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Abstract. In a cylindrical trap, azimuthally asymmetric electric or magnetic fields
(such as inherent trap asymmetries) cause the cross-magnetic-field transport of parti-
cles, leading to bulk radial expansion and eventually to particle loss at the trap walls.
Experiments with applied electrostatic asymmetries identify two different transport
regimes, “slightly-rigid” and “highly-rigid”. Here the plasma rigidity, R = f,/fg, is
the ratio of the axial bounce frequency to the azimuthal E x B rotation frequency. In
the slightly-rigid regime (1 < R < 10), the transport scales as V, R™2, where V}, is the
applied asymmetry strength. This R ™2 « L2 /B? scaling has previously been observed
for transport due to inherent trap asymmetries. The “V, R™2” mechanism appears to
“turn-off” as the rigidity is increased into the range R 2 10. In the highly-rigid regime

(R > 20), the transport scales as V2 R°.

INTRODUCTION

Non-neutral plasmas are readily confined in simple cylindrical traps for relatively
long periods of time, allowing for many of the experimental studies described in
these proceedings. Typically, confinement is limited by inherent trap asymmetries
which cause particles to move radially and be lost at the trap walls. Despite more
than 20 years of study, this asymmetry-induced transport is not well understood.

In this paper, we present a brief summary of recent measurements of asymmetry-
induced transport in electron plasma columns [1]. We purposely break the az-
imuthal symmetry by applying static voltages of strength V, to sections of the
trap wall (as shown in Figure 1), and measure the induced change in the plasma
density profile. We find that the induced transport rates are well characterized
by the “rigidity” R = f,/fg, which is the ratio of the thermal axial bounce fre-
quency to the azimuthal E x B drift frequency. Two different transport regimes
are identified: “slightly-rigid” (1 < R < 10) and “highly-rigid” (R > 20).

In the slightly-rigid regime, the expansion rate increases linearly with the applied
asymmetry strength, V,, and decreases with rigidity as R 2. The mechanism re-
sponsible for this so-called “V! R ™27 transport appears to “turn-off’ as the rigidity
is increased into the range R = 10 — 20. In the highly-rigid regime, a different
transport mechanism causes transport with radically different parameter scalings.



-Va
U i R
mE

< »

) 3
= J
Ve +Va Ve

FIGURE 1. Simplified schematic of the experiment.

In this regime, the expansion rate increases with asymmetry strength as V2 and is
roughly independent of the plasma rigidity.

The results presented in this paper lay an empirical framework from which theory
can progress, and also ties together previous experimental studies. Many previous
studies measured transport due to inherent trap asymmetries in the slightly-rigid
regime. These studies found that the transport also scales roughly as R ™2 on many
different apparatuses [2-5]. The original studies [2,3] were conducted at nearly
constant density and temperature, in which case the rigidity scaling just depends
on the magnetic field B and plasma length L as R™* oc L?/B?. This same L?/B?
scaling has also been observed for particle loss measurements in experiments on
test-particles in which the particle density is too low to be considered a plasma [6].

Other experiments on applied asymmetries found that the transport rate in-
creases as the square of the asymmetry strength and only weakly depends on the
magnetic field [7]. These studies were conducted on plasmas primarily in the highly-
rigid regime and most of the results can be understood in terms of the scalings
reported in this paper. More recent experiments have found some evidence of en-
hanced transport due to bounce-resonant effects [8,9], but it is not certain exactly
how these experiments relate to those presented here.

ANGULAR MOMENTUM & RADIAL TRANSPORT

In a Penning-Malmberg trap (shown schematically in Figure 1), particles are
prevented from leaving along the trap axis simply by applying a sufficient confining
voltage V, to end electrodes. The primary loss is in the radial direction, across the
magnetic field to the walls of the trap at radius R,. This radial transport is con-
strained by the conservation of angular momentum, and confinement is guaranteed
in an ideal cylindrically-symmetric trap. In reality, perfect cylindrical symmetry is
never achieved, and confinement is degraded by inherent trap asymmetries.

For our electron plasmas, the mechanical part of the canonical angular momen-
tum is negligible compared to the vector potential part. Thus, the angular momen-
tum for Ny, electrons with charge —e can be written as



Lo= 52 Nual B — (7)), )

where (r?) is the mean-square-radius of the plasma, and c is the speed of light.
Conservation of angular momentum thus implies d(r?)/dt = 0, and the plasma is
restricted from expanding. Conversely, by breaking the symmetry, one can change
(r?) by torquing on the plasma. Static asymmetries, such as inherent trap asym-
metries, drag on the rotating plasma and cause an increase in (r?), i.e. the plasma
expands. On the other hand, the so-called “rotating wall” exerts a positive torque
on the plasma and causes compression by rotating faster than the plasma [10].
In this paper, the primary experimental quantity is the global expansion rate,

1 d <’I“2> 1 dLiy

For the experiments presented here Ny, is conserved. Therefore, vy is directly
proportional to the rate of change of Ly, and is unaffected by internal transport
mechanisms which conserve Ly, such as viscous transport [1,11].

EXPERIMENTAL MEASUREMENTS

Measurements were conducted on two different Penning-Malmberg traps known
by the acronyms “CamV” and “EV”. The traps are similar in construction with
electrode radii of R,, = 3.5 cm for CamV and R,, = 3.81 cm for EV. Both have an
excellent density diagnostic, which is crucial in accurate studies of radial transport.
The primary difference is that the magnetic field on CamV has a much larger range
(B =0.1—-10 kG) compared to EV (B = 0.1 — 0.5 kG).

The radial density profile n(r) is measured by dumping the plasma out one end
of the trap to a collection device. From the time evolution of the density profile
we calculate local transport quantities, such as the radial flux of particles I'(r), as
well as global quantities, such as the expansion rate v ,2).

An example of the change in the density profile due to an applied asymmetry of
strength V, = 3 V is shown in Figure 2(a). The difference in hold times between
density measurements is kept short enough that Ny, is conserved and the plasma
density and temperature do not change substantially.

Examples of the time evolution of (r?) are shown in Figure 2(b) for 4 different
applied voltage strengths, including V, = 0. Each point is this figure is calculated
from a different density profile using the formula

(r?) = ?flij /ORw rdrn(r) r?. (3)

At the bottom of Figure 2(b), we display the time dependence of the applied
asymmetry. After the perturbation is ramped on, the plasma expands at a rate,
Vi2y(Va), that depends upon the asymmetry strength V,. With no applied voltage
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FIGURE 2. (a) Change in density due to applied asymmetry. (b) Time evolution of (r?) due
to applied asymmetries of different strengths.

(i.e. V, = 0), the plasma expands due to the inherent trap asymmetries. We
subtract off this “background” expansion rate, v,2y(0), to obtain the net expansion
rate, Ay, (va), due just to the applied asymmetry,

A2y (Va) = Y2y (Va) — Vir2)(0) (4)

We find that this expansion rate is well characterized by the plasma rigidity R.
In terms of the axial magnetic field B, the average plasma density n, length L, and
temperature T', we approximate the rigidity for each plasma as

R=Jol fp 146 [15@] [1Zv]1/2 [107?m—3]1 [10Lcm]_l' (5)

EXPERIMENTAL RESULTS

The voltage dependencies of the expansion rate are shown in Figure 3 for the
two different transport regimes. For the slightly-rigid plasma (R = 2.5) shown in
Figure 3(a), the expansion rate increases linearly with applied voltage (i.e. Av2y o
V1) over two orders of magnitude in V,. This scaling is in direct contradiction
to current theories of transport due to bounce-resonant particles, which predict
either a V2 or V.}/? dependence [9,12]. The arrows at the bottom of the figure
indicate the effective strength of inherent trap asymmetries for EV and CamV as
well as published estimates for traps at Occidental College [6] and the University
of California at Berkeley [7]. Figure 3(a) thus shows that the V! scaling occurs for
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FIGURE 3. Net expansion rate vs asymmetry strength for (a) a slightly-rigid plasma (b) a
highly-rigid plasma.
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FIGURE 4. Net expansion rate at V, =1 V vs the plasma rigidity.

asymmetry strengths on the order of (and even less than) the inherent asymmetries
in many typical Penning-Malmberg traps.

The voltage scaling is different for a highly-rigid plasma. The expansion rate
for these plasmas increases as Av;ey V2 even for relatively large asymmetry
strengths, as shown in Figure 3(b) for a plasma with R = 62.

In addition to the voltage dependence, we have measured asymmetry transport
for a range of density, length, temperature, and magnetic field. The scaling of the
expansion rate with these plasma parameters is condensed to a dependence on the
rigidity, as shown in Figure 4. The points in this figure are obtained from measure-
ments of Av,2y vs V, for each set of initial conditions. The voltage dependence is
scaled out by fitting each data set to a power-law; for a slightly-rigid plasma we
fit to V!, and for a highly-rigid plasma we fit to V2. We evaluate the data fits
at V, = 1V, and plot the results in Figure 4 as a function of the rigidity of the
plasma. For example, fits to the data sets shown in Figure 3 yield values of 1.2 for
R =25 and 5.4 x 10°* for R = 62.

In Figure 4, the expansion rate for slightly-rigid plasmas is shown to decrease

with plasma rigidity approximately as Av2y R ? x ”Tzéj . In this regime, the

expansion rate is well approximated with the simple formula [1]




Avyey = Tsec [1‘/—&] R™%  (slightly —rigid), (6)
where R is approximated by Equation 5.

As the plasma rigidity is increased, not only does the voltage dependence change
(as shown in Figure 3), but the dependence on plasma parameters changes also.
The V} R ™2 mechanism appears to “turn-off” as the rigidity is increased into the
range R 2 10. This “turn-off” is not understood, but may be an indication of the
bounce motion becoming a good adiabatic invariant at high rigidity.

For a highly-rigid plasma, the transport is independent of rigidity, as shown by
the circular points on the bottom right of Figure 4. For this data, the rigidity
was primarily varied by changing the magnetic field; therefore, the independence
in rigidity is more accurately an independence in magnetic field (i.e. Ay2y < B?).

Cross-field transport that is independent of the magnetic field strength has been
observed in other experiments which measured the damping of the m = 1 dio-
cotron mode [13]. These measurements were found to agree very closely with so-
called “Rotational-Pumping” theory [14]. A similar mechanism may be causing
asymmetry-induced transport in the highly-rigid regime; however, calculations of
Rotational-Pumping theory appropriate to the perturbations applied here have not
yet been made.

In addition to the observed independence with magnetic field, the expansion
rate in the highly-rigid regime has been found to be roughly independent of length
and inversely proportional to both density and temperature. For this (somewhat
preliminary) data, the transport rate is approximated with the formula [1]

V 2 T —1 n -1
~ —4 -1 a . . .
AV(,&) ~ b x 10 sec [ﬁ] [ﬁ] [W] (hlghly—rlgld) (7)

DEPENDENCE ON AXTAL AND AZIMUTHAL
VARIATIONS

In the remainder of this paper, we present results concerning the dependence
of the measured transport on the axial and azimuthal variations of the applied
asymmetry. We begin by considering the decomposition of an asymmetry applied
at r = R,, into Fourier vacuum fields of relative amplitude A,, ,:

(ba(ra 05 Z) = ‘/;L Z Am,k; (RL> eim@ €i7rkz Z/L, (8)
m,k, w

where k, describes the axial dependence and m describes the azimuthal dependence.

For all the data shown in Figures 3 and 4, a positive voltage +V, was applied
to a wall patch on one side of the plasma and a negative voltage —V, was applied
to a patch on the opposite side (as shown in Figure 1). We label this an m = 1



asymmetry, in terms of its dominant azimuthal mode number. The wall patches are
of fixed length of about 4 cm. In general, the plasma extends beyond the patches
(as shown in Figure 1), which means the plasma “sees” an asymmetry with an
axial variation. Properly considered, the asymmetry has many different k£, Fourier
modes, but we simply refer to this case as a k, # 0 asymmetry. The data in Figure 3
and all the solid points in Figure 4 are for k£, # 0 asymmetries.

We find that the V! R~ transport mechanism is not active if we apply the
asymmetry over the entire axial extent of a short (L = 4 cm) plasma. In this
case, k, = 0 and Equation 6 is not valid. Instead, the expansion rate follows a
Avgey o< V2 dependence regardless of whether the plasma is slightly- or highly-
rigid. Also, the magnitude of the expansion rate in the slightly-rigid regime is
about a factor of 10 less for a k, = 0 compared to a k, # 0 asymmetry of V, =1 V.
This latter result is shown in Figure 4, where the open points are for £, = 0.
Therefore, it appears that the plasma must be slightly-rigid and the asymmetry
must have some axial variation for the V! R™? mechanism to be active.

In addition to measurements for m = 1 asymmetries, we have also measured
transport due to nominal m = 2 and m = 4 asymmetries. We find that the global
expansion rate Av,2y does not depend strongly on the azimuthal variation in the
asymmetry [1]; however, the radial dependence of local transport measurements are
qualitatively different.

In Figure 5, we shown the effects on the density profile n(r) of a slightly-rigid
plasma (R = 2.5) due to the inherent trap asymmetries, and due tom =1, m = 2,
and m = 4 applied asymmetries. Here the asymmetry is k, # 0 applied near the
axial middle of a long (L = 30 cm) plasma. In all four cases, the plasma has the
same initial density profile (dashed curves), but the different asymmetries cause the
plasma to evolve to different final density profiles (solid curves). The time between
profiles is At = 0.033 sec, and we plot An(r)/At in the top portion of each figure.

The inherent asymmetries cause a relatively small amount of transport only at
the radial edge of the plasma. In contrast, an m = 1 asymmetry causes transport
across the the entire plasma. The m = 2 and m = 4 asymmetries cause a similar
amount of transport near the edge of the plasma, but the density near the center
of the plasma is not strongly affected. The contrast is particularly striking between

the m = 1 and m = 4 asymmetries.

From the measured change in density, we calculate the local radial flux of particles
for the different m number asymmetries as I'(r) = —1 f§ dr'r’ A"At ). The fluxes
are shown in Figure 6 to vary as I'(r) oc 7™ over the interior of the plasma. The
dashed curve in the figure is the initial density profile, which is plotted to show

that the flux goes to zero at the edge of the plasma (as expected).

In the slightly-rigid regime, not only does the global transport depend linearly
on the applied voltage (i.e. Avy2y o< V,), but the local flux appears to vary linearly
with the local vacuum field of the asymmetry (i.e. T'(r) o< V, (r/Ry)™). This
is somewhat surprising, because one might have expected the asymmetry to be
“shielded” from the center of the plasma, and the transport to occur just at the
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FIGURE 5. Change in density profile for a slightly-rigid plasma (R = 2.5) over a short duration
(At = 0.033s) due to (a) inherent trap asymmetries (b) applied m = 1 asymmetry (c) applied
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FIGURE 6. Radial dependence of the particle flux for different m-number asymmetries.
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radial edge of the plasma. However, as was shown in Figure 5(b), transport can
occur over the entire plasma with no apparent effects due to shielding.

SUMMARY

We measure transport caused by static azimuthally asymmetric voltages applied
to wall patches on cylindrical traps. We identify two different transport regimes,
slightly-rigid and highly-rigid, in which two different mechanisms dominate the
transport. The parameter dependence in these two regimes are summarized in the
table below. In terms of the applied asymmetry strength and rigidity, plasmas
expand at a rate that scales as Ay, Vo, R™? in the slightly-rigid regime. This
mechanism is not active when the rigidity is too high, nor when the asymmetry is
applied over the entire plasma. In the highly-rigid regime, plasma expansion scales
as A2y o V2 R, which is independent of the magnetic field strength.

Regime Voltage Dependence | Parameter Dependence
Slightly Rigid (1 < R < 10) v} R% o 2L
Highly Rigid (R > 20) V2 BILY (preliminary)
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