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The centrifugally driven electrostatic interchange instability is excited for the first time in a
laboratory magnetoplasma. The plasma is confined by a dipole magnetic field, and the instability is
excited when an equatorial mesh is biased to induce a radial current that creates rapid axisymmetric
plasma rotation. The observed instabilities appear quasicoherent in the lab 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. The mode structure is measured using a
multiprobe correlation technique as well as a novel 96-point polar imaging diagnostic which
measures particle flux along field lines that map to the pole. Interchange instabilities caused by hot
electron pressure are simultaneously observed at the hot electron drift frequency. Adjusting the hot
electron fractiona modifies the stability as well as the structures of the centrifugally driven modes.
In the presence of larger fractions of energetic electrons,m=1 is observed to be the dominant mode.
For faster rotating plasmas containing fewer energetic electrons,m=2 dominates. Results from a
self-consistent nonlinear simulation reproduce the measured mode structures in both regimes. The
low azimuthal mode numbers seen in the experiment and simulation can also be interpreted with a
local, linear dispersion relation of the electrostatic interchange instability. Drift resonant hot
electrons give the instability a real frequency, inducing stabilizing ion polarization currents that
preferentially suppress high-m modes. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1888685g

I. INTRODUCTION

Interchange instabilities occur in a variety of natural and
artificial situations, including the gravitational Rayleigh–
Taylor instability found in theF-layer of the ionosphere1 and
the pressure-driven interchange instability found in magnetic
confinement configurations.2 The interchange instability
mixes plasma while minimizing changes in the magnetic
field, and its nonlinear evolution causes plasma transport.
For example, curvature-driven interchange instabilities in
plasmas confined by shear-free magnetic fields were ob-
served in the outer region of multipoles3 and, more recently,
in steady current-free plasma discharges created in a purely
toroidal magnetic field. In the later case, the structure of the
interchange mode evolved into a rotating electrostatic dipole
vortex4 that transported mass, energy, and charge.5

The centrifugally driven interchange instability plays an
especially important role in the Jovian magnetosphere since
interchange mixing is likely to be the mechanism for out-
ward transport of approximately one ton of ionized matter
each second fromIo, an inner moon.6,7 Satellite measure-
ments form a consistent estimate of the mean mass outflow
velocity,8 and small “empty” flux tubes have been
detected9,10 that may represent the buoyant, inward-moving
return flux. Although the centrifugal interchange instability
has been modeled theoretically11–13 and computationally,14

the spatial structures15 and particle interactions16 of centrifu-
gal interchange dynamics are still poorly understood.

Although the centrifugal interchange has not been inves-
tigated in a laboratory plasma, the interchange driven by en-
ergetic electron pressure has been studied in detail,17–21 and
the structure of the electrostatic mode documented.19 As will
be described, energetic electrons influence the centrifugally
driven interchange in the experiment. Energetic particles are
also an important constituent in the magnetospheres of the
gas giants. We characterize the structure of the centrifugal
interchange instability with a parameter equal to the ratio of
the ion centrifugal drift frequencyvg to the magnetic drift
frequency of the relevant energetic particlesvdh. For a given
ionic massMi and energetic electron energyEh the ratio
of the drift frequencies arevg/vdh~ s 1

2MivE
2L2d /3Eh, where

L is the equatorial radius of the field line andvE is the
azimuthal plasma rotation frequency. For the experiments de-
scribed here,vg/vdh,1/100 susing Eh/Mi ,5 keV/amud;
whereas, the same ratio for Saturn is 1/55; for Jupiter is
1/45; and for Earth is 2310−5. sThe Earth’s rotation is suf-
ficiently slow that gravity dominates over the centrifugal
force.d Although the plasma beta in our experiment is much
lower than in either Jupiter’s or Saturn’s magnetosphere, we
believe our findings of the electrostatic centrifugal inter-
change instability may be relevant to the dynamical pro-
cesses of rapidly rotating giant magnetospheres.

Plasma rotation is known to excite instability. Apart
from the centrifugal interchange instability, the magnetorota-
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tional instability,22 thought to be important in differentially
rotating stars and accretion disks, for example, is excited
when magnetic fields destabilize differential rotation in elec-
trically conducting flows. Parker instabilities and Kelvin–
Helmholtz instabilities can also effect the stability of cen-
trifugally confined plasmas.23–25

Rotation is also important for its confinement properties.
Efforts to use centrifugal forces from supersonic plasma ro-
tation to modify magnetic confinement for thermonuclear fu-
sion devices is under way.26,27 Stability depends largely on
how rapidly the plasma is rotating and on the velocity shear
of the rotation profile. Cross-field velocity shear can stabilize
interchange modes in magnetized plasmas. We believe it is
significant that in the observations reported here, the plasma
rotation profile appears to have little or no shear and rotates
rigidly.

In this paper, we report the first laboratory observation of
the centrifugally driven interchange instability and its ob-
served mode structure. The observations were made using a
laboratory terrella device, the collisionless terrella
experiment28–31,19–21sCTXd that was modified with an axi-
symmetric tungsten mesh placed at the equator of the dipole
electromagnet. When the mesh is negatively biased with re-
spect to the outer vacuum vessel wall, the resulting radial
current produces a rapid azimuthal plasma rotation and an
outward centrifugal force on the plasma. Movable probes
show the plasma has a nearly rigid azimuthal rotation and a
steep radial density profile. Using a multiprobe correlation
technique19 and a new polar imager array, the radial and
azimuthal structures of the instability are measured 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. Ad-
ditionally, theoretical and numerical models suggest that
these fast electrons explain the dominance of long wave-
lengths for the centrifugal instability observed in the labora-
tory.

The outline of this paper is as follows. Section II de-
scribes the CTX used to observe the centrifugal interchange
instability. Here, we also describe the floating potential probe
measurements and the frequency-domain correlation method
used to reconstruct the radial, azimuthal, and field-aligned
mode structure. The equatorial mesh used to bias the inner
field lines with respect to the outer wall and spin up the
plasma is also described, along with the rotating equilibrium
established during negative bias. Section III summarizes the
observations of the centrifugally driven interchange instabil-
ity in a laboratory dipole plasma. The interaction of the
modes with the hot electron instability is described as well as
the multiprobe correlation analysis used to measure the in-
stability mode structure. Section IV gives mode structure
measurements from both the correlation technique and the
polar imager. Low azimuthal modes are dominant and the
harmonic componentsm=1, 2, and 3 are described. The in-
terchange mode is flutelike, radially broad, and rotates with a
rigid spiral phase structure. Section V summarizes compari-

son of the experimental observations with linear theory and
describes the self-consistent nonlinear simulation used to in-
terpret the measurements. The small change to the simulation
code, from that used in previous studies,19 needed to model
the electrostatic centrifugal interchange is described. The
simulation reproduces measurements of the radial mode
structure, overall amplitude, and the observed effect of hot
electrons. Finally, we summarize our results and describe
some on-going efforts that will further investigate inter-
change motion in dipole magnetic fields.

II. EXPERIMENTAL METHODS

Figure 1sad shows a schematic of the CTX device. The
CTX plasma is produced with injection of 1 kW of 2.45 GHz
microwave power. The electron cyclotron resonance heating
sECRHd and energetic electron production rate are known to
be spatially localized near the fundamental cyclotron reso-
nance at the dipole’s equator. Typically, the microwave heat-
ing pulses last about 0.7 s, and the energetic electron pres-
sure is adjusted by changing the background hydrogen gas
pressures,10−4 Pad. The CTX device consists of an ultra-
high vacuum chamber, 140 cm in diameter, and a mechani-
cally supported dipole electromagnet. A stainless steel enclo-
sure electrically grounded to the chamber wall surrounds the
magnet, which has a maximum magnetic field strength at the
face of the terrella of 15 kG and decreases to 50 G at the
vessel wall.

Electrostatic fluctuations are measured by five high im-
pedance floating potential probes located at various positions

FIG. 1. sad A schematic of the CTX vacuum chamber, depicting the mag-
netic field lines, equatorial mesh biasing array, several movable probes, and
the polar current detector array. The location of the fundamental ECRH
resonance is indicated by the dotted line. Photographs of the equatorial bias
meshsbd and the polar detector arrayscd are also shown.

055703-2 Levitt et al. Phys. Plasmas 12, 055703 ~2005!

Downloaded 02 Mar 2007 to 128.59.151.80. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



in the vacuum chamber. Each probe tip consists of a 1 mm
stainless steel wire connected to a 100 kV resistor and 50V
coaxial cable contained within a ceramic tube. The fluctuat-
ing signals from the probe are amplified with impedance-
matched wide-bandwidth amplifiers and digitized with high-
speed, 8 bit digitizers. These probes can be repositioned
radially to examine either potential fluctuations at different
positions on the same field line or fluctuations on different
field lines separated radially or separated azimuthally by 90°
or 180°.

The tungsten filament bias-control system is an array of
six tungsten meshes, distributed equatorially onto an insulat-
ing shell mounted onto the terrella. The meshes can be indi-
vidually biased but in these studies only axisymmetric poten-
tials were applied. A photograph of the biasing system is
shown in Fig. 1sbd. The bias cap itself is built from a spun
stainless steel dish plasma-spray coated with 12 mil thick-
ness of alumina to prevent current flow along field lines to
the magnetic poles. Such a coating insulates to roughly 4–5
kV and is compatible with ultrahigh vacuum operation.

On the conical part of the insulated biasing cap sits a
polar imaging diagnostic, shown in Fig. 1scd, which consists
of 96 gridded particle detectors. The apertures for these de-
tectors are 1 cm2, and are distributed uniformly on a rectan-
gular grid in the natural, magnetic flux coordinatessw ,cd.
The detector provides a good approximation to the bounce-
averaged phase-space distributionF by measuring the flux of
energetic electrons scattered to the poles as a result of
electron-neutral collisions. The signal collected by the detec-
tors is the particle flux integrated along flux tubes. Each sig-
nal is digitized by high-speed high-bandwidth transient re-
corderss1MHz, 14 bitd through transimpedance amplifiers.
The detectors have three biasing grids as well as a current
collector plate. The grids are typically biased at +500 V to
repel ions, up to −2 kV to analyze the electron energy, and
−9 V to suppress secondary electrons from the collector. The
radial extent of the volume collected by the imaging diag-
nostic extends from the innermost flux surface to the outer-
most surface that does not contact the outer vacuum vessel.

A. Biased equilibrium

Upon application of a negative bias to the equatorial
mesh array in the range of −100 to2600 V, significant modi-
fications to the plasma equilibrium occur, as shown in Fig. 2.
Floating potential measurements are plotted versus equato-
rial radius and show a clear increase from the unbiased to the
biased case. The probes begin to destructively limit the
plasma at around 45 cm, but we plot the inner boundary
condition at the location of the bias array and infer that the
potential increases up to this value. The equilibrium poten-
tial, F, has a 1/L dependence, whereL defines the equatorial
radial distance. The magnetic field is defined by the azi-
muthal angle, magnetic flux, and scalar potential,B= =w
3 =c= =x, and a constantE3B frequency, vEscd=
−]F /]c, of ,19 kHz across the plasma volume is calcu-
lated from the measured potential and the ideal dipole mag-
netic field, shown in Fig. 2sbd. We note that the unbiased
case shows a shear in the rotation profile as well as a reversal

in the direction of plasma rotation. This reversal has also
been confirmed with Mach probe measurement. Velocity
shear is, in general, a stabilizing force for instabilities.27

The equilibrium represented by the dashed lines in the
top two plots is calculated from the requirement of constant
radial current and Ohm’s law,J=spE, where sp

<nMinin /B2 is the Pedersen conductivity, the radial cross-
field conductivity caused by ion-neutral collisions,n is par-
ticle density number,Mi is ion mass, andnin is the ion-
neutral collision frequency, and shows close agreement with
the profiles inferred from observation. The radial current is
determined to be

I = 8pM0SpvE, s1d

whereSp is the field-line integrated Pedersen conductivity,

FIG. 2. sad Floating potential measurements with and without external bias
andsbd theE3B rotation frequency consistent with floating potential mea-
surements. The dashed lines are model predictions based on classical Ped-
ersen conductivity due to ion-neutral collisions.scd Profile of the ion satu-
ration current normalized to a fixed edge probe. The marginally stable
density profile is indicated by the dotted line.
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Sp ;
E dxspu = cu2/B2

E dxu = cu2/B2

, s2d

and M0 is the dipole magnetic moment. The current pre-
dicted from this model agrees with the measured current
,2 mA leading us to conclude that the ion current transport
processes are near classical, driven by ion-neutral collisions.
These measurements are also consistent with independent
measurements of the plasma and neutral densityn, which
determines the ion-neutral collision frequencynin. Power on
the order of 1–2 W is required to spin the plasma.

Biasing the equatorial array positively with respect to the
vacuum chamber wall has also been studied, but positive
bias does not cause plasma rotation in the region of the
plasma accessible to probe measurements. This observation
is similar to those by Saitoh and co-workers.32 In addition,
the centrifugal modes that we describe in the following sec-
tion are only observed with negative biases. This may be a
result of the negative ambipolar potential of the unbiased
plasmafsee Fig. 2sadg so that the application of a negative
bias adds to the already negative space charge potential
within the plasma. A positive bias, on the other hand, would
subtract from the unbiased floating potential, creating two
regions of oppositely directed electric fields. Most of the
potential drop would appear across a limited region near the
equatorial mesh. Positive bias results in a rotation profile
with greater shear, which stabilizes interchange modes de-
scribed here.

We also plot the ion saturation current normalized be-
tween one moving Langmuir probe and one stationary probe
in Fig. 2scd. Ion saturation current is related linearly to den-
sity. Profiles ofI isat are compared in the presence and ab-
sence of the external bias, and both edge profiles are steep.
Linear interchange theory requires an unstable density pro-
file, ]N0/]c.0 swhere N0 is the particle number per unit
magnetic flux19d, which, for a dipole, is equivalent to an
equatorial density profilensLd steeper thanL−4. Figure 2scd
also shows the marginally stable profile, indicating that both
biased and unbiased profiles are clearly unstable.

III. OBSERVATION OF CENTRIFUGALLY DRIVEN
MODES

When the equatorial mesh is biased sufficiently nega-
tively, the plasma rotates rapidly and electrostatic fluctua-
tions appear that we identify as the centrifugal interchange
instability. The fluctuations are measured in the same way
that was used to identify interchange instabilities driven by
energetic electron pressure19 called the hot electron inter-
change instability, or HEI. We find the rotationally-driven
fluctuations have very different characteristics, and are easily
distinguishable from the instability driven by energetic elec-
trons. The frequency is nearsbut slightly aboved the plasma
rotation ratevE sinstead of the much faster magnetic drift
frequency of the energetic electronsvdh,0.5 MHzd; the am-
plitude of the fluctuations is 1–2 Vsabout 20–50 times
smaller than the amplitude of the energetic electron inter-

changed; and the spectrum of the saturated instability evolves
slowly as the equilibrium evolvessand periodic bursting is
not observedd. The most intense centrifugal instabilities oc-
cur as the density of the neutral gas is adjusted higher and
when the strength of the magnetic dipole is lowered. Higher
neutral density reduces the pressure of energetic electrons,
thereby reducing the HEI instability drive, while simulta-
neously increasing the drive of the mass-driven centrifugal
instability. Magnetic field reduction leads to faster rates of
plasma rotationvE, which also increases the centrifugal
drive.

Figure 3 shows probe measurements of the centrifugal
instability from an individual experiment where the external
bias on the equatorial mesh is ramped up from 0 V to more
than −400 V. The azimuthal flow speed, as measured by a
two-sided probesi.e., a “Mach probe”d, increases with the
increasing external bias. In addition, electrostatic fluctuations
measured by floating potential probes sampling at 200 kHz
are observed upon application of the external bias, as the
plasma spins up. The time-frequency domain spectrogram of
the fluctuations is plotted, and increases in frequency with
increasing external bias on the equatorial filaments. The low-
est frequency mode is roughly 25 kHz, slightly above the
calculatedE3B frequency, with higher modes existing at
integer multiples of the fundamental. Thus, a single nonsinu-
soidal mode is observed with smaller amplitude higher har-
monics.

Figure 4 shows an interval during a discharge where the
equatorial mesh increased from −250 V to −400 V. In this
case, the magnetic field was reduced to 70% of its values
from the example shown in Fig. 3. As the bias increases, the
spectral characteristics and azimuthal structures of the fluc-

FIG. 3. sColord. Time-frequency spectrogram of interchange fluctuations
upon application of mesh bias. Also shown is the Mach probe measurement
of edge ion flow.
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tuations evolve as measured by two probes separated by
Dw=90°. At low bias, the lowest frequency mode is roughly
25 kHz, the same as shown in the previous figure, though the
fluctuations shown are from a probe sampling at 1 MHz,
instead of 200 kHz. As the bias level further increases, the
azimuthal flow measured by the Mach probe shows a sharp
increaseM ,1 and the fluctuations transition to a higher
frequency,100 kHz and have a predominatelym=2 azi-
muthal structure. The wave form of the fluctuations are
shown with an expanded time scale in Figs. 4sbd and 4scd as
well as their normalized amplitude spectra. The direction of
propagation can be obtained from the phase difference be-
tween the probes and confirms that the mode moves in the

E3B direction atvE. Probe scans across the plasma volume
indicate that the mode is rigidly rotating with a constant
angular frequency, consistent with the equilibrium model as
shown in Fig. 2.

A. Interaction with HEI

When the fraction of hot electrons is large, then the HEI
instability appears and the centrifugal instability is signifi-
cantly modified. Bursts of HEI instability are observed which
stabilize the centrifugal instability for several milliseconds.
This is most likely because the pressure profile is flattened
through HEI transport.20,21 Figure 5 shows the electrostatic
potential fluctuations during several of these events; quasip-
eriodic HEI bursts are observed and repeatedly arrest the
centrifugally driven fluctuations. Figure 5sbd shows fluctua-
tions measured simultaneously with a high-speed digitizer
and with a low-pass filter showing a single HEI burst. We
also note the period of HEI bursts decreases as the bias in-
creases. This is presumably because the centrifugal instabil-

FIG. 4. sColord. Interchange fluctuations in plasmas with fastest rotation
rates achieved by reducing the dipole magnetic field. When the applied mesh
bias becomes more negative than −400 V, the interchange mode structure is
dominated bym=2.

FIG. 5. sColord. Simultaneous observation of HEI and centrifugal modes
during a low density shot.sad The floating potential fluctuations and the
corresponding time-frequency spectrograms are shown from one probe digi-
tized at 200 kHz andsbd another probe sampling at 12.5 MHz displaying
one of the HEI instability bursts, with their characteristic frequency
sweeping.
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ity also has a stabilizing effect on the HEI, causing longer
periods required for the pressure profile to reach the stability
threshold.17

Note that the HEI modes occur on thevdh time scale, in
the ,1 MHz range. The HEI instability has been studied in
detail in the CTX experiment.29–31,19–21 The interchange
mode structure analysis performed in this paper for the rota-
tional mode was previously accomplished for the HEI.19

B. Correlation analysis

The procedure for the correlation analysis has been de-
scribed in detail previously.19 The complete electrostatic
structure si.e., azimuthal, radial, field-line structure, and
mode amplitude profiled of the fluctuations can be obtained
using this analysis. Five movable high impedance floating
potential probesswith 100 kV tipsd located at various posi-
tions within the plasma are used for the analysis. Cross-
correlation analyses of combinations of probe pairs and a
fixed “reference” probe yield mode structure information.
The mode structure we present is that of them=1 dominant
region simply because its larger amplitude is easier to mea-
sure; mode structures of them=2 region were measured and
are qualitatively similar.

The radial coordinate for a field line is its equatorial
distanceL. Distance along a field line is labeled bys, and the
azimuthal coordinate isw. The measured probe position is
mapped to its equivalent magnetic coordinate,sL ,w ,sd
→ sM0/c ,w ,edx /Bd, by numerical computation. The quan-
tities to be measured are expressed in terms of a modal pre-
scription for the voltage measured by a probe located at
sL ,w ,sd,

FsL,w,s,td ; o
m

RhFmsL,tdexpfismw + kLL − vmtdgj.

s3d

The amplitude,Fm changes slowly in time, but we find it
does not change in spatial structure. We also find theuFu
does not change significantly withs along a field line over
the region accessible with the probes. These observations
justify the modal prescriptiona posteriori.

When the digitized signals from two probes are Fourier
transformed, the transform of the correlation between two
probesCs1,2d is expressed as the product of one probe sig-
nal with the complex conjugate of the second. In terms of the
modal prescription, this correlation is

Cn,ms1,2d < Fn,msR1dFn,m
* sR2d

3expfismDw + kiDs+ kRDRdg. s4d

Since Ds=s1−s2 and DR=R1−R2 are known, the phase of
the correlation can be used to determinem,ki, andkR.

IV. MEASUREMENT OF GLOBAL MODE STRUCTURES

This section presents measurements of the global mode
structure of the centrifugally driven interchange instability
observed in the CTX device using two different methods,

with the multiprobe cross-correlation technique just dis-
cussed and with the polar imaging diagnostic described at the
end of Sec. II.

A. Mode structure from multiprobe correlation

When two probes are located on the same field line,
Dw=DL=0, and the variation of the potential along the field
line can be directly measured. Phases of the correlation func-
tion calculated between two such probes confirm the flutelike
nature of the observed mode, andki ,0 within the accuracy
of measurements,ukiDsu, ±10°.

The azimuthal mode number shown in Figs. 4sbd and
4scd is obtained from the phase of the correlation function of
two probes separated only in azimuthal angle, i.e.,DL,Ds
,0, andDw=90°. As mentioned, the lowest frequency, larg-
est amplitude mode in the low bias region is identified as the
m=1 mode, with higher harmonics of gradually decreasing
amplitude, while the higher bias region is characterized by a
largem=2 mode.

The radial profiles of the amplitude and phase for the
three lowest azimuthal components are shown in Figs. 6 and
7.

In Fig. 6, the radial profile of the normalized magnitude
of the two-probe correlation function shows the radial struc-
ture to be broad and to depend on the azimuthal mode num-
ber, with lower m modes being broader generally. In all
cases, the mode structure extends from the edge to the inner
hot electron region, and they are not localized to particular
flux surfacessprobes can only go in as far as the ECRH
resonance location, whereupon their presence prevents
plasma productiond. In addition, little time dependence is
observed in these normalized profiles, although the relative
amplitudes of one mode with another are observed to vary in
time.

In Fig. 7, the phases of the three lowestm numbers are
shown with each radial location representing averages of
several shots having the movable probe at different positions.
In Fig. 7sad the dimensionless total phasesmDw
+kLDLd /2p is plotted versus radius. At roughly 55 cm both
probes are at the same location,DL=0, where there is zero
radial phase. Thus, the azimuthal mode number can be mea-
sured at this locationssee dashed linesd. Away from this lo-
cation, nonzero radial phases are measured for all modes,
contrary to the pressure driven modes which are character-
ized bykr ,0.19 In Fig. 7sbd just the radial phasescomputed
by subtracting the azimuthal phased of the m51 mode is
plotted in radians. A radial phase shift of nearlyp /2 is seen
between 55 cm and roughly 36 cm and is observed for all
three modes, indicating a spiral radial structure for the elec-
trostatic modes. Data are plotted for three different times and
we observe no apparent time dependence in the phase. Fig.
7scd shows a snap-shot of them51 mode as reconstructed
from the probe data.

The mode structures of the centrifugal and HEI inter-
change modes, though driven by very different processes and
on very different time scales, are surprisingly similar. It is
perhaps the case that electrostatic flutelike modes in a dipole-
confined plasma exhibit some universal characteristics relat-
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ing to their global mode structures, notably their radial struc-
tures, time independence, and rigid rotation. The only major
departure between the two cases is the radial phase structure:
constant phase, independent of radius for HEI, and a spiral
phase structure for the centrifugal mode.

B. Mode structure from polar diagnostic

In addition to obtaining the mode structure from the
multiprobe correlation technique, it is possible to use the
polar imaging array to obtain qualitatively similar results.
The array consists of 96 detectors, comprising 8 radial posi-
tions and 24 azimuthal ones. In a single slowly evolving
discharge, the entire mode structure can be observed as a
function of time, in comparison with the probe correlation
analysis swhich requires many discharges with different

probe locationsd. The polar array can also be used to con-
struct video images of polar flux dynamics, as well as time
averaged equilibrium and fluctuation contour plots, some ex-
amples of which are shown here. Interpolation for the con-
tour plots was made using a quintic interpolation scheme.

Polar diagnostic data at each radial position, consisting
of a given number of detectors, was Fourier decomposed and
represented withm=1–3 modes. A singular value decompo-
sition was performed to solve for the sinsmfd and cossmfd
coefficients of each mode, which determine the relative am-
plitudes and phases and the radial mode structure of the in-
stability at the eight radial detector position. The phases, not
shown here, indicate roughly rigid rotation at 25 kHz as well
as some radial phase shift, similar to what was measured by
the multiprobe correlation technique.

Since the centrifugal modes are quasicoherent, small
time windows<100 ms were selected to make mode struc-
ture analyses. Averages over several oscillation periods are
used for the presented data.

Figure 8 shows results from the polar imaging diagnos-
tic, with detector positions mapped to the equatorial plane
along field lines and marked by small circles. Again, results
here are shown for the low biasm=1 dominated regime. A
polar plot of the net polar electron current is shown in Fig.
8sad, with the equilibrium electron ring clearly visible. The
fluctuations for the same discharge, Fig. 8sbd, display a clear
m=1 structure with some suggestion of the spiral structure
alluded to previously; the dotted lines are contours of nega-
tive current, while the solid ones are of positive current. Fig-
ure 8scd displays the relative amplitude frequency spectrum
as measured by the polar imager; the resolution is blurred
compared with Fig. 4sbd since the fast Fourier transform
sFFTd time window sampled is small and also since it is an
average of FFTs from all of the detectors; however, the
dominant m=1 mode at,25 kHz is clearly present. The
normalized radial mode amplitude for the three lowest
modes are also plotted in Fig. 8sdd and show qualitatively
similar profiles to Fig. 6, withm=1 being the largest. As in
the correlation analysis, higherm modes are seen to be
broader and peaked at larger radii.

In comparing the mode structures from the two methods,

FIG. 6. Normalized magnitude of the correlation function between two
probes as a function of the radial position of one probe for them=1, 2, and
3 azimuthal components numbers. Solid lines are computed Fourier compo-
nents from the nonlinear simulation.

FIG. 7. sColord. sad Total phase of the correlation function between two
probes as a function of the radial position of one probe for the three lowest
harmonics.sbd The radial phase for them=1 mode at three different times
during a discharge. Solid line is the result of numerical simulation.scd Re-
constructedm=1 component of the interchange mode.
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we note that they are derived from different fluctuation
sources. The probe measurements describe the structure of
the floating potential oscillations; whereas, the polar detector
array measures fluctuations of the polar electron current.

V. COMPARISON WITH THEORY

To model our observations of the centrifugal mode and
its complex interaction with hot electrons, comparison with
both linear theory and a nonlinear simulation were under-
taken. The linear dispersion relation of interchange instabili-
ties driven by both pressure due to a distribution of hot elec-
trons and centrifugal forces was derived in dipole flux
coordinates. The nonlinear behavior of the combined inter-
change instabilities is studied by modifying a self-consistent
numerical simulation originally written to study the HEI in-
stability. In general, both methods find that short wave-
lengths are driven unstable by the purely rotational drive,
while the HEI drive can excite different wavelength modes
depending on the magnitude of the drive: for low drives,
long wavelength modes are most unstable. This is the regime
that is observed in all of the HEI and rotational mode studies.
It is shown that finite temperature effects add a real fre-
quency to the modes which induce polarization currents

which tend to stabilize higherm modes. The nonlinear simu-
lation also reproduces the radial mode structure.

A. Linear theory

To facilitate the calculation of the linear dispersion rela-
tion, the following assumptions were made. Since micro-
wave absorption at the electron cyclotron resonance only
heats electrons, the ions are cold, and plasma pressure results
from a fractionascd of energetic deeply-trapped electrons.
The dipole magnetic field causes these energetic electrons to
precess at a rate proportional to their kinetic energyvdh

~mB/c with m being the electron magnetic moment and an
adiabatic invariant during slow interchange motion. Further-
more, since the trapped electrons have a distribution of en-
ergiesGsmd they create wave-particle resonances,28 and in-
terchange instabilities acquire a real frequency. The
experimentally relevant slocalizedd linear dispersion
relation31 for the interchange instability due to both centrifu-
gal and pressure drives is

Dsv,md < 1 +
m2

m'
2 FGg

2

v2 +E dm
Gh

2Gsmd
vsv − mvddG , s5d

where the centrifugal instability interchange rateGg and the
rate driven by trapped energetic electronsGh are

Gg
2 = vcivgS c

Ni
D ]Ni

]c
,

Gh
2 = 1.5vcivdhsmdS c

Ni
D ]sNiad

]c
.

The ratiom/m' is the ratio of the azimuthal mode number
to a dimensionless perpendicular wavelength,m'

2 <m2

+0.58skcLd2, that includes the radial variation of the mode
structure. Whena→0, the centrifugal interchange is un-
stable whenever the particle number within a unit flux tube
increases inward to the dipole magnet,]Ni /]c.0 sor when
the density profile is steeper thann~1/L4d, as explained by
Melrose.6 Whenvg→0 and when the electrons are monoen-
ergetic,Gsmd=dsm−m0d, the interchange instability appears

FIG. 9. sColord. Computed variation of the interchange mode structure as
the fraction of energetic electronsa and the plasma rotation ratevE changes.
Only the regimes dominated bym=1 andm=2 are seen experimentally.

FIG. 8. sColord. Measurements using the polar imaging diagnostic.sad Equi-
librium and sbd fluctuations of the polar electron current. The small round
circles indicate the detector locations insad. scd The frequency spectrum
averaged over all detectors.sdd Radial profiles of the normalized amplitude
for the three lowest azimuthal components of the fluctuating endloss current.
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with a real frequencyv=mvdhsm0d /2 whenever the energetic
electron pressure gradients exceed a threshold,Gh

2sm0d
.m'

2 vdh
2 /4, as explained by Krall.17 When the distribution

of energies has an exponential form, e.g.,Gsmd~e−m/m0, the
integral in Eq.s5d can be expressed in terms of an exponen-
tial integral function, while making use of Landau’s method
to preserve causality for complexv. This form best repre-
sents the experiment.

When the centrifugal drive is combined with a pressure
drive from a distribution of energetic electrons, then the low
azimuthal mode numberm observed for the centrifugal inter-
change instability can be explained. With a low bias, the
rotational drive is small, and HEI drive is, comparatively,
larger. In this regime, lowm modes are seen to be most
unstable. As the bias increases, the rotational drive increases,
and a regime wherem=2 is most unstable is attained.

This interpretation is strengthened by the fact that the
m=2 regime is only observed when the dipole magnet cur-
rent is reduced. Lowering theB field has the combined effect
of increasing theE3B frequency and thus the rotational
instability drive, as well as moving the ECRH resonance
location from inside the plasma volume onto the suspended
terrella itself, thereby reducinga and the HEI drive. With the
magnet power reduced to 70%sFig. 4d, application of large
external bias resulted in a phasing out of them=1 dominated
regime and an emergence of anm=2 dominated one. In con-
trast, at 100%B sFig. 3d only the strongm=1 regime is ob-
served.

B. Nonlinear simulation

In addition to the linear theory, we have modified a non-
linear, self-consistent numerical simulation in order to inter-
pret the observed rotational instabilities. This simulation is
described fully elsewhere31,19 and reproduces the observed
modes. The simulation explicitly solves for the evolution of
cold ion and energetic electron number densities and the
electrostatic potentialF on the sc ,wd plane. sc ,wd are si-
multaneously the canonical coordinates of the electrons’
guiding-center drift Hamiltoniansi.e., the electron phase
spaced and the magnetic coordinates of the dipole,B= =c

3 =w.33 PlasmaE3B drifts, ion polarization and centrifu-
gal drifts, and energetic electron magnetic drifts determine
particle dynamics, and Poisson’s equation in magnetic coor-
dinates determines the nonlinear evolution of the potential.

Since the plasma undergoes rigid rotation, the modifica-
tion required to model the centrifugal interchange instability
is easily implemented when the evolution equations are ex-
pressed in the plasma’s rotating frame. In this frame, only the
equation for cold ion dynamics changes. Using previous
notation,31,19 the number of ions within a tube of unit flux,
Nisc ,f ,td, evolves in time due to the net flux of ions caused
by density-weighted, field-line averaged particle drifts,

]Ni

]t
+

]

]f
FcNi

Svgscd −
]F̃

]c
− kf

]F̃
˙

]f
DG

+
]

]c
FcNi

S ]F̃

]f
− kc

]F̃
˙

]c
DG = 0, s6d

where vgscd<−0.58vE
2 /vci

* ~L3 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, and
the mode is an example of fluid dynamics in only two di-
mensionssc ,fd. The Coriolis correction is proportional to
vE/vci,0.03!1 and can be ignored. The ion polarization
terms arekf<0.66/svci

* cd andkc<0.77c /vci
* , wherevci

* 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 si.e., the ions and a collection of energetic electron
populationsd that are defined on asc ,fd grid and interact

nonlinearly through a perturbed electrostatic potentialF̃.
The system is entirely closedsi.e., no particles are lost or

addedd, andF̃ vanishes at the surfaces of the vacuum vessel
and the dipole magnet. Interchange stability is determined by
the rotation ratevE, the fraction of energetic electronsascd,
and the initial plasma profileNiscd. Additionally, a small
nonresonant dissipation is added to damp potential fluctua-
tions. Dissipation is needed to explain the nonlinear phenom-
ena of “frequency sweeping” that has been observed in
CTX.31,19–21

The initial conditions selected to model the observations
reported here are similar to those reported previously19–21

except the energetic electron pressure was reduced, reflecting
the effects of higher neutral gas pressures and reduced dipole
field in the experiment. The average magnetic drift frequency
of the energetic electron energy was halved, and the fraction
of hot electrons,a, ranged from 5% to 20%.

The simulation produces a global mode dominated by
low m numbers, characterized by dramatic ion mixing and a
flattening of the ion density profile. With lower instability
drive slower rotation frequencyd m=1 is seen to dominate but
higher modes become larger with increasing rotation fre-
quency. As the centrifugal drivevg increased and the ener-
getic electron fraction decreased, the nature of the inter-
change mode changed significantly, similar to observation.
For a,0.05 and rapid plasma rotation,vE/vdh.0.2, the
most unstable interchange mode has a shorter wavelength,
m=4, and grows with nearly zero real frequency in the ro-
tating frame. This mode represents the “ideal” rotational
interchange6 with a linear growth rateg given by g2

<vcivgdsln Nid /dsln cd. As the rotational drive is reduced or
when the energetic electron population increases, the azi-
muthal mode numberm decreases and the interchange mode
acquires a real frequency in the direction of the electron
magnetic drift. A localized linear theory of the interchange
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mode interacting with a distribution of deeply trapped elec-
trons shows the real frequency results from electron drift
resonance34 ssee Sec. V Ad. Whena=0.2 andvE<19 kHz,
the mode frequency is<7 kHz in the rotating frame, or 26
kHz in the lab frame, just as is experimentally observed in
Fig. 4. As a increases further, the interchange mode rotates
more quickly and the fastest growing mode is dominated by
m=1. Figure 9 summarizes the computed interchange mode
structures as a function ofvE and a. The ion polarization
currents induced by the real frequency also stabilizes higher
m modes more strongly and, as such, is important in repro-
ducing the unstable lowm modes in the simulation.

In addition, the simulation reproduces the measured ra-
dial structures of the centrifugal interchange mode. This is
shown in Fig. 6 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.19 Indeed, the
broad mode structures of both the fast,v,mvdh, energetic
electron mode and the much slower,v,mvE sand lower
amplituded, centrifugal mode are similar. The main differ-
ence is that the centrifugal mode is broader and has a “spiral”
structure, characterized by thep /2 radial phase shift, reflect-
ing its different source of field-line charging. This aspect of
the structure is also captured by the simulation, shown by the
solid lines in Fig. 7sbd.

VI. COMMENT ON INTERCHANGE TRANSPORT

Though the interaction of the centrifugally driven inter-
change instability with energetic particles and its mode struc-
ture have been observed and well correlated with linear
theory and simulation, the particle transport that must neces-
sarily result from this mode has not been studied in depth.
However, some evidence of transport has been observed
through monitoring of the density profile.

To monitor the density profile close to the core of the
plasma, soft x-ray measurements were taken, since material
probes destructively interfere with the plasma. An array of
three soft x-ray diodes focused on the inner, central, and
outer plasma regions, respectively, measuring a flattening of
the density profile in the presence of the bias relative to the
case without the bias. This observation, Fig. 10, may repre-
sent interchange transport and density profile flattening. It is

interesting that the edge probe measurements in Fig. 2 do not
show a profile change with equatorial bias. While these mea-
surements suggest plasma transport, we have not yet been
able to characterize this process fully.

VII. SUMMARY

In summary, we report the first experimental observa-
tions of the centrifugally driven interchange mode, excited in
the CTX dipole-confined plasma by inducement ofE3B
rotation with application of a radial electric field. Electric
fields are created using an equatorial mesh that protrudes into
the plasma’s inner most flux tubes and alters the plasma’s
equilibrium electrostatic potential with respect to the outer
chamber wall. The radial current is consistent with ion-
neutral transport, and rotation rates approaching sonic speeds
are observed.

The mode structures for these instabilities are dominated
by low azimuthal Fourier components and broad radial struc-
tures. The mode structures are measured using a correlation
analysis of movable high-impedance floating potential
probes located at various positions within the plasma as well
as a novel polar imager array. These structures are repro-
duced by a fully self-consistent nonlinear particle simulation
of interchange instabilities in dipole geometry. The disper-
sive properties of the global, coherent modes are modified by
the presence of the hot electron population, which causes
long wavelength modes to be more unstable: drift resonant
particles induce polarization currents which preferentially
stabilize higherm modes. Observations of both centrifugally
driven interchanges as well as interchanges driven by hot
electron pressure have been made simultaneously in the
same discharge.

Although the plasma pressure in the CTX device is
much less than found in the gas giant magnetospheres, we
believe our observations of the centrifugal interchange insta-
bility may have relevance to the confinement and particle
transport in those systems.
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