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Abstract
The anharmonic component of the electric field of a Penning–Malmberg trap is
exploited to manipulate a subset of the radial (r) distribution of trapped posi-
trons, using a dipole field made to rotate about the long-axis (z) of the trap. This
‘rotating wall’ technique (RW) induces inward transport at frequencies asso-
ciated with the motion of trapped particles, although similarly it causes heating.
The motional frequencies vary spatially within a non-ideal trap, thus resonant
interaction with the rotating field may be restricted to a region selected to lie
away from the trap centre, thereby forming a pseudo-potential barrier and
reducing losses due to both heating and expansion. We demonstrate this effect
for improved accumulation of positrons and further outline a technique to
achieve strong compression with low RW amplitudes by chirping the drive
frequency.

Keywords: antimatter, positrons, Penning traps, rotating wall

1. Introduction

Low energy positron beams have applications across a number of areas of atomic and
condensed matter physics (see e.g., [1–3] for overviews), and have been combined with devices
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for accumulating and storing positrons in electromagnetic traps [4]. These traps use a series of
appropriately biassed electrodes to create an electric trapping potential along the z-axis of the
system, in combination with an axial magnetic field ( = ˆBB z) to provide radial confinement,
and typically employ low density buffer gas(es) to capture and cool the antiparticles. Such
devices are examples of Penning, or Penning–Malmberg, traps: an instrument found throughout
experimental physics and chemistry, with applications too numerous to mention here. Positron
traps have been used in scattering and annihilation investigations (reviews can be found in
[5, 6]), in studies of positronium and its molecule [7–10] and in the creation, trapping and study
of antihydrogen [11–19].

The behaviour of charged particles in ideal Penning traps is well documented (see e.g.,
[20]) and only a summary of the aspects most relevant to this study is given here. In a uniform
magnetic field, and in the absence of an electric field, charged particles (of charge q and mass
m) radially precess in orbits at the cyclotron frequency, ω = qB m/c . However, when the Penning
electric trapping potential is applied ×E B effects give rise to superimposed radial trajectories
in which: (i) ωc is modified to ω+, and (ii) the particle exhibits magnetron motion with a
frequency ω−. These frequencies are given by,

ω ω ω ω= ± −± ( )1
2

2 , (1)c c z
2 2

where ωz is the axial bounce frequency, which is dependent upon the electrode geometry and the
applied voltages. We emphasize that for non-ideal traps (e.g., positron accumulators) this
frequency will vary depending on the energy and location of a given particle, although it is
approximately constant for low energies and near axial positioning. For the trap parameters
used in these studies the three frequencies are estimated to be ω ≈+ 5.8 Grad s−1, ω ≈ 58z

Mrad s−1 and ω ≈− 290 krad s−1.
Positron accumulators commonly feature devices that can be used to tailor the radial

properties of the particle distribution using the so-called rotating wall (RW) technique. A
rotating electric field applied using a segmented electrode in the vicinity of the trapped particles
is used to counteract the plasma/cloud expansion, or to actively compress it. A significant
motivation for the development of techniques to manipulate positron plasmas is to provide
bright sources of the antiparticles, which can further be time-compressed to produce narrow
time-width pulses, e.g. for recapture in antihydrogen experiments [12, 13, 21] and to provide
dense positronium clouds [7–10].

When the particle motion within a cloud is dominated by the trapping fields, such is
classified as being in the single-particle regime. If the particles are at sufficiently low
temperatures and high densities that the self-electric fields strongly influence their motion, they
are said to form a non-neutral plasma. The RW technique has been applied in both the plasma
(see e.g., [22–25]) and single-particle [26–29] cases. To avoid significant losses, the heating that
the rotating electric field induces must be countered. In high magnetic fields (≳1 T) cyclotron
radiation is usually sufficient, however in traps with lower fields a suitable cooling gas (e.g.,
SF6or CF4) is introduced [30, 31].

In the absence of a rotating field the trapped positron lifetime is foremost limited by radial
transport to the electrode walls, expedited by collisions with the background gases used for
capture and cooling. These losses are virtually eliminated by application of the RW technique
[30], however depletion of the antiparticles due to their annihilation with the requisite gases is
unavoidable; thus optimum yields are found through careful tuning of their partial pressures. In
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these studies the loss rate as a consequence of diffusion is estimated to be 3 s−1, in comparision
to an estimated 0.5 s−1 due to annihilations on a −10 4 mbar nitrogen background.

This article will focus on positron clouds in the single-particle regime, and in particular we
build upon the work of Isaac and co-workers [27–29] who studied a sideband (ω ω± −z )
excitation technique to compress positron clouds held in a two-stage accumulator [32]. The
authors employed an asymmetric rotating dipolar electric field that deactivated the lower
sideband, as such facilitating shrinkage of the magnetron motion (compression) across a range
of frequencies centred at ω ω ω= + −z0 . Cooling of the axial motion was provided by gas
collisions and modelled using a Stokes viscous drag approximation with a characteristic friction
coefficient, κ. Isaac et al [27, 28] showed that the particles undergo RW compression at a drive
frequency ωr and exponentially approach the trap axis with a characteristic rate, Γ , given by

Γ κ ω ω
δ ω ω

= −
−

+ −

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟4

1
( )

( )
, (2)r

r

0
2

2
0

2

where the width of the cusp, δ, is dependent on the applied rotating wall amplitude, a, (see [27])
via

δ
ω ω ω

=
−+ −

a

( )
. (3)

z

Optimum compression rates close to 103 s−1 were reported, and found to be linearly
dependent upon the RW amplitude, in agreement with equation (3). Thus, and with widths in
the range 50–100 kHz, significant compression was shown.

The above model is here used to explain the effect of a RW employed throughout positron
accumulation across a range of drive parameters, by extending it to the non-ideal features of the
trap potential (section 3.2). We further demonstrate that the anharmonicity of the trap can be
actively exploited to selectively address particles with the RW, in such a way as to inhibit
expansion to the electrode walls yet minimise losses due to heating, and thereby improving the
overall accumulation yield.

2. Non-ideal traps

The ideal Penning trap employs a ring electrode and two hyperbolic end-cap electrodes to
produce an harmonic electric potential. The Penning–Malmberg variant [33] is instead
comprised of three coaxial, cylindrical electrodes that lie parallel to the magnetic field lines,
along which charged particles can easily be loaded into the trap. The simple concept is readily
extendible to more complex configurations (e.g. positron accumulators and nested traps [34]),
however it can only approximately reproduce the harmonic potential of the ideal case.

For particles held in non-ideal traps the triplet of Penning frequencies (ω±, ωz) are
broadened to spectra, the breadth of which correspond to the degree of anharmonicity in the trap
potential and the distribution in phase-space of the trapped particles. Similarly to the ideal case,
the three motions are entwined, thus the effect of anharmonicities may be quantified by
resolving the structure in any one of them.

Recently we developed a technique to manipulate the radial position at which accumulated
clouds are ejected from the trap [29]. By applying a pulsed dipole field with a segmented
electrode, an offset radial orbit of the cloud could be precisely controlled. After removal of the
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field the clouds maintain coherent magnetron orbits about the trap centre. These orbits were
tracked by varying the time prior to ejection of the cloud, then fitting a 2D Gaussian to its image
at an micro-channel plate (MCP) (see section 3.1). An example of the x position of a cloud
during a typical magnetron orbit is given in the inset of figure 1; these data can be fitted to find
ω−, through which we observe that the frequency varies with the orbit radius. This results from
a shift to ωz as the cloud samples increasingly anharmonic regions of the trapping potential.

Using the fitted result for ω− the corresponding value of ωz can be obtained from
equation (1). The main panel of figure 1 shows the variation of the derived ωz against the radial
position of the orbit, exhibiting a systematic increase of around 1.4% as the radius increases out
to just over 5mm. Also given in figure 1 are the results of calculations of ωz for positrons with
axial kinetic energies of 100, 400 and 700meV, as displaced from the centre of the trap. The
line at 400meV most closely matches the measured variation with r. The calculated frequencies
were found by integrating the time of an axial bounce in a computationally derived model of the
electric potential well. Note: the error-bars in figure 1 do not include the uncertainty in ωc, which
was fine-tuned in the calculations to bring ωz into the expected region.

Both the calculations and measurements indicate that the frequency of resonant
compression (ω ω+ −z ) will shift upwards for the off-axis positrons, which together with the
natural width of the compression curve (which, as shown in equation (3), is also proportional to
the applied RW amplitude via the parameter a) will produce significant, strongly amplitude-
dependent compression effects far from the on-axis resonance frequency.

3. Positron accumulation

3.1. Apparatus

Our two-stage positron accumulator [32] uses nitrogen buffer gas to promote capture and cooling
of positrons into a Penning–Malmberg trap. The positrons are accumulated in the second stage of
the trap, a region with a gas pressure in the range −10 4

–
−10 5 mbar. A schematic of the second stage

Figure 1. The axial bounce frequency ( ω π=f /2
z z ) as a function of radial position

(points), derived from measurements of ω−—see text. Calculations (lines) of f
z
for

positrons displaced from the trap centre with kinetic energies of 100meV (red),
400meV (green) and 700meV (cyan). Inset: an example magnetron orbit of an 0.8 mm
(FWHM) positron cloud, used to determine ω−.
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electrodes and the detection system used to diagnose the properties of the trapped cloud is shown
in figure 2. The electrodes which make up the second stage are each 49mm in length and have an
internal diameter of 41mm: these are aligned parallel to the ~33 mT field of the encasing solenoid.
As shown in figure 2, one of these electrodes is split into two, with one half segmented into four
arcs. It is this electrode that is used to apply a rotating dipole electric field to the cloud by biassing
the segments with π /2 phase-shifted sinusoidal voltages.

After 1s of accumulation on the order of105 positrons are collected in the second stage, fed
by a low energy positron beamline. Use of the RW during accumulation (see below) requires
the presence of an extra cooling gas, to counteract the positron heating caused by the rotating
electric field. In our case SF6 is used, as this is known to be an efficient positron cooler (e.g.,
[35]).

3.2. Accumulation with RW

Positrons were accumulated for 1 s with a RW signal applied continuously throughout,
following which the cloud was rapidly ejected from the trap and the number of particles and the
radial profile determined [30]. The former was found using an external CsI gamma-ray detector
for which the annihilation signal was normalized to that obtained without the RW and with the
SF6 partial pressure in the accumulation/ compression region estimated to be × −9 10 6 mbar.
The radial profile was determined by imaging with a CCD camera the MCP and phosphor
screen arrangement depicted in figure 2. The measurements were repeated for a range of RW
parameters (frequency/ amplitude) and with a number of different cooling gas pressures.

Figure 3 shows the number of positrons accumulated with low cooling gas pressure
( × −9 10 6 mbar) versus RW frequency ( ω π=f /2

r r ) for various applied voltages (Vr). We
identify the dip feature which is present, and accentuated at the higher amplitudes, to be due to
loss of positrons at, or close to, the on-axis resonance frequency ω π= ≈f /2 9.3

0 0 MHz. We
attribute this loss to heating of the cloud by the rotating field, and note that the positron loss
mechanisms of radial expansion to the electrode walls and positronium formation with the
background gases [36, 37], will both be enhanced by such.

At the lowest RW amplitude there is insufficient power far below resonance to counteract
the collision-driven expansion of the positrons, and there is no increase in accumulated number.
Nor is there a significant increase at f

0
, where the off-axis particles feel little compressive force

and are lost to expansion. The maximum response occurs around 180 kHz above this point,

Figure 2. Schematic illustration of the second stage accumulation region and electrodes,
and the segmented electrode used for RW compression. The positron clouds (red) are
ejected from the trap and imaged using the MCP/phosphor screen assembly, which is
viewed by an external CCD camera. The gamma-rays are detected by a CsI scintillation
counter (not shown). The accumulator is immersed in a magnetic field of around 33 mT,
produced by an external solenoid.
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where the RW induces inward transport of those positrons which are off-axis by several mm,
thus inhibiting those at smaller radii from expanding to the electrodes (i.e. the RW creates a
pseudo-potential barrier which prevents anything inside from escaping, yet causes minimal
heating to the particles trapped inside). As the frequency is increased further past resonance, the
compressive force is insufficient to counteract expansion and the accumulated signal drops. It is
interesting to note that, at these pressures, the maximum yield of trapped positrons is achieved
at this low RW voltage and is around a factor of two higher than can be attained by
accumulating without the RW (for this example of a 1 s accumulation cycle). At these settings
the clouds are not particularly small (FWHM ∼5 mm), yet further manipulations can obtain
denser clouds, as will be described in section 3.3.

For the largest RW amplitude losses at f
0
are clearly apparent, whilst the remainder of the

frequency profile reflects competition between heating and reduced radial expansion. The
interim amplitudes combine features of the two extremes in proportional measure. They indicate
that loss (i.e. heating) correlates with amplitude, and affirm the expected link between amplitude
and response width (equation 3). This is reflected in the maximum yield frequency, which is
found invariably above the on-axis resonance frequency and shifted by an amount that increases
linearly with Vr.

Figure 4 (a, b) shows the accumulated positron number versus RW frequency for various
SF6 cooling gas pressures at fixed values of Vr of 0.5 and 2V, respectively. For increasing SF6

pressure the number of positrons is generally observed to decrease: as discussed previously, this
is dominated by collision-induced diffusion to electrodes—at least for those frequencies at
which the RW is inactive. The vertical bands of enhanced accumulation (centred ∼9.5MHz),
are attributed to the frequency ranges in which the RW induces inward transport, with now the
losses at the higher pressures predominantly a result of annihilations with the gas molecules.

With =V 0.5r V the enhancement band is restricted to a narrow range centred above f
0
.

The relatively weak inward transport produced at this amplitude is only effective by way of
preventing off-axis particles from drifting to the wall; this feature is similar to the peaked
structure in figure 3 at =V 0.25r V. In contrast, with =V 2.0r V the increased width of the
compression curve (equation 3) is reflected by the broad range of frequencies found to improve

Figure 3. The number of accumulated positrons versus the RW frequency at various
amplitudes,Vr; the cooling gas partial pressure is ~ × −9 10 6 mbar. The scale is arbitrary,
but normalized against accumulation without RW.
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accumulation. Prominent at this higher amplitude is the loss feature centred around f
0
. Detuning

both above and below the axial resonance value provides an increase in accumulation yield
comparable to the use of the weaker field.

We note that figures 3 and 4 (a), (b) all indicate a range of RW drive parameters for which
the accumulated number is close to the maximum observed. For certain applications other
features, such as the cloud size/ density, are of additional interest. Imaging the clouds and
recording the peak intensity on the CCD gives an indication of the cloud density—figures 4 (c),
(d). This shows that the densest clouds are found for the larger RW amplitude and at
frequencies less than and near to f

0
(accordingly significant cooling gas must be present).

Compression is perhaps strongest here as a result of the cusp profile of the compression
function. By tuning below resonance, heating is lessened to those on axis, which are
compressed as if a weaker field is resonantly applied; unlike such, the broad wings of the cusp
will yet address particles at both larger radii and higher energies (lower f

0
—see figure 1),

inhibiting their expansion and driving them towards the centre. The total number attainable with

Figure 4. The number (a, b) and peak CCD intensity (c, d) for positrons imaged after 1 s
accumulation, with various cooling gas pressures (log scale). The RW is applied
throughout, and the measurements made across a range of RW frequencies and with the
amplitude fixed at either 0.5 V (a, c) or 2 V (b, d).
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this configuration is however slightly less than when optimally accumulating above resonance,
due to increased heating on axis.

3.3. Frequency chirped RW

Based upon the measurements above, a scheme was devised to attain higher output densities
with a low drive amplitude. Accumulation for 1 s with the RW optimally tuned for total number
was followed by a frequency chirp applied to the drive that swept the compressive force inward
through the trap radii, prior to ejecting the cloud. For a RW amplitude of 0.5V this was found to
result in a seven fold increase in areal density; the optimum result was found by chirping from
9.45MHz to 9.10MHz in 150ms (see figure 5). We might expect to find the optimal end-
frequency to be the presumed on axis resonance frequency (9.3 MHz), yet it was found to be
somewhat less. This is perhaps indicative of heating of the cloud by the chirp technique (for
700meV positrons f

0
is reduced to ∼9.1MHz—figure 1). The total number is however

unaffected by the frequency chirp, suggesting any heating to be quite moderate. Note that these
clouds are enlarged by a factor of 2.7 over their size in the accumulator, due to the lower
magnetic field at the MCP.

Although the chirped clouds are substantially denser than could be attained with a static
frequency 0.5V RW, they are yet 60% the maximum areal density observed with the 2.0V RW
drive (figure 4(d)). Nonetheless, the enervated need for cooling gas with this low amplitude
scheme would be advantageous for longer accumulation cycles, for which the lifetime due to
annihilation on the background gases would be of greater significance for the final yield.

4. Conclusions

In summary, RW compression phenomena are observed and qualitatively explained by
extrapolating the expected behaviour in an ideal system [27, 28], to the known perturbations of
our anharmonic trap. This allows us to selectively address a subset of the trapped positrons, in a
manner analogous to other pseudo-potential manipulations, such as magneto-optical trapping.
We demonstrate that the broadband sideband compression method of Isaac and co-workers

Figure 5. Radial profiles of the positron clouds imaged by the CCD after accumulation
with =V 0.5r V and =f 9.45

r
MHz , followed by an 150ms linear chirp to 9.1 MHz

. The lines show Gaussian fits to the data.
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[27–29] can be employed to enhance the accumulated yields in a Penning–Malmberg trap.
Furthermore, the clouds accumulated with a low amplitude RW can then be efficiently
compressed to form bright output beams using a frequency chirp method. These techniques are
simple to implement and could be exploited widely in experiments requiring spatially focussed
low energy positron beams.
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