density profile integrated along the magnetic field axis, or by lowering the
left (in Fig. 1) endcap voltage and releasing the antiprotons onto the degrader foil, where the antiproton number
is counted with the external scintillator detectors. The
choice of reshaping the plasma to a shorter trap4 before
the final extraction was necessary due to the impossibility
of extracting all electrons from the longer trap without
incurring large antiproton losses with an excessive number of e− extraction pulses. During the various reshaping
procedures we do not observe particle losses.
The MCP detector has (due to its digital camera readout) a relatively long dead-time of ∼60 ms and since
the antiproton cloud dimensions could vary dramatically
shortly after the electron removal, we could not measure at once both the electron and antiproton cloud
radial profiles. For this reason we repeat each experiment in the same conditions and in one case we measure
the electron radial profile on the MCP (and count the
antiprotons on the degrader), while in the other case we
measure the antiproton radial profile on the MCP (and
count the electrons on the degrader). The response of
the MCP detector was verified with dedicated antiproton and electron measurements, where the signal linearity
4 As long as confinement is maintained at every step, the reshaping did not seem to be critical. When moving the plasma to a shorter
trap, the potentials are changed one electrode at a time (fastest rate
is with steps of 1.5 V/ms). If the trap floor level needs to be changed
then all electrodes move together with a typical step of 1.5 V/10 ms.
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Fig. 2. The on-axis potentials along the z (magnetic field)
axis of the P-trap region used during various stages of the
compression procedures (described in the text). Displayed are
“vacuum” potentials in the absence of plasma space-charge.
The two RW electrodes are located at z = 0 (P-trap center).

and saturation regimes were identified and the MCP gain
dependence on the supply voltages was measured. The
MCP front plate was grounded while the MCP bias voltage was in the range 800–1100 V (based on the particle
type and density). The phosphor screen was usually operated at 3 kV voltage difference with respect to the MCP
output plate.
The measurement procedures described above required
a high repeatability from one experimental cycle to
another. This was achieved by stable initial electron loading conditions (electron number varied with standard
deviation of 2.6%) and by a real-time operating system
controlling a custom-built 10 MHz clocked FPGA that
deterministically sets the electrode potentials or triggers
other hardware. The main instability comes from the
antiproton beam parameters, which affect the dynamics
during the plasma compression due to the fact that a nonnegligible fraction of electrons in the trap are secondary
electrons created in the degrader foils and also caught in
the high-voltage trap and cooled by the preloaded electrons. The shot-to-shot instability is mainly dependent on
both electron and antiproton number and initial size fluctuation and constitutes the main systematic error of our
measurements. The scatter of the data points in the presented figures is due to the above mentioned fluctuations
of many experimental parameters. Statistical errors of single measurements in most figures are smaller than the size
of the symbols.

3 Centrifugal separation of e− and p̄ plasmas
Due to the geometry of the Penning–Malmberg traps, the
clouds of trapped charged particles have a cylindrical symmetry with the particle density n(r, z) being a function of
the axial and radial coordinates, where the z-axis points
along the magnetic field axis and (r, z) = (0, 0) is the cloud
center. We call such a cloud of trapped charged particles
a (non-neutral) plasma if both the interparticle
spacp
−1/3
ing n
and the Debye length λD = 0 k T / n q 2 are
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significantly smaller than the size of the cloud (where 0 , k,
T and q are the permittivity of free space, the Boltzmann
constant, the temperature and the elementary charge,
respectively). In our experimental conditions, where the
electron densities are in the range of n ≈ 1014 –1015 m−3 ,
the Debye length is of the order of tens of microns only.
We can thus expect that the plasma has a constant radial
density profile, which then drops off to zero within a few
Debye lengths around the plasma radius rp defined as the
point where the plasma density n(rp , 0) ≡ n0 /2 is half the
central one n0 ≡ n(0, 0).
Cold plasmas at thermal equilibrium can be considered
a rigid rotor that rotates with frequency ωr around the
z-axis due to the presence of the axial magnetic field B
and the radial electric field caused by the plasma’s spacecharge. The central density then follows [15]
n0 =

2m0 ωr (Ωc − ωr )
,
q2

(1)

where Ωc = qB/m is the particle cyclotron frequency. In
our conditions, the plasma rotation frequency ωr  Ωc
and thus the above equation can be simplified to
qn0
.
ωr ∼
=
20 B

(2)

In the case of a mixed plasma composed of e− and
p̄ , the different charge-to-mass ratios of the two species
makes them rotate around the axis at different speeds and
thus the collisions between electrons and antiprotons tend
to shift antiprotons to higher radii like in a centrifuge. This
centrifugal separation effect depends on the temperature,
the plasma radius and the density, and it becomes significant when the centrifugal potential difference for any of
the species becomes larger than the thermal energy of the
plasma [16]
|mp − me |

ωr2 rp2
> k T.
2

(3)

From the above relations it is clear that for a given plasma
radius the separation effect occurs either if the plasma
is very cold or if the density is very high.5 In our conditions, if no intentional heating signal is applied (see
Sect. 4.2) during the initial p̄ cooling process, the antiprotons start to centrifugally separate from the much lighter
and denser electron cloud that cools them. This separation effect has been observed for example with laser-cooled
positron–ion plasmas [17] or with electron-cooled antiprotons [18]. Figure 3 shows an example of such separation
as seen in AEḡIS on our MCP detector in case of a standard cooling and compression procedure described later
in Section 4.2. Antiprotons at the end of that procedure
were left to relax and drift toward the outer radii at the
5 Ideally at thermal equilibrium the cold plasma of e− and
p̄ rotates with a common rotation frequency ωr and, depending on
the level of separation, the central density n0 can be composed of
both electron and antiproton fractions, but since in our case electrons are the dominant species (more abundant by two orders of
magnitude), we neglect the antiproton contribution to the density.
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Fig. 3. Example of raw images from the MCP detector for identical particle operations with antiproton detection (left) or
electron detection (right). The centrifugal separation effect between electrons and antiprotons is clearly visible. The origin is
arbitrary, while the source of the distortion in the upper right quadrants is described in the text.

Fig. 4. The radial density profiles of the electron (blue) and
p̄ (red) clouds shown in Figure 3. The profiles were vertically
scaled to fit the same range for comparison.

border of the electron plasma. The distortion from circular
symmetry of both electron and antiproton images shown
in Figure 3 is due to an off-center coaxial trap structure
located between the P-trap and the MCP detector in the
1 T magnetic field. For fast electrons this structure causes
a simple cut, while for the slower antiprotons even a single
passage is sufficient to cause E × B drifts and, most likely,
partially deform the shape due to the interaction of the
p̄ cloud with its own image charge. In the data analysis we
excluded the deformed region of the image and performed
a circular integral around the cloud center to obtain a
(single pixel) weighted radial profile for each image.
Since we extract the particles along the magnetic field
axis (z), the image of such particle clouds on the MCP
detector is integrated along this axis leading Rto the measurement of the particle areal density nz (r) ≡ z n(r, z) dz.
The radial profiles nz (r) of electrons and antiprotons corresponding to the measurements of Figure 3 are shown in
Figure 4, where arbitrary units were used and the antiproton and electron profiles were arbitrarily scaled for better
comparison. When radial density profile tails are discussed

later in the text, the reader should bear in mind that
the total number of particles N within some radius R is
obtained by integrating the radial profile curve, leading
RR
to N = 0 2 π r nz dr. This expresses the simple fact that
even small particle densities at large radii can contribute
in a significant way to the total particle number and thus
affect the overall compression efficiency.
Centrifugal separation is an unwanted effect since it
causes a drift of p̄ from the trap center into the regions
of lower electron density. It does, however, allow setting
limits on the particle temperature in our traps. Since
electrons are the dominant species we estimate the electron plasma density from the electron number and the
radius measurements by applying a numerical calculation [19] of the expected plasma length in the given trap
vacuum potential.6 From the knowledge of the electron
density n0 we calculate ωr (from Eq. (2)) and use it,
along with the measured radius, in equation (3) to obtain
an upper or lower limit on the plasma temperature from
the observation (an upper limit) or not (a lower limit)
of the centrifugal separation effect (similarly as [18]). We
estimate the best temperature of the antiproton–electron
mixed plasma to be of the order of tens of kelvin in case
no heating (RW) drive is applied. This is a rough order
of magnitude estimate that assumes an ideal plasma in a
thermal equilibrium, with both antiprotons and electrons
having the same temperature.

4 Antiproton compression technique
The compression of the mixed plasma composed of p̄ and
e− is performed by using the rotating wall RF signal as
described in Section 2. A torque is transferred by the
6 For practical computational reasons we have used as an input
for the numerical calculation of the plasma equilibrium shape temperatures of 300 or 1160 K. As long as the Debye length is smaller
than the plasma size the resulting calculated plasma lengths and
densities vary only by a few percent. A calculated plasma length for
a common space charge potential of ∼30 V is ≈12 cm and 5 cm for
the long and short trap, respectively.
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co-rotating electric field and causes the plasma to rotate
faster. As the rotation frequency ωr increases, so does the
density n0 in order to maintain the equilibrium condition of equation (2), leading to a reduction of the plasma
radius.
4.1 Electron-only plasma RW compression
At first, we studied the RW compression of a pure electron plasma with the same initial loading conditions and
trapping potentials as with a mixed p̄ and e− plasma. We
define the plasma radius as the half-width-half-maximum
(HWHM) of the radial density profile nz (r). This compression was carried out with a 2-step RW procedure in
order to make the electron plasma initial condition similar
to those in case of p̄ trapping, cooling and compression.
We first load e− in the P-trap and then apply the rotating wall drive at fRW1 = 0.3 MHz and ARW1 = 3 V on two
electrodes located in the center of the trap. The application of this first step is important for two reasons. The
first is the need to adjust the initial electron cloud to the
size used in antiproton experiments and the second is that
while working with antiprotons, the RW drive itself is used
as a heating source to overcome the centrifugal separation
effect described in Section 3. After having reached equilibrium with the applied drive within ≈10–20 s (depending
on the initial loading conditions), the plasma radius no
longer changes. We then apply a second RW step for
20 s at a higher frequency fRW2 ≥ fRW1 . The compression
achieved at the end of the second step as a function of the
applied RW frequency is shown in Figure 5, where two
electron clouds that differ in electron number Ne− (and
consequently also in initial size) were studied. We observed
losses of particles for higher frequencies, accompanied by
a reduction of peak density and plasma broadening. Such
losses are probably space-charge related and caused by
the necessity to shift the plasma into a shorter and shallower potential prior to extraction (blue curve in Fig. 2).
In fact, for the peak compressions we estimate the plasma
to occupy the full length of the final trap and have a
space-charge potential a few volts below the on-axis trapping potential. Interestingly, we observed that for both of
the electron clouds the maximum density reached with the
RW drive (in the absence of losses) was approximately the
same and of the order of n ≈ 1015 m−3 . This hints at a
possible RW compression density limit in our case and it
thus helps to explain why plasmas with a lower electron
number have a minimum achievable radius smaller than
plasmas with a higher electron number.
Turning on the RW drive in a step-like fashion on a
slowly rotating plasma causes significant axial heating (in
the first 100 ms of operation), which leads to axial electron losses. A similar heating effect has been previously
observed [11]. For this reason, we used a ∼300 V deep
trapping potential at the beginning of the RW application (the trapping potential can be restored afterwards to
lower values). Since we do not observe a linear relationship
(similar to Eq. (2)) between the plasma density and the
applied RW frequency, we believe that we are not in the
so-called “strong drive” RW regime [20], which is characterized by the plasma rotation frequency ωr being equal

Fig. 5. Electron cloud radii (HWHM) vs. applied RW2 frequency in a two step compression procedure in the absence
of antiprotons. The two data sets differ in the initial electron
loading conditions.

to the applied RW drive frequency ωRW . The behavior
we observe is rather similar to the “weak” drive seen
in similar experiments [10], where compression occurs
in a broad range of frequencies, but stops working at
higher frequencies. The most probable cause is an excessive plasma heating by the RW drive and the plasma
modes’ decoupling from the applied drive.
4.2 Single step compression of p̄ and e−
In order to compress the mixed p̄ and e− plasma that we
obtain after antiproton catching and cooling (see Sect. 2),
we find that the most important aspect is to avoid the
centrifugal separation effect. As we have discussed in
Section 3, this separation effect causes a drift of p̄ towards
larger radii. To overcome this effect one has two options
(as can be inferred from Eq. (3)): either reduce the electron plasma density or increase the plasma temperature.
For fast antiproton cooling from keV energies down to the
eV range, a high electron density is necessary, but temperatures below 1 eV are not required for the compression
stages since the trapping potential is of the order of 100 V.
As we estimate (see Sect. 3) the plasma temperature to
ultimately reach (once RF heating is turned off) on the
order of a few meV, we applied a plasma heating signal
to overcome the centrifugal separation effect during the
compression stage. Due to initial hardware limitations we
used the RW drive itself as a means of plasma heating,
but other heating techniques [21] can be implemented in
the future. For this heating purpose we kept the initial
preparatory electron RW1 drive turned on also during the
antiproton catching and cooling procedure, such that cold
antiprotons would not drift to outer radii, but instead
remain homogeneously mixed within the electron plasma.
The antiproton compression starts after the release of
the uncooled antiproton fraction. Usually the drive was
kept at fRW1 = 300–400 kHz and ARW1 = 2 V and did
not cause further compression since the electron plasma
reached the equilibrium density (and radius) ≈20 s before
the arrival of antiprotons. The drive ensures that the

Eur. Phys. J. D (2018) 72: 76

Fig. 6. An example of single step p̄ RW compression. Radial
profiles of antiprotons are shown before (dotted line) and after
(full line) compression for 20 s with fRW2 = 1.5 MHz, ARW2 =
2 V, Ne− = 2 × 108 e− . The p̄ radii were 0.96 mm before and
0.46 mm after compression.

mixed plasma retains a constant dimension, preventing a
possible expansion of both species. At this point, we start
compressing the e− and p̄ by changing the RW frequency
and amplitude to new values fRW2 and ARW2 . An example of such compression of the antiproton radial density
profile is shown in Figure 6, where a compression factor of
2 was achieved after 20 s application of fRW2 = 1.5 MHz,
ARW2 = 2 V. To avoid possible on-axis losses at RW stepwise start, we raised the endcap potentials of the trap
right before the application of the RW2 step (from green
to red curve in Fig. 2). In Figure 7 we show the dependence of the electron and antiproton radii on the RW2
drive frequency for either Ne− = 2 × 108 or Ne− = 4 × 108
loaded in the trap. Irrespective of the number of electrons
used, we reach approximately the same e− final density;
this leads to smaller antiproton clouds if less electrons
are loaded.7 The behavior of the p̄ radius follows that of
the electrons, which are compressed in a similar manner
as for an electron-only plasma (Fig. 5). The maximum
compression is reached at fRW2 = 2–4 MHz, similar to
electron-only compression. At high frequencies, excessive
heating and partial on-axis losses (facilitated by the higher
space-charge of the plasma) occur. The compression limit
above fRW2 > 4 MHz is thus most probably related to
the space-charge losses in the final (shorter and shallower)
trap configuration used for particle extraction (blue curve
in Fig. 2).
The compression of antiprotons in the procedure
described above takes place from the moment we increase
the RW drive frequency, which causes the electron
plasma to increase its rotation frequency and consequently
decrease in size. The p̄ follow the electrons in case the compression is sufficiently slow; otherwise, part of the p̄ cloud
remains at large radii (the electron core should reach the
peak density on a time scale not shorter than 15–20 s in
agreement with [22]). The RW compression rate has to be
7 It should be noted though that in the case of 2 × 108 e− the
p̄ cooling efficiency from keV energies drops with respect to the
case with 4 × 108 e− due to the smaller e− and p̄ cloud geometrical
overlap.
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Fig. 7. Single step p̄ RW compression. Electron and antiproton radii are plotted as a function of fRW2 for two e− loading
conditions.

controlled by correctly adjusting the amplitude of the RW
drive while compressing the mixed antiproton–electron
plasma. Figure 8 shows the antiproton profiles obtained
after one such p̄ RW compression, for different RW drive
amplitudes.
The profiles shown in Figures 8 and 9 are hollow due
to centrifugal separation, because during these measurements the RW2 drive was turned off 2 s before reshaping
the trap into the shorter configuration (which took 1.5 s)
and then particles remained in the short trap for 2 s until
the extraction took place. We estimate (from [23]) the
time necessary for the centrifugal separation to occur
to be of the order of 4 s in the long trap configuration
(n ≈ 1.1 × 1015 m−3 , T ≈ 4 meV and rp ≈ 0.9 mm) and
approximately half as much in the shorter trap (where
the density is twice as high).8 In other works with similar multispecies systems [22,24] the reported separation
times were significantly shorter than those theoretically
expected in [23] or [25]. As we can only set an upper limit
of ∼2 s in our case, we cannot exclude that the centrifugal
separation time has been significantly lower than that.
Recently, diocotron plasma modes have been proposed
as a possible cause for an enhanced centrifugal separation rate [24], but unfortunately we did not monitor the
plasma’s modes activity during these measurements.
The centrifugally separated images can still be used to
evaluate the level of compression, as we observed that the
p̄ ring radius is the same as the p̄ HWHM in case of no
centrifugal separation. In Figure 8 we observe that the
p̄ density distribution nz (r) has more pronounced tails in
case of higher ARW2 . Lower amplitude (and thus slower)
compression favors a denser p̄ core and thus improves the
overall compression efficiency. The compression shown in
Figure 8 was not performed in the optimal settings; in
fact the initial electron plasma rotated at approximately
fr = ωr /2π = 150 kHz, and directly applying a 3 MHz
RF drive causes some of the antiprotons to remain in
8 We have also observed centrifugal separation in similar cases
where the RW drive was turned off just before the 1.5 s of reshaping
and 2 s of waiting before the extraction.
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Fig. 8. Antiproton radial profiles after the single step p̄ RW
compression at fRW2 = 3 MHz for different drive amplitudes
ARW2 . The ring structures are due to the centrifugal separation
caused by a delay between turning off the RW drive (heating)
and particle extraction. Lower amplitudes favor smaller p̄ tails.

Fig. 9. Antiproton radial profiles during the single step
RW compression for various fRW2 while keeping ARW2 =
0.5 V fixed. The yellow curve (fRW2 = 0.4 MHz) is the initial
condition without the p̄ compression step.

the tails. This effect can be seen in Figure 9, where for
a fixed amplitude of ARW2 = 0.5 V the frequency of the
drive was varied. With respect to the initial conditions
(yellow curve), the lowest tail population is observed for
fRW2 = 0.8 MHz, which is double the initial RW drive
frequency of 400 kHz. Even though 0.8 MHz clearly did
not show the highest p̄ core compression, the tails were
the lowest. The importance of the tail distributions is
discussed in greater detail in Section 5.

effect was not observed. The shape of the remaining p̄ and
e− cloud changed slightly due to this electron removal
and potential reshaping procedure, leading to an electron
HWHM of ≈1.3 mm and a small tail growth. We then
applied two successive frequency steps RW2 and RW3
of the rotating wall drive. The choice of two frequency
steps instead of one was based on the experience gained
from measurements like those shown in Figure 9, where
we observed that for slowly rotating plasmas it is better
to first apply an intermediate frequency step in order to
limit the creation of tails in the radial density distribution.
Due to the effect described above we also performed preliminary trials using a swept RF drive (in both frequency
and amplitude) instead of a step-wise application, but we
did not observe a significant improvement with respect to
the step-wise application. Nonetheless, we believe that a
deeper dedicated study on this topic would be of great
importance if it is demonstrated that the swept RW drive
compression is faster or more efficient with respect to a
step-wise RW application.
After the reduction of the number of electrons we
started to compress the antiprotons by applying a rather
low frequency fRW2 = 200 kHz with ARW2 = 2 V. Once
the maximum compression was reached for this frequency
(after ≈20 s) we applied a second p̄ RW compression step
(for ≈40 s) within the range fRW3 = 0.2–5 MHz, and with
lower amplitude ARW3 = 0.5 V, in order to avoid tail
creation and inefficient compression as observed in the
example of Figure 8. The radii of the p̄ and e− clouds
as a function of fRW3 can be seen in Figure 10. At frequencies exceeding 4 MHz the heating effect of the RW
drive becomes significant and causes broadening of the
antiproton/electron cloud, losses and tail growth. As can
be seen in Figure 10, a maximum radius compression factor of 5 was reached. We estimate the maximum plasma
space charge potential to be of the order of 30 V for the
best compressions and thus the compression limit seen
in Figure 10 is not caused by an insufficient final trapping potential. The interesting aspect shown in Figure 10
is that the final antiproton cloud radius can be chosen

4.3 Multi-step p̄ and e− plasma compression
The single step antiproton compression shown in the previous section is sufficient for many applications where it
is necessary to reduce the antiproton cloud radial size.
However, it is not sufficient to obtain a cold antiproton
plasma where higher densities are necessary. In order to
do so we have developed a multi-step p̄ RW compression
method based on alternating electron number reduction
and compression cycles. This method was chosen based
on the previous experience (for example in Fig. 7), where
the single step p̄ RW compression procedure showed a
limit in the maximum electron density rather than in the
radius or particle number. The simplest of such multi-step
procedures consisted of one intermediate electron number
reduction step immediately after the initial p̄ capture and
cooling. The procedure was similar to the one described
in the preceding section, where fRW1 = 0.3–0.4 MHz was
applied right after electron loading and maintained until
the uncooled p̄ fraction release. We then reshaped the trap
and split it axially (red dotted curve in Fig. 2), such that
only 1/5 of electrons (Ne− ≈ 7.6 × 107 ) remained intact
and the rest was removed with three 80 ns voltage pulses
applied on one endcap. At this moment we also turned
off the fRW1 drive, which was used both to keep the
radius constant and as a heating mechanism. The trap
was then restored to its original full length of ten electrodes and returned to its deep configuration (red curve in
Fig. 2). After such a dramatic electron reduction, and thus
a decreased electron density, the centrifugal separation
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Fig. 11. Antiproton radial profile before (dotted line) and after
(solid line) multi-step RW compression with fRW4 = 2 MHz
and ARW4 = 0.5 V. The inset is a zoom of the same figure
to show the original p̄ distribution before compression. During
this procedure two e− reduction steps were applied and in total
three p̄ RW compression steps were used. The p̄ HWHM was
1.63 mm before and 0.17 mm after the compression.

Fig. 10. HWHM of electrons (top panel) and antiprotons
(bottom panel) vs. fRW3 during the two-step p̄ RW compression procedure. When more electrons remain in the trap after
the partial e− removal (stars) compression is less pronounced.
The dotted lines indicate the particle cloud radius after the
e− reduction before turning on the RW drive.

by applying the corresponding RW frequency fRW3 that
was found previously with electron-only experiments. As
expected from the previous findings, one can observe that
if more electrons remain in the trap during the compression stages the minimum radius reached is larger than if
less electrons remain in the trap.
Thus, to attempt achieving even higher compression, we
added another electron number reduction step as well as
one more compression step RW4 . We performed the same
procedure as the one of Figure 10, but instead of removing all the electrons while located in the final shortened
trap (blue curve of Fig. 2) we removed only a fraction and
then turned on the last p̄ RW drive at a relatively high frequency. We applied the final RW4 step in a shorter trap;
right before the final particle extraction, the plasma is
thus located in a potential created by five 13.5 mm electrodes instead of ten electrodes. The position of the RW
electrodes is towards one side of the trap, instead of the
central position it had in the previous steps (RW1 –RW3 ).
Figure 11 shows the radial density profiles of the antiprotons before and after the best RW4 compression with

fRW4 = 2 MHz and ARW4 = 0.5 V. During this multi-step
RW procedure with two partial electron removal steps
and three p̄ compression steps, the final antiproton cloud
radius was found to be rp̄ = 0.17 mm, which is an almost
tenfold improvement with respect to the initial p̄ radius
of 1.63 mm.
The application of the RW steps in the procedures
presented caused in total between 25% and 35% loss of
antiprotons. Of these losses, ≈7% can be attributed to
the way we remove the electrons (see Sect. 2). Since it is
impossible to detect electrons and antiprotons simultaneously on the MCP, this forces us to completely remove the
electrons from the trap with an excessive number of voltage pulses, during which some of the antiprotons are lost.
This loss mechanism is also present in the partial electron
removal pulses that are necessary for successful compression, but to a limited extent since not all the e− need to
be extracted in those cases.
Together with a decrease of the p̄ plasma radius by a
factor 9.6, the peak density has increased approximately
by a factor 55, as can be seen in Figure 11. Approximately 2/3 of the compressed antiprotons of Figure 11 are
located within the measured HWHM. With the multi-step
compression method described above we estimate ≈70 000
p̄ within the 0.17 mm radius and an antiproton density
of the order of np̄ = 2 × 1013 m−3 . This is to our knowledge the smallest antiproton cloud radius and the highest
antiproton density reported so far in a Penning–Malmberg
trap.

5 Necessary conditions for high-density
p̄ plasma preparation
During our studies, we have performed RW compression
of p̄ plasmas under various conditions and in different trap
lengths. The rotating wall compression depends on many
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Fig. 12. Radial density profile of e− and p̄ after two cases of
RW compression. Dotted lines show unsuccessful compression
while the full lines show the high-density p̄ compression example. Because of the limited dynamic range of the MCP, the
high-density electron curves show higher noise at large radii
with respect to the lower density p̄ profiles.

factors. To reach high compression ratios each apparatus
or trap system needs its own specific commissioning and
testing phase and results might differ from one apparatus to another. During the measurements presented here,
the conditions did change a few times and it was thus
necessary to re-establish good compression parameters on
several occasions. Thus, we established a set of conditions that seem to be necessary to reach high antiproton
compression ratios.
As was discussed in Section 4.2, it is essential to work
at temperatures (or densities) where the centrifugal separation of antiprotons and electrons is absent. Otherwise,
large portions of antiprotons drift outwards and remain at
large radii even though the electrons might be compressed
effectively.
We observed antiproton-only expansion and successive
losses both in long and short trap configurations when
using fRW below 200 kHz. This low frequency loss effect
probably depends on e− plasma density and size, but we
were unable to identify a clear dependence. We saw dayto-day variations of these losses at lower frequencies and,
in general, found less losses when starting the RF drive
on initially less dense antiproton–electron plasmas.
The most important condition to achieve maximal
antiproton compression, irrespective of the exact RW procedure applied, is to reduce the electron cloud tail density
to a minimum. To quantify this effect we use a peak-totail density ratio that we define as np/t ≡ nz (0)/nz (rt )
with rt ≡ 3 rHWHM being the radial tail position defined
as three times the HWHM radius. This choice was deliberate since in our apparatus an ideal non-neutral plasma
in a global thermal equilibrium would have more than
99% particles within rt , which is not the case for the particle clouds that we observe. We found that for efficient
antiproton compression the peak-to-tail density ratio for
−
electrons should be of the order of nep/t ≈ 150 or higher
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to achieve a high core density antiproton plasma. To
illustrate this effect we show an example of efficient and
inefficient p̄ compression in Figure 12, where we see that
the antiproton radial density profiles copy relatively well
those of the electrons, with the difference that antiprotons
tend to populate more the lower density regions and have
a lower peak-to-tail ratio than electrons. As can be seen in
Figure 12, in the case of one of the best compressions, the
−
electron ratio is nep/t = 190, whereas the corresponding
antiproton profile shows np̄p/t = 47.
We found that at higher RW amplitudes (above 0.5 V)
the electron core compressed well, but some electron tails
remained. The antiprotons were then more evenly distributed and in some cases like that shown in Figure 12
(dotted lines) there was practically no antiproton com−
pression (with np̄p/t ≈ 3.6 and nep/t ≈ 23). For this reason
we believe that the necessity to compress the p̄ and
e− plasma slowly (with low amplitudes) is dictated by
the need to compress electrons without creating tails. To
achieve a high p̄ peak-to-tail compression ratio it is important to reduce the electron tail density to a factor ≈50 of
that of the requested antiproton tail density. We suspect
that the ideal compression would occur in case one could
create a dense compressed core with the required radius
and at the same time maintain an electron tail density
n ≤ 1011 m−3 .
We suspect that the electron tails we observe are the
remnants of the original electron cloud distribution prior
to the RW application. In fact, such tails are visible
also in the case of pure electron plasma compression,
in some cases tails take the form of a pedestal or a
ring that have approximately the radius of the original
uncompressed electron plasma (prior to the RW drive
application). It seems to us that a possible way to solve the
e− and p̄ mixed plasma RW compression problem could
be through a detailed study of the low-density tails of
electron plasmas, such as the recently studied dynamics
of “halos” [26], but in the presence of both dipolar or
quadrupolar RW excitations.
In all RW experiments that we have conducted we
never managed to fully compress all particles within rt .
Either we had ≈30% losses – mostly in the tails – and
≈2/3 of p̄ within the HWHM or we achieved lossless compression with roughly 33% of p̄ inside the HWHM. We
obtain density increase factors in the range 30–55 and
p̄ densities np̄ ≥ 1013 p̄/m3 with ≈70 000 p̄ within radii
as low as 0.17 mm in 4.46 T traps. Since in these conditions the antiproton cloud has an estimated Debye length
λD ≈ 100 µm and an interparticle spacing n−1/3 of tens of
microns it can be considered a cold antiproton non-neutral
plasma.

6 Conclusions
We performed compression of a mixed p̄ and e− plasma
trapped in a cryogenic Penning–Malmberg trap and
achieved high antiproton densities (np̄ ∼ 1013 m−3 ) by
using the rotating wall method. The compression procedure was accompanied by partial electron number
reduction to achieve the lowest p̄ radii of rp̄ = 0.17 mm.
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The final p̄ radius can be tuned based on the RW frequency applied. We described in detail the necessary
conditions for compression of antiprotons, the most important of which is the requirement to compress with high
efficiency the electron cloud, including possible electron
tail structures that might remain at larger radii. Such
electron tails may have been overlooked in past works
on rotating wall drive compression, as the main interest
was in the description of the peak (central) plasma density or the HWHM observable. The observations described
in this work are of great importance for any experiment
that needs to effectively reduce the radius of a trapped
antiproton cloud, also because it was shown that the major
preparatory work can be done with pure electron plasmas
and thus conserve important antiproton beamtime.
The small dimension (rp̄ = 0.17 mm) and high number (70 000) of antiprotons available allow for a lossless
transport into a lower magnetic field and pave the way
to an efficient production of antihydrogen in the AEḡIS
apparatus.
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