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Abstract. The rotating wall technique has proven to be an excellent method to create high-density,
single-component plasmas in Penning-Malmberg traps. It has become useful, and sometimes critical,
for applications such as antihydrogen production and the tailoring of ion crystals and positron beams.
Azimuthally phased rf fields apply a torque that injects angular momentum and produces radial plasma
compression as it spins the plasma up. Recently, we discovered a new “strong-drive” regime in which
plasmas can be compressed until the E x B rotation frequency, fz (where fg « n, the plasma density)
approaches the applied frequency, faw. We review here highlights of a recently published study of this
regime [Danielson, et al., Phys. Plasmas 13, 055706 (2006)]. Good compression is achieved over a
broad range of RW frequencies without the need to tune to a plasma mode. Setting the plasma density
can be done simply and reliably by tuning frw. Characteristics of this strong-drive regime and the
resulting high-density steady states are discussed.
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INTRODUCTION

There are many uses of trapped single-component plasmas such as in atomic
clocks, tailoring positron beams for materials characterization, and the production of
low-energy antihydrogen [1, 2]. Beyond the applications, these plasmas are
interesting in their own right, due in no small part to the fact that they can be prepared
and maintained in thermal equilibrium states. Consequently it is important to
understand the range of accessible plasma parameters, including the limits on plasma
temperature and density, and the factors that limit plasma confinement. Recently we
reported a study of torque-balanced steady states of electron plasmas using cyclotron
cooling to mitigate plasma heating and a rotating electric field [i.e., the so-called
'rotating wall' (RW) technique] for radial compression and the mitigation of outward
transport [3, 4]. In this paper, we review these experiments and identify unique
characteristics of this novel, strong-drive regime of RW compression.

In an ideal, cylindrically symmetric Penning-Malmberg trap, there are no
asymmetries to break the conservation of angular momentum. In practice, plasmas in
these devices expand due to the torques arising from small trap asymmetries, either
electric or magnetic in origin. While this asymmetry-driven expansion is present in all
traps, the particular details vary widely depending on the plasma parameters and the
nature of the trap asymmetries [5-7].
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The intimate relationship between the angular momentum and plasma radius has
lead to the development of a very effective method to radially compress magnetized
single-component plasmas. Namely, the application of a torque increases the angular
momentum, resulting in a decrease in the radial extent of the plasma. This can be
accomplished conveniently and effectively using a rotating (RW) electric field or, for
ion plasmas, using the absorption and re-emission of laser light to inject angular
momentum [8]. The effectiveness of this technique depends upon the efficiency of
coupling of the external RW torque to the plasma and the nature of the inherent drag
torque [4]. Since the external agent used to apply the torque does work on the plasma
and heats it, an efficient plasma cooling mechanism is required for good compression.

Rotating-wall fields have been used in a variety of situations, including large ion
clouds [9], small ion crystals [10, 11], electron plasmas [12, 13], and positron plasmas
[14-17]. Much of this work was done in a regime in which the RW fields couple to
Trivelpiece-Gould modes in the plasma (e.g., Ref. [13]). The compression
experiments reported here are done on electron plasmas in a “low-slip” regime in
which the plasma rotation frequency is close to the RW drive frequency - a regime in
which coupling to plasma modes is extremely unlikely. In the studies reported here,
strong cyclotron cooling combined with the weak torque necessary to maintain the
compressed plasma results in states weakly perturbed from thermal equilibria. This
raises the possibility that the resulting torque-balanced steady states can be described
quantitatively using equilibrium statistical mechanics [18], which is an idea that we are
currently exploring [19].

The remainder of this paper is organized as follows. We describe the experimental
apparatus, the methods used to measure the density and temperature, and details of a
typical compression experiment. We then describe the results of these experiments,
and in particular, identify the principal factors relevant to the manipulation and control
of trapped plasmas. We conclude by summarizing key results and discussing briefly
possible directions for future research.

DESCRIPTION OF THE EXPERIMENTS

The experiments were performed in a cylindrical Penning-Malmberg trap, shown
schematically in Fig. 1 [4]. Plasmas are confined radially by a 4.8 T magnetic field,
with axial confinement provided by voltages (typically —100 V) applied to the end
electrodes. The wall diameter is 2.54 c¢m, and the plasma length, L,, can be varied in
the range 5 < L, < 25 cm by using different electrode configurations. Electron plasmas
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Figure 1. Schematic diagram of the experiment (not to scale; not all electrodes are shown).
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are injected using a standard electron gun, with initial plasma radii R, ~ 1 - 2 mm, and
particle numbers, N, in the range 108 <N < 10°. The data presented here correspond to
N =3x10% The effect of N on plasma confinement and dynamics over a broader range
of N is currently under investigation.

Rotating electric fields are applied to the plasma using a special-purpose, four-
phase rf generator attached to a four-segment electrode. Each segment extends 90°
azimuthally and 2.54 c¢m axially; combined, they produce a radial electric field with
azimuthal mode number m, = 1 rotating in the same direction as the plasma. While the
rf circuit can operate from 0.1 to 80 MHz, studies thus far have been limited to frw <
15 MHz. While the origin of this limitation is not fully understood, it appears likely
that it is related to electronic resonances associated with the electrode structure and
associated circuitry, rather than to an intrinsic plasma effect.

The data presented here correspond to the RW electrode located near one end of
the plasma column, as shown in Fig. 1, but good confinement and compression have
also been achieved with the RW at other locations. Theoretically, an m, = 1 rf dipole
field applied over the entire plasma can drive no torque [18]. Although not studied in
detail, we find that good compression can be achieved as long as the axial extent of the
RW clectrode is less than half the plasma length.

The trap is operated in “inject-manipulate-dump” cycles that exhibit very good
shot-to-shot reproducibility, typically ON/N ~1%, where N is the particle number.
Density profiles are measured by accelerating the dumped plasmas onto a phosphor
screen biased to +5 kV and imaged with a CCD camera. The profile is obtained by
radially averaging the images about the center of the plasma. Alternatively, the screen
can be attached to a charge-to-voltage amplifier for measuring the total charge, O =
Ne.

The parallel plasma temperature, T}, is measured by a standard evaporation
technique [20].  For the plasmas studied here, the perpendicular-to-parallel
equilibration rate is rapid, v,; > 10° 5™, so T, ~ T) = T [21]. Heat transport is also
rapid with the thermal relaxation time 7 < 10 ms [22], and so we assume the
temperature is independent of radius. The plasma cools by cyclotron radiation in the
4.8 T magnetic field at a measured rate I', ~ 5.9 s™' [21], which is fast compared to the
compression and expansion rates. Thus, in most cases, the plasmas remain relatively
cool even in the presence of strong RW fields.

After the plasma is injected into the trap, the RW field is turned on at a fixed
Jfrequency frw and amplitude Vrw. The evolution of the plasma is studied by repeating
the experiment for different hold times. This is in contrast to previous experiments that
utilized frequency ramps [12]. The time-evolution of » and T during RW compression
is shown in Fig. 2. Here the central density #n, is plotted as a function of RW time,
where the RW is turned on at t = 0 with frw =4 MHz and Vrw = 1.0 V. There are two
density data points at each time. Typically they differ by < 1%, providing a
demonstration of the robust compression and reproducibility of the experiment. Each
temperature data point is the average of four measurements, and the error bars
represent the typical variation of these data.

Figure 2 shows the evolution of a typical plasma in what we identify below as the
“strong-drive” regime. The plasma density rises exponentially to a steady-state value,
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corresponding to a rotation frequency that is very close to the applied frequency. The
temperature rises rapidly to about 3 eV in the first 20 ms, levels off, and then drops at
an exponential rate comparable to that of the density rise. We note that the rate of
temperature evolution [i.e., (1/7)dT/dt ~ 1.0 s is much slower than the cyclotron
cooling rate, indicating that the heating from the RW and the cyclotron cooling are
very nearly balanced during plasma compression. Also, the cooling rate gets faster as
the density increases as a result of the fact that the heating rate decreases as fg
approaches frw.
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Figure 2. Central density, n, (@) and temperature, 7 (O), as a function of time after the RW is applied,
for frw= 4 MHz, Vpw = 1.3 V, and L, ~ 14 cm. The dashed line indicates the density for no-slip
condition, fz = frw).

STRONG-DRIVE COMPRESSION

A series of experiments were conducted to investigate the range of achievable
plasma parameters accessible utilizing strong RW drive. The main results, published
previously in Refs. [3, 4], are shown in Figs. 3 - 6. The behavior illustrated in these
figures is typical of “strong-drive” RW compression, a key signature of which is the
tendency for the plasma to reach a low-slip steady state in which f; is very close to
Jrw.

The transition to this new regime is illustrated in Fig. 3. Shown in this figure is a
series of compression experiments conducted at fixed frequency for different values of
the drive amplitude, Vrw. For Vrw < 0.7 V, the plasma is compressed to a limiting
density of about 5x10° cm™. However, at Vaw = 0.7 V, there is a bifurcation to a new,
high-density regime. Above this RW drive amplitude, the plasma always compresses
to a much higher density with n approaching 2x10'° cm™ for the chosen value of frw.
For values of Vrw > 0.7 V, the compression rate increases, but this only weakly affects
the final steady state in which f; = frw.

For fixed large-amplitude drive, plasma compression and high-density steady
states are achieved for a range of drive frequencies. This is illustrated in Fig. 4, where
the density evolution is shown for drive frequencies between 0 and 10 MHz, with Vrw
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Figure 3. Time evolution of plasma density for different drive amplitudes, Vrw, at faw = 6 MHz. The
data sets shown correspond to successive increases of Vrw by 0.1 V. Of particular note is the
bifurcation from the weak-drive regime to the strong-drive regime and the resulting saturation of the
density increase that occurs at Vrw = 0.7 V. Reprinted from Ref. [4].
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Figure 4. Steady-state density vs frw for plasma lengths (from top to bottom) of 10, 14, and 24 cm, for
values of Vrw = 1.0 V (&) (the strong drive regime), and 0.1 V (O) (weak drive). The solid lines show
the no slip condition, frw =fz. Reprinted from Ref. [4].
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= 1.0 V, for three different plasma lengths. As the frequency increases, the steady-
state density also increases. Note that the vertical scale is given in terms of both
density and the plasma rotation frequency, fg. In the top panel of this plot, data are
shown for two values of drive amplitude, Vrw = 1.0 V and 0.1 V, for a plasma length
of 10 cm. As expected, in the weak-drive case, significant compression is observed
only near discrete frequencies, likely due to strong coupling to plasma modes, similar
to the behavior described in Ref, [12].

The behavior at large drive amplitude is qualitatively different. This is illustrated
in Fig. 4, where the data show large ranges of frw for which strong plasma
compression is observed. Note that the plasma rotation frequency, fg approaches the
RW frequency (i.e., solid lines in Fig. 4). This close matching of the plasma rotation
to the drive frequency is commonly called the condition of “low-slip,” i.e., Af = faw -
Jfi << frw [9]. The RW heating power delivered to the plasma is proportional to this
slip. Hence low slip implies low power and relatively low amounts of heating, as
illustrated, for example, by the steady-state portion of data shown in Fig. 2. The rates
of thermal and momentum transport are large compared to those for compression and
cyclotron cooling, and so the plasmas remain close to thermal equilibria. This is
consistent with the measured radial plasma profiles that closely approximate constant-
density profiles characteristic of the expected rigid-rotor, thermal equilibrium states
[41.
For the two longer length plasmas shown in Fig 4, the lack of data above 8 MHz
indicates that no steady-state density was achieved. At these frequencies, the initial
plasma temperature rise is greater than 5 eV, causing ionization of the background gas.
This tends to drive an ion-resonance instability [23] that results in a significant loss of
plasma.

It is important to clarify that strong drive does not imply that a large torque is
required in the high-density, low-slip state. In fact, the torque and associated plasma
heating are relatively small in the low-slip state. Rather, strong drive refers to the
observation that there is a relatively large minimum torque required fo access this high
density, low-slip state and during the early phases of plasma compression. Finally, we
note that the “steps” in the strong-drive data shown in Fig. 4 are due to coupling of the
plasma to static field asymmetries, as discussed in more detail in Ref. [4].

Shown in Fig. 5 is the dynamic response of the plasma when subject to a change in
the drive amplitude. Here the density evolution is shown for a plasma that was
initially compressed with Vrw = 1.0 V for ¢ = 15 s, then the drive amplitude was
decreased to 0.5, 0.2, and 0 V. As shown by the gray squares, a decrease in amplitude
by a factor of two causes the density to decrease by < 5%. Note (e.g., Fig. 3) that this
amplitude is, in fact, below the transition amplitude corresponding to the strong-drive
regime. In particular, the application of this small of an initial drive amplitude to a
low-density plasma would not compress it to the high density shown in Fig. 5. As
shown by the gray circles in Fig. 5, even a factor of five smaller drive amplitude is
able to maintain the compressed plasma state with a density drop of only ~ 20%. Thus
the plasma exhibits very significant hysteresis as a function of the applied RW
amplitude. This hysteresis is a key distinguishing feature of the transition between the
strong- and weak-drive compression states.
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Figure 5. Change in steady-state density in response to changes in Vrw for frw = 6 MHz. The density
scale has been expanded to emphasize the changes in density. Note the relative insensitivity of the

density to changes in Vyw; a factor of two drop in Vrw only caused a 5% drop in the density. Reprinted
from Ref. [4].

The evolution of the plasma in response to a decrease in frw is investigated in Fig.
6 for a plasma that was initially compressed with frw = 8 MHz and Vrw = 1.0 V. The
resulting evolution when the rotating wall is turned off is also shown for comparison.
For decreases to final values frw < 5 MHz, the rate at which the plasma achieves a new
equilibrium is considerably faster than the plasma expansion rate. This indicates that,
for these frequency changes, the RW torque is considerably larger than the steady-state
torque. These results are consistent with our current theoretical model of this process
[19], which predicts that the torque is proportional to the slip, Af, i.e., the torque is

large immediately following the frequency change, but decreases as the plasma
approaches the new steady state.

Figure 6. Evolution to a new equilibrium in response to a rapid decrease in frw from an initial value of
8 MHz. The decrease in density produced by turning off the RW is also shown. Reprinted from Ref.
[4].
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In general, the strong-drive regime is characterized by relatively rapid RW
compression-as compared to the rate of the plasma expansion in the absence of the
drive. In this regime, the density increases until there is only a fractionally small
difference between fraw and fz . For example, from the data in Fig. 4, for L, ~14 cm,
Jrw = 6 MHz, and Af = frw — fe < 0.15 MHz, corresponding to a fractional slip, Af/f <
3%. This is typical of the small values of slip in the strong-drive regime.

Changing the drive frequency, either up (as in Fig. 6) or down, causes a rapid
change to a new equilibrium determined by the final drive frequency [4]. This has
important positive implications for the utility of this regime in controlling the plasma
parameters. In particular, for the relatively long, cylindrical plasmas studied here,
setting the applied frequency in the low slip regime fixes the plasma density that can
be adjusted easily by setting frw while maintaining an approximately constant plasma
length.

One application in which this procedure would be useful is the production of
antihydrogen from trapped positron and antiproton plasmas. The antihydrogen
production rate is dependent on both the plasma density and temperature. The
ATHENA group has measured the production vs time, by cycling plasma heating on
and off, thereby studying the dependence of the production on positron plasma
temperature [24]. We note that one could use RW plasma compression in the strong-
drive regime to cycle the positron plasma density in time by changing faw (e.g., from 4
and 8 MHz) and thus study the dependence of the antihydrogen production rate on
positron density. For example, for the three-body recombination mechanism the factor
of two change in density would be expected to produce a factor of four change in the
production rate.

SUMMARY AND CONCLUDING REMARKS

In this paper we have presented an overview of recent results in a new “strong-
drive” regime of radial compression of single-component plasmas using rotating
electric fields and strong cyclotron cooling. The fact that coupling of the fields to
plasma modes is not required provides a great simplification in many practical
applications. The limiting density corresponds to a “low-slip” condition in which the
plasma rotation frequency is very close to the applied RW frequency. Once in the
high-density state, only a weak dependence on the drive amplitude is observed
demonstrating the hysteresis associated with this bifurcation to the strong drive
regime. In this regime, changes in the applied frequency cause a rapid evolution to a
new equilibrium with the final density set by the final RW frequency. This provides a
convenient and robust method fo control plasma density.

One important, but as yet unanswered, question is the maximum density that can
be achieved using this technique. The present limit on RW frequency (and hence
plasma density) appears to be due to extrinsic resonances in the RW electrical circuit.
In principle, plasma heating could also be a factor in limiting the maximum achievable
density. However, since the observed outward transport, I", does not increase rapidly
with density in the low-slip regime studied here [4], heating will likely not be a
limiting factor, as it would be at lower densities where I' ~ n* [4, 25].
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The robust, virtually ubiquitous, nature of the observed compression indicates that
a relatively simple model of the RW torque should be possible, and work along these
lines is in progress [19]. In particular, we are seeking to understand the nature of the
torque as a function of RW drive voltage and slip frequency by perturbing the system
about the low-slip steady state. From a theoretical perspective, and in the language of
nonlinear dynamics, the present working hypothesis is that both the weak-drive (high-
slip) and the strong-drive (low-slip) states are stable fixed points for some range of
parameters. Above a certain RW drive amplitude and with strong cooling, the weak-
drive fixed point becomes unstable, and the system is then attracted to the low-slip,
high-density fixed point.

The fact that the resulting high-density, steady-state plasmas have profiles close to
that expected in thermal equilibrium indicates that the thermodynamic equations for a
single-component plasma will likely be useful in understanding the coupling between
density, temperature, and torque [18]. If so, the coupled evolution equations for the
plasma temperature and density could potentially be used to describe in detail the
evolution of the plasma during the transition between the high-slip and low-slip steady
states.

The new RW compression regime reported here can be expected to be of
considerable practical importance in tailoring antimatter plasmas and beams for a
variety of applications, including the creation of Bose-condensed gases of positronium
atoms, the formation and trapping of antihydrogen, and the creation of positron beams
for atomic physics and materials studies. Recently, we proposed a novel design of
multicell Penning-Malmberg trap for long-term storage of large numbers of positrons
(eg, N> 10'%) [25, 26]. In this device, the antiparticles will be stored in numerous,
separate plasma cells, shiclded from one another by copper electrodes, and placed in a
common magnetic field and vacuum system. The electrodes screen out the plasma
space charge, reducing the required confinement voltages. The low-slip regime of RW
operation described here is ideally suited for compressing and confining plasmas in
such a device, since careful tuning of the RW frequency is not required. This, in turn,
reduces greatly the need for active control of the individual cells, thereby providing
considerable simplification in the design of such a trap.
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