PRL 94, 175002 (2005)

PHYSICAL REVIEW LETTERS

week ending
6 MAY 2005

Observation of Centrifugally Driven Interchange Instabilities
in a Plasma Confined by a Magnetic Dipole
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Centrifugally driven interchange instabilities are observed in a laboratory plasma confined by a dipole
magnetic field. The instabilities appear when an equatorial mesh is biased to drive a radial current that
causes rapid axisymmetric plasma rotation. The observed instabilities are quasicoherent in the laboratory
frame of reference; they have global radial mode structures and low azimuthal mode numbers, and they
are modified by the presence of energetic, magnetically confined electrons. Results from a self-consistent
nonlinear simulation reproduce the measured mode structures.
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Because of its relationship to the gravitational Raleigh-
Taylor instability found in stratified fluids, the interchange
instability in magnetized plasma is among the best known
in plasma physics. Interchange instabilities occur in a
variety of natural and artificial situations, including the
gravitational Rayleigh-Taylor instability found in the
F-layer of the ionosphere [1] and the pressure-driven in-
terchange instability found in magnetic confinement con-
figurations [2]. Since the interchange instability mixes
plasma while minimizing changes in the magnetic field,
its nonlinear evolution can lead to beautiful and complex
transport mechanisms. For example, in steady current-free
plasma discharges created within a magnetic trap with
purely toroidal curvature, the interchange mode evolves
into a rotating electrostatic dipole vortex [3] that transports
mass, energy, and charge [4].

The centrifugally driven interchange instability plays an
especially important role in the Jovian magnetosphere
since interchange mixing is likely to be the mechanism
for outward transport of ionized matter emanating from
To, an inner moon [5,6]. Satellite measurements form a
consistent estimate of the average mass outflow velocity
[7], and small “empty” flux tubes have been detected
[8,9] that may represent the buoyant, inward-moving re-
turn flux. Although the centrifugal interchange instability
has been modeled theoretically [10—12] and computation-
ally [13], the spatial structures [14] and particle inter-
actions [15] of centrifugal interchange dynamics are still
poorly understood.

In this Letter, we report the first laboratory observa-
tion of the centrifugally driven interchange instability in
magnetized plasma. The observations were made using
a laboratory terrella device, the Collisionless Terrella
Experiment (CTX) [16-19], that was modified with an
axisymmetric tungsten mesh placed at the equator of the
dipole electromagnet and protruding about 1 cm into the
plasma. When the mesh is negatively biased with respect to
the outer vacuum vessel wall, the resulting radial current
produces a rapid azimuthal plasma rotation and an outward
centrifugal force on the plasma. Several movable probes
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show the plasma has a nearly rigid azimuthal rotation and a
steep radial density profile. Using a multiprobe correlation
technique [18], the radial and azimuthal structures of the
instability’s electrostatic potential fluctuations are mea-
sured and found to have long wavelengths comparable to
the system size. Since the plasma contains a population of
energetic, magnetically trapped electrons, the effects of
collisionless, rapidly drifting particles are also studied.
Both pressure-driven and centrifugal-driven interchange
modes can occur during the same discharge, but they
modulate each other. In rapidly rotating discharges having
reduced populations of fast electrons, the dominant wave-
length of the centrifugal mode becomes somewhat shorter
as is consistent with theoretical and numerical models [20].

The CTX device has been described previously [16—19].
A dipole magnetic field is created by a strong, mechani-
cally supported electromagnet positioned at the center of a
large metallic ultrahigh vacuum chamber approximately
140 cm in diameter. Plasma discharges are produced with
an injection of 2.45 GHz microwaves that resonate with the
cyclotron frequency of electrons trapped by the dipole
magnetic field. The rates of microwave heating and of
energetic electron production are most intense at the radial
location where the fundamental cyclotron resonance is
located at the equatorial plane. As a consequence, when
the background hydrogen gas pressure is properly adjusted
(~107* Pa), a so-called “artificial radiation belt” forms,
consisting of an annulus of anisotropic energetic electrons
(E; ~1-10 keV > E)). By increasing the gas pressure,
the plasma density increases while the density of energetic
electrons decreases. Measurements at many regions in the
plasma are made by movable probes [18].

When the newly-installed tungsten mesh is biased nega-
tively, a net radial current is induced, and the equilibrium
electrostatic potential decreases in a manner similar to the
recent report by Saitoh and co-workers [21]. With positive
bias, no equilibrium changes were observed as was also
reported by Saitoh. Defining the magnetic field by the
azimuthal angle, magnetic flux, and scalar potential, B =
V¢ X Vi = Vy, the plasma rotation induced by the ra-
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dial electric field is wg(y) = —aP/d¢p. Figure 1 shows
the measured equilibrium potential profile for a mesh bias
of —500 V. The various probe measurements are mapped
to magnetic field line coordinates, (L, ¢, s) — (My/ i, &,
[dx/B). When plotted as a function of the equatorial
radius, the potential scales as ® o 1/L. This implies
rigid plasma rotation about the dipole axis. For the con-
ditions in Fig. 1, wg/27 =~ 19 kHz and is apparently
constant (since ¥ = My/L, with My = 1.7 X 1073 Tm?
being the full-current dipole moment for CTX). The ra-
dial current is proportional to the plasma rotation rate
and a weighted, field line integrated Pedersen conductivity,
1 =87My3,0® /0, where 3,= [dyo,|Vyl*/B?/
[ dxIVy|?/B?. Since wp appears constant, so is % ,. For
this to happen, the local cross-field conductivity, o, must
have a form related to the magnetic geometry. We find the
overall level of the radial current, ~2 mA, is consistent
with a conductivity due to ion-neutral collisions, o, =
nM,v,,/B?, with measurements of the plasma density, n
at the edge, and the measured neutral pressure. While the
variation of the ion-neutral collision frequency within the
plasma is not known, if it were constant v;, ~ 500 s~ !,
then rigid rotation occurs when the equatorial plasma
density scales with the radius as n o« 1/L°. Measure-
ments of the ion saturation current at the outer regions of
the plasma, shown in Fig. 1(b), are not too different from
this profile. These measurements are also steeper than the
local criterion for marginal stability, n « 1/L*. For the
experiments reported here, the power required to maintain
plasma rotation was 1-2 W.

When the tungsten mesh is biased sufficiently negative,
electrostatic fluctuations appear that we identify as the
centrifugal interchange instability. No instabilities are
found with positive bias, consistent with the absence of
an enhanced radial electric field. The fluctuations are mea-
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FIG. 1. Equilibrium profiles of the (a) floating potential and
(b) ion saturation current measured with and without external
bias. In (b), the marginally stable profile for the centrifugal
mode, n o 1/L*, is superimposed.

sured in the same way that was used to identify interchange
instabilities driven by energetic electron pressure [18]. We
find the rotationally driven fluctuations have very different
characteristics, and they are easily distinguished from the
instability driven by energetic electrons. The frequency is
near (but slightly above) the plasma rotation rate, wg
(instead of the fast magnetic drift frequency of the ener-
getic electrons, w /27 > 0.1 MHz); the amplitude of the
fluctuations are 1-2 V (about 20—-50 times smaller than the
amplitude of the energetic electron interchange), and the
spectrum of the saturated instability evolves slowly as the
equilibrium evolves (and periodic bursting is not ob-
served). The most intense centrifugal instabilities occur
as the density of the neutral gas is adjusted higher as
well as when the strength of the magnetic dipole is low-
ered. These adjustments reduce the pressure of energetic
electrons and lead to faster rates of plasma rotation.

Figure 2 shows a short, ~0.12 s, interval during a dis-
charge when the level of external mesh bias increases from
—250 to —400 V. As the bias increases, the spectral char-
acteristics and azimuthal structures of the fluctuations
evolve as measured by two probes separated by A¢ =
90°. At low and moderate biases, Fig. 2(b), the fluctuations
are nonsinusoidal with a dominant m = 1 azimuthal mode
structure. As the bias level further increases, the azimuthal
flow measured using a two-side probe (i.e., a ‘“Mach
probe”) shows a sharp increase and the fluctuations
transition to higher frequency and have a m =2 azi-
muthal structure, Fig. 2(c). The measured phase difference
between the probes shows that the electrostatic fluctuations
rotate in the same direction and near the same speed as the
plasma, wg.

The electrostatic structure of the fluctuations is mea-
sured by performing a correlation analysis with the mov-
able high-impedance floating potential probes [18]. The
nonequilibrium potential is measured by comparing corre-
lations at a specific frequency, w,,, to the definition,
DL, ¢,5,1)=3,,Re{®,,(L) X exp[i(mep + k, L — w,,1)]}.
Although the amplitude may change slowly, the radial
structure of the centrifugal interchange, (~I)m(L), does not
change significantly in time. No phase or amplitude varia-
tions were detectable between two probes located at differ-
ent s on the same field line as expected for a flute mode.

Figure 3 shows the measured radial mode structure for
the three lowest azimuthal modes, m = 1, 2, 3. The data
represent the average amplitude relative to a fixed refer-
ence probe located at L = 55 cm computed. The radial
profile of the normalized magnitude of the two-probe
correlation function has a broad structure and depends
weakly on the azimuthal mode number. For all three
modes, the radial structure extends smoothly from the
inner region, L ~ 0.27 m, where hot electrons are created
at the microwave cyclotron resonance, out to a radius near,
but just within, the outer vacuum vessel wall, L ~ 0.67 m.
The radial phase, not shown here, has a significant ~ /2
radial phase shift for the dominant m = 1 mode. This

175002-2



REVIEW LETTERS

week ending
6 MAY 2005

PRL 94, 175002 (2005) PHYSICAL

250

N 200

==

X 150

= 150,

g

('S

z

g .

om

* .i.‘.‘j:i_ I SR

§ o[ b T TR T

= / {c) |

W)
\
Y

(b) — -
Probes WW
Probe 4 W %
0.0 0.5 1.0 185 2.0 Time (ysec)
e
%2 (X} m=2
E™ o4 m=3
< 02
0 100 200 | 300 | doo | 500

(C) > - Froquency {(kHz)

Probe 5 |

Probe 4

0.8 Time (usec)

0 I1(“}! I 200 ‘30‘0 o ‘40‘0 ‘ ISIID
Fraquency (kHz)

FIG. 2. Measurements of electrostatic fluctuations as mesh

bias and plasma rotation increase. At moderate rotation (b),

the fluctuations are nonsinusoidal but possess an m = 1 azimu-

thal structure. At stronger rotation (c), the fluctuations saturate

with a continuous m = 2 structure.

indicates the potential fluctuations have an azimuthal ““spi-
ral” structure. For the time intervals when the correlation
measurements are taken, this broad, spiral structure ap-
pears to rotate rigidly in time.

In order to interpret the observed centrifugal instability,
we have modified a nonlinear, self-consistent numerical
simulation [17,18]. Since the plasma undergoes rigid rota-
tion, the modification required to model the centrifugal
interchange instability is easily implemented when the
evolution equations are expressed in the plasma’s rotating
frame. In this frame, only the equation for cold ion dynam-
ics changes. Using previous notation [17,18], the number
of ions within a tube of unit flux, N;(i, ¢, t), evolves in
time due to the net flux of ions caused by density-weighted,
field line averaged particle drifts,

a;\t/i N %[cNi<wg(¢) - g ~ K gﬂ

where w, () = —0.58w%/w}; > L? is the net ion drift due
to the centrifugal force. The centrifugal force varies along a
field line and reverses sign as the field line approaches the
magnetic poles. However, these variations are irrelevant for
the electrostatic interchange mode. It evolves according to
the motion of plasma contained within entire flux tubes.
Interchange motion in a dipole is an example of fluid
dynamics in only two dimensions, (¢, ¢). The Coriolis
correction proportional to wg/w,.; ~0.03 < 1 and can
be ignored. The ion polarization terms are kg, =~
0.66/(wy;¥) and k, = 0.77¢/ w};, where w; is the ion
cyclotron frequency at the equatorial plane of a field line.

Starting from a specified initial condition, the simulation
explicitly solves for the time evolution of multiple, charged
fluids (i.e., the ions and a collection of energetic electron
populations) that are defined on a (¢, ¢) grid and interact
nonlinearly through a perturbed electrostatic potential, ®.
The system is entirely closed (i.e., no particles are lost or
added), and ® vanishes at the surfaces of the vacuum
vessel and the dipole magnet. Interchange stability is de-
termined by the rotation rate, wp, the fraction of energetic
electrons, a(iy), and the initial plasma profile, N;(¥).
Additionally, a small nonresonant dissipation is added to
damp potential fluctuations. Dissipation is needed to ex-
plain the nonlinear phenomena of “frequency sweeping”
that has been observed in CTX [17-19].

The initial conditions selected to model the observations
reported here are similar to those reported previously
[18,19] except the energetic electron pressure was reduced,

-
o

2 o
o o

A o
o o

Correlation Relative Amplitude (AU)

o
=}

-
o

20 30 40 50 60 70
Equatorial Radius (cm)

FIG. 3. Measurement of the normalized magnitude, ®,,(R) of
the electrostatic fluctuations measured using multiple-probe
correlations. The lowest three azimuthal modes, m = 1, 2, and
3, are shown. Solid lines are simulation results.
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FIG. 4. Computed variation of the interchange mode structure
as the fraction of energetic electrons, «, and the plasma rotation
rate, wg, changes. Only the regimes dominated by m = 1 and 2
are seen experimentally.

reflecting the effects of higher neutral gas pressures and
reduced dipole field. The average magnetic drift frequency
of the energetic electron energy was halved, and the frac-
tion of hot electrons, «, ranged from 5% to 20%.

As the centrifugal drive, w,, increased and the energetic
electron fraction decreased, the nature of the interchange
instability changed significantly. For « ~ 0.05 and rapid
plasma rotation, wg/ w4, > 0.2, the most unstable inter-
change mode has a short wavelength, m = 4, and grows
with nearly zero real frequency in the rotating frame. This
mode represents the “ideal” rotational interchange [5]
with a linear growth rate, vy, given by y* = w;@,d(InN;)/
d(Ini). As the rotational drive is reduced or when the
energetic electron population increases, the azimuthal
mode number, m, decreases and the interchange mode
acquires a real frequency in the direction of the electron
magnetic drift. A localized linear theory of the interchange
mode interacting with a distribution of deeply trapped
electrons shows the real frequency results from electron
drift resonance [20]. When a = 0.2 and wg/27 =
19 kHz, the mode frequency is approximately 7 kHZ in
the rotating frame or 26 kHz in the laboratory frame. As «
increases further, the interchange mode rotates more
quickly and the fastest growing mode is dominated by
m = 1. Figure 4 summarizes the computed interchange
mode structures as a function of wz and «. It is noteworthy
that the rate of ion circulation within the perturbed electro-
static potential is relatively slow (~50 Hz) compared with
the rate of plasma rotation and production.

The simulation reproduces the measured radial struc-
tures of the centrifugal interchange mode. This is shown in
Fig. 3 by the solid lines superimposed with the correlation
measurements. We believe the remarkably good agreement
is a general consequence of solutions to Poisson’s equation
that take into account the dielectric properties of plasma
confined by a dipole magnetic field. This was first noted for

the electron pressure-driven mode [18]. Indeed, the broad
mode structures of both the fast, v ~ mw,,, energetic
electron mode and the much slower, w ~ mwg (and lower
amplitude), centrifugal mode are similar. The main differ-
ences are that the centrifugal mode is broader and has a
weak spiral structure, reflecting its different source of field
line charging.

In summary, we report the first experimental observa-
tions of the centrifugally driven interchange mode in a
magnetized plasma. The CTX plasma has a steep density
profile that becomes unstable when made to rotate. The
modes have a broad radial structure and have low azimu-
thal mode number, m. As the rate of plasma rotation
increases and with reduced energetic electron fractions,
the dominant mode increased from m =1 to 2. A self-
consistent simulation reproduces the observed mode struc-
ture. Observations of interchange-induced transport and
the interaction between the centrifugal and energetic elec-
tron modes are described elsewhere [20].
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