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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 fractione modifies the stability as well as the structures of the centrifugally driven modes.

In the presence of larger fractions of energetic electrnons] is observed to be the dominant mode.

For faster rotating plasmas containing fewer energetic electron®, 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 higin-modes. ©2005 American Institute of Physics

[DOI: 10.1063/1.1888685

I. INTRODUCTION the spatial structurédand particle interaction of centrifu-
gal interchange dynamics are still poorly understood.

Interchange instabilities occur in a variety of natural and  Although the centrifugal interchange has not been inves-
artificial Situations, inClUding the gravitational Raylelgh— t|gated ina |aborat0ry p|asma7 the interchange driven by en-
Taylor instability found in theé=-layer of the ionospheteind  ergetic electron pressure has been studied in détafiand
the pressure-driven interchange instability found in magnetighe structure of the electrostatic mode documenteds will
confinement conf!guratllo_r?s_.'l_'he interchange instability pe described, energetic electrons influence the centrifugally
mixes plasma while minimizing changes in the magneticyryen interchange in the experiment. Energetic particles are

field, and its nonlinear evolution causes plasma transporty s, 4 important constituent in the magnetospheres of the
For example, curvature-driven interchange instabilities Nyas giants. We characterize the structure of the centrifugal
plasmas confined by shear-free magnetic fields were o

. ; iof tﬁnerchange instability with a parameter equal to the ratio of
served in the outer region of multipofeand, more recently, lhe ion centrifugal drift frequencw, to the magnetic drift

in steady current-free plasma discharges created in a pure quuency of the relevant energetic particieg, For a given

toroidal magnetic field. In the later case, the structure of the . . .
) . . .~ . Jonic massM; and energetic electron enerdy, the ratio
interchange mode evolved into a rotating electrostatic dipole

. . Ing 2y 2
vortex' that transported mass, energy, and charge. ﬁf .thethd”ﬁ fre(iue_nlcles d?re’glfw{’;]‘m(fgl\féwlﬁl‘ VI3, \_/vhtehre
The centrifugally driven interchange instability plays an is the equatorial radius of the field line anek is the

especially important role in the Jovian magnetosphere SinCgmmuthal plasma rotation frequency. For the experiments de-

interchange mixing is likely to be the mechanism for out-SCriPed herewq/wgy~1/100 (using E,/M; ~5 keV/amy;

ward transport of approximately one ton of ionized matterVhereas, the same ratio for Saturn is 1/55; for Jupiter is

each second frono, an inner moor:’ Satellite measure- 1/45; and for Earth is £ 107°. (The Earth’s rotation is suf-

ments form a consistent estimate of the mean mass outfloficiently slow that gravity dominates over the centrifugal
velocity? and small “empty” flux tubes have been force) Although the plasma beta in our experiment is much

detecte@™ that may represent the buoyant, inward-moving'ov‘{er than in gither Jupiter’s or Saturn’s_ magne_tosphe-re, we
return flux. Although the centrifugal interchange instability Pelieve our findings of the electrostatic centrifugal inter-

has been modeled theoreticafiy”® and computationally? ~ change instability may be relevant to the dynamical pro-
cesses of rapidly rotating giant magnetospheres.

Tpaper NI2 3, Bull. Am. Phys. S0d9, 250 (2004). Plasma rotation is known to excite instability. Apart
Pinvited speaker. Electronic mail: bl187@columbia.edu from the centrifugal interchange instability, the magnetorota-
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Mach Probe #1

tional instability,22 thought to be important in differentially Proba #1
rotating stars and accretion disks, for example, is excited @ o 1 [
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 plasma& 2°

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 w&$:>’ 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 o L
significant that in the observations reported here, the plasma L A #
rotation profile appears to have little or no shear and rotates ) T
rigidly. O Detector

In this paper, we report the first laboratory observation of ‘ Array . o
the centrifugally driven interchange instability and its ob- ' Y\
served mode structure. The observations were made using ¢
laboratory terrella device, the collisionless terrella
experimerT’tS‘Sl’lg‘ﬂ(CTX) 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 aR{G: 1. (@ A schematic of the CTX vacuum chamber, depicting the mag-
outward centrifugal force on the plasma. Movable probe netic field lines, equatorial mesh biasing array, several movable probes, and
9 p : p %he polar current detector array. The location of the fundamental ECRH

show the plasma has a nearly rigid azimuthal rotation and gsonance is indicated by the dotted line. Photographs of the equatorial bias
steep radial density profile. Using a multiprobe correlationmesh(b) and the polar detector arrdg) are also shown.

techniqué® 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 syste ) . . . : :
escribes the self-consistent nonlinear simulation used to in-

size. Since the plasma contains a population of energetit, tth ts. Th Il ch to the simulati
magnetically trapped electrons, the effects of coIIisionIess,erpre € measurements. The small change to the simulation

rapidly drifting particles are also studied. Both pressure-COde’ from that used in previous studiésieeded to model

driven and centrifugal-driven interchange modes can occuﬁhe ele_ctrostatic centrifugal interchange is descriped. The
during the same discharge but they modulate each other. Aé;_lmulanon reproduces measurements of the radial mode

ditionally, theoretical and numerical models suggest tha?tructure, overall amplitude, and the observed effect of hot

these fast electrons explain the dominance of long waveglectrons. Finally, we summarize our results and describe

lengths for the centrifugal instability observed in the labora->0M€ on-going effprts that W'”. fu_rther Investigate inter-
tory. change motion in dipole magnetic fields.

The outline of this paper is as follows. Section Il de-
scribes the CTX used to observe the centrifugal interchanglé' EXPERIMENTAL METHODS
instability. Here, we also describe the floating potential probe  Figure Xa) shows a schematic of the CTX device. The
measurements and the frequency-domain correlation methd@TX plasma is produced with injection of 1 kW of 2.45 GHz
used to reconstruct the radial, azimuthal, and field-alignedanicrowave power. The electron cyclotron resonance heating
mode structure. The equatorial mesh used to bias the innéECRH) and energetic electron production rate are known to
field lines with respect to the outer wall and spin up thebe spatially localized near the fundamental cyclotron reso-
plasma is also described, along with the rotating equilibriunmance at the dipole’s equator. Typically, the microwave heat-
established during negative bias. Section Ill summarizes thimg pulses last about 0.7 s, and the energetic electron pres-
observations of the centrifugally driven interchange instabilsure is adjusted by changing the background hydrogen gas
ity in a laboratory dipole plasma. The interaction of the pressure(~10“ Pg. The CTX device consists of an ultra-
modes with the hot electron instability is described as well asigh vacuum chamber, 140 cm in diameter, and a mechani-
the multiprobe correlation analysis used to measure the incally supported dipole electromagnet. A stainless steel enclo-
stability mode structure. Section IV gives mode structuresure electrically grounded to the chamber wall surrounds the
measurements from both the correlation technique and themagnet, which has a maximum magnetic field strength at the
polar imager. Low azimuthal modes are dominant and thdéace of the terrella of 15 kG and decreases to 50 G at the
harmonic componentsi=1, 2, and 3 are described. The in- vessel wall.
terchange mode is flutelike, radially broad, and rotates with a  Electrostatic fluctuations are measured by five high im-
rigid spiral phase structure. Section V summarizes comparipedance floating potential probes located at various positions

Biasing Array

Probe #5

Cyclotron
Resonance

on of the experimental observations with linear theory and
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in the vacuum chamber. Each probe tip consista @ mm (a
stainless steel wire connected to a 1@D0 tesistor and 50)
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°. b
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. 1b). 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 = Equilibrium
the magnetic poles. Such a coating insulates to roughly 4-5 30 Model
kV and is compatible with ultrahigh vacuum operation. 30 40 50 60 70
On the conical part of the insulated biasing cap sits a L (cm)
polar imaging diagnostic, shown in Fig(cl, which consists
of 96 gridded particle detectors. The apertures for these de- ©
tectors are 1 cA and are distributed uniformly on a rectan-
gular grid in the natural, magnetic flux coordinaigs, ).
The detector provides a good approximation to the bounce-
averaged phase-space distributtoby 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-
corders(1MHz, 14 bij through transimpedance amplifiers. 52 54 56 58 60
The detectors have three biasing grids as well as a current L (cm)
CO”eCFor plate. The grids are typically biased at +500 V toFIG. 2. (a) Floating potential measurements with and without external bias
repel ions, up to -2 kV to analyze the electron energy, andnd b) the E x B rotation frequency consistent with floating potential mea-
-9 V to suppress secondary electrons from the collector. Theurements. The dashed lines are model predictions based on classical Ped-
radial extent of the volume collected by the imaging diag_ersen conductivity dug to ion-neu_tral collisiorts) Profile of the ipn satu-
. . ration current normalized to a fixed edge probe. The marginally stable
nostic extends from the innermost flux surface to the outer

density profile is indicated by the dotted line.
most surface that does not contact the outer vacuum vessel.
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A. Biased equilibrium

Upon application of a negative bias to the equatorialin the direction of plasma rotation. This reversal has also
mesh array in the range of —100 4600 V, significant modi- been confirmed with Mach probe measurement. Velocity
fications to the plasma equilibrium occur, as shown in Fig. 2shear is, in general, a stabilizing force for instabilifiés.
Floating potential measurements are plotted versus equato- 1he equilibrium represented by the dashed lines in the
rial radius and show a clear increase from the unbiased to tH&P two plots is calculated from the requirement of constant
biased case. The probes begin to destructively limit théadial current and Ohm's law,J=0,E, where oy
plasma at around 45 cm, but we plot the inner boundary="M»ix/B? is the Pedersen conductivity, the radial cross-
condition at the location of the bias array and infer that thefield conductivity caused by ion-neutral collisiomsjs par-
potential increases up to this value. The equilibrium potenficle density numberM; is ion mass, andy, is the ion-
tial, d, has a 1L dependence, whetedefines the equatorial Nneutral collision frequency, and shows close agreement with
radial distance. The magnetic field is defined by the azithe profiles inferred from observation. The radial current is
muthal angle, magnetic flux, and scalar potentg: Ve  determined to be
XViy=Vy, and a constantE XxB frequency, wg(y)=
-0® /i, of ~19 kHz across the plasma volume is calcu-
lated from the measured potential and the ideal dipole mag-
netic field, shown in Fig. @). We note that the unbiased
case shows a shear in the rotation profile as well as a reversahereX., is the field-line integrated Pedersen conductivity,

| = 87Mg2 e, (1)
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[ B e

Ep = (2) 80
J o e B
B

40

and My 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 densitywhich
determines the ion-neutral collision frequengy. Power on 0
the order of 1-2 W is required to spin the plasma.

Frequency (kHz)

e ¢ DI ) S -100
Biasing the equatorial array positively with respect to the w 200
vacuum chamber wall has also been studied, but positive m -300

bias does not cause plasma rotation in the region of the -400

plasma accessible to probe measurements. This observations gg

is similar to those by Saitoh and co-work&fdn addition, E 05

the centrifugal modes that we describe in the following sec- &

tion are only observed with negative biases. This may be a '1'00,0 0.1 02 03 04 05 06
result of the negative ambipolar potential of the unbiased Time (s)

plasma[see Fig. 2a)] so that the application of a negative ' _ _

bias adds to the already negative space charge potenti'z:a'P' 3. (Color). Time-frequency spectrogram of interchange fluctuations
o It - cEpon application of mesh bias. Also shown is the Mach probe measurement

within the plasma. A positive b|as., on the ot.her hand_, wouldyt edge ion flow.

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 profilhangg; and the spectrum of the saturated instability evolves

with greater shear, which stabilizes interchange modes dé&lowly as the equilibrium evolvegand periodic bursting is

scribed here. not observe The most intense centrifugal instabilities oc-

We also plot the ion saturation current normalized be-CUr as the density of the neutral gas is adjusted higher and

in Fig. 2(c). lon saturation current is related linearly to den- Neutral density reduces the pressure of energetic electrons,

sence of the external bias, and both edge profiles are steggOUsly increasing the drive of the mass-driven centrifugal

file, dNo/Jyy>0 (where N, is the particle number per unit plz_;\sma rotationwg, which also increases the centrifugal

magnetic flux®), which, for a dipole, is equivalent to an drive.

equatorial density profile(L) steeper tha.™. Figure Zc) ~ Figure 3 shows probe measurements of the centrifugal
also shows the marginally stable profile, indicating that botHnstability from an individual experiment where the external
biased and unbiased profiles are clearly unstable. bias on the equatorial mesh is ramped up from 0 V to more

than —-400 V. The azimuthal flow speed, as measured by a
IIl. OBSERVATION OF CENTRIFUGALLY DRIVEN two-sided probeli.e., a “Mach probe}, increases with the
MODES increasing external bias. In addition, electrostatic fluctuations

measured by floating potential probes sampling at 200 kHz

When the equatorial mesh is biased sufficiently negaare observed upon application of the external bias, as the

tively, the plasma rotates rapidly and electrostatic fluctuaplasma spins up. The time-frequency domain spectrogram of
tions appear that we identify as the centrifugal interchangehe fluctuations is plotted, and increases in frequency with
instability. The fluctuations are measured in the same wayncreasing external bias on the equatorial filaments. The low-
that was used to identify interchange instabilities driven byest frequency mode is roughly 25 kHz, slightly above the
energetic electron pressﬂl?ecalled the hot electron inter- calculatedE X B frequency, with higher modes existing at
change instability, or HEI. We find the rotationally-driven integer multiples of the fundamental. Thus, a single nonsinu-
fluctuations have very different characteristics, and are easilgoidal mode is observed with smaller amplitude higher har-
distinguishable from the instability driven by energetic elec-monics.
trons. The frequency is neéout slightly abovg the plasma Figure 4 shows an interval during a discharge where the
rotation ratewg (instead of the much faster magnetic drift equatorial mesh increased from —250 V to —400 V. In this
frequency of the energetic electrong,~ 0.5 MHz); the am-  case, the magnetic field was reduced to 70% of its values
plitude of the fluctuations is 1-2 \(about 20-50 times from the example shown in Fig. 3. As the bias increases, the
smaller than the amplitude of the energetic electron interspectral characteristics and azimuthal structures of the fluc-
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FIG. 4. (Color). Interchange fluctuations in plasmas with fastest rotationmdICate that the mode is rlgldly rotating with a constant

rates achieved by reducing the dipole magnetic field. When the applied mes@ngular frequency, consistent with the equilibrium model as

bias becomes more negative than =400 V, the interchange mode structures§i0wn in Fig. 2.
dominated bym=2.

A. Interaction with HEI

tuations evolve as measured by two probes separated by When the fraction of hot electrons is large, then the HEI
Ap=90°. At low bias, the lowest frequency mode is roughlyinstability appears and the centrifugal instability is signifi-
25 kHz, the same as shown in the previous figure, though theantly modified. Bursts of HEI instability are observed which
fluctuations shown are from a probe sampling at 1 MHz,stabilize the centrifugal instability for several milliseconds.
instead of 200 kHz. As the bias level further increases, thdhis is most likely because the pressure profile is flattened
azimuthal flow measured by the Mach probe shows a sharfhrough HEI transpor’t(."21 Figure 5 shows the electrostatic
increaseM ~1 and the fluctuations transition to a higher potential fluctuations during several of these events; quasip-
frequency~100 kHz and have a predominatety=2 azi- eriodic HEI bursts are observed and repeatedly arrest the
muthal structure. The wave form of the fluctuations arecentrifugally driven fluctuations. Figurely shows fluctua-
shown with an expanded time scale in Fig&)Zand 4c) as  tions measured simultaneously with a high-speed digitizer
well as their normalized amplitude spectra. The direction ofand with a low-pass filter showing a single HEI burst. We
propagation can be obtained from the phase difference bedso note the period of HEI bursts decreases as the bias in-
tween the probes and confirms that the mode moves in thereases. This is presumably because the centrifugal instabil-
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ity also has a stabilizing effect on the HEI, causing longerwith the multiprobe cross-correlation technique just dis-

periods required for the pressure profile to reach the stabilitgussed and with the polar imaging diagnostic described at the

threshold:’ end of Sec. Il.

Note that the HEI modes occur on thg, time scale, in

the ~1 MHz range. The HEI instability has been studied in ) )

detail in the CTX eXperimeﬁe—M,lQ—Zl The interchange A. Mode structure from multiprobe correlation

mode structure analysis performed in this paper for the rota-  When two probes are located on the same field line,

tional mode was previously accomplished for the HEL. A@=AL=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

B. Correlation analysis nature of the observed mode, akd-0 within the accuracy

f measurementsk,As| < +10°.

The azimuthal mode number shown in Figgb)4and
4(c) is obtained from the phase of the correlation function of

The procedure for the correlation analysis has been de?
scribed in detail previouslﬁ?. The complete electrostatic

structure (i.e., azimuthal, radial, field-line structure, and ) b ted onlv i imuthal lo. i — A
mode amplitude profileof the fluctuations can be obtained WO probes separated only in azimuthal angie, be.;= AS
~0, andA¢=90°. As mentioned, the lowest frequency, larg-

using this analysis. Five movable high impedance floating ¢ litud de in the low bi ion is identified as th
potential probegwith 100 K tips) located at various posi- est ampliude mode In the Jow bias region 1S identified as the

tions within the plasma are used for the analysis. Crossr-nzl_mOde’ W.ith high?r harmonics .Of gradually depreasing
correlation analyses of combinations of probe pairs and mplitude, while the higher bias region is characterized by a

fixed “reference” probe yield mode structure information. argem=2 ”?Ode- . .
The mode structure we present is that of thel dominant The radial proflles of the amplitude and phas_e for the
region simply because its larger amplitude is easier to me(,%hree lowest azimuthal components are shown in Figs. 6 and
sure; mode structures of tme=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 byand the
azimuthal coordinate is. The measured probe position is

mapped to its equivalent magnetic coordinaté, ¢,s)

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 lowerm 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
Mo/, @, [dx/B), by numerical computation. The quan- :
— Mo/, ¢, Jdx/B), by P q rgyx surfaces(probes can only go in as far as the ECRH

tities to be measured are expressed in terms of a modal p locai h thei ¢
scription for the voltage measured by a probe located aiesonance ocation, -whereupon ftheir presence prevents

(L.o.s) plasma production In addition, little time dependence is
R observed in these normalized profiles, although the relative
DL, @,5t) =D R{D (L, tyexdi(me + k L — wyt)]}. amplitudes of one mode with another are observed to vary in
m time.
(3) In Fig. 7, the phases of the three lowesthumbers are

) o ~ shown with each radial location representing averages of

The amplitude &, changes slowly in time, but we find it several shots having the movable probe at different positions.
does not change in spatial structure. We also find [the |, Fig. 7(@ the dimensionless total phasémAg
does not change significantly withalong a field line over L A|)/2+ is plotted versus radius. At roughly 55 cm both
the region accessible with the probes. These observatiorﬁ‘,obes are at the same locatiaxl, =0, where there is zero
justify the modal prescriptio posteriori _ radial phase. Thus, the azimuthal mode number can be mea-

When the digitized signals from two probes are Fouriergyreq at this locatiottsee dashed lingsAway from this lo-
transformed, the transform of the correlation between tWQaion, nonzero radial phases are measured for all modes,
probesC(1,2) is expressed as the product of one probe sigrontrary to the pressure driven modes which are character-
nal with the complex conjugate of the second. In terms of thgzeq pyk.~0.2° In Fig. 7(b) just the radial phasécomputed

modal prescription, this correlation is by subtracting the azimuthal phasef the m=1 mode is
Com(1,2) = @ (R D) (Ry) plotted in radians. A radial phase shift of nearty2 is seen
) ' between 55 cm and roughly 36 cm and is observed for all
Xexfi(mig +kAs+kgAR)]. 4 three modes, indicating a spiral radial structure for the elec-
Since As=s,-s, and AR=R;-R, are known, the phase of trostatic modes. Data are plotted for three different times and
the correlation can be used to determingk;, andkg. we observe no apparent time dependence in the phase. Fig.

7(c) shows a snap-shot of the=1 mode as reconstructed
from the probe data.
IV. MEASUREMENT OF GLOBAL MODE STRUCTURES The mode structures_of the centrif_ugal and HEI inter-
change modes, though driven by very different processes and
This section presents measurements of the global moden very different time scales, are surprisingly similar. It is
structure of the centrifugally driven interchange instability perhaps the case that electrostatic flutelike modes in a dipole-
observed in the CTX device using two different methods,confined plasma exhibit some universal characteristics relat-
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0.0 e
. 1.2 FIG. 7. (Color). (a) Total phase of the correlation function between two
D probes as a function of the radial position of one probe for the three lowest
$ harmonics.(b) The radial phase for thm=1 mode at three different times
[} during a discharge. Solid line is the result of numerical simulationRe-
S 08 | constructedn=1 component of the interchange mode.
2
S
<é probe locations The polar array can also be used to con-
LS 04} 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-
o tour plots was made using a quintic interpolation scheme.
?g : Polar diagnostic data at each radial position, consisting
’ of a given number of detectors, was Fourier decomposed and
represented wittm=1-3 modes. A singular value decompo-
sition was performed to solve for the &ing) and cosmde)

08 | 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

04 as some radial phase shift, similar to what was measured by
the multiprobe correlation technique.

Since the centrifugal modes are quasicoherent, small

6o time windows~100 us were selected to make mode struc-

' ' ; ' ; ture analyses. Averages over several oscillation periods are
10 20 30 40 50 60 70 used for the presented data.
L (cm) Figure 8 shows results from the polar imaging diagnos-
FIG. 6. Normalized magnitude of the correlation function between twotlc’ Wlth det.eCtor positions mapped to .the equatqual pIane
probes as a function of the radial position of one probe fomtiwe, 2, and  @long field lines and marked py small CII’.CleS. Aga'r‘: results
3 azimuthal components numbers. Solid lines are computed Fourier compdiere are shown for the low bias=1 dominated regime. A
nents from the nonlinear simulation. polar plot of the net polar electron current is shown in Fig.
8(a), with the equilibrium electron ring clearly visible. The
. . . . fluctuations for th me discharge, Fi ispl lear
ing to their global mode structures, notably their radial struc- u_c uations forhe same discha ge, G disp ay a clea
L - . .~ m=1 structure with some suggestion of the spiral structure
tures, time independence, and rigid rotation. The only major . i :
. . alluded to previously; the dotted lines are contours of nega-
departure between the two cases is the radial phase structuEe

. . . \v'e current, while the solid ones are of positive current. Fig-
constant phase, independent of radius for HEI, and a SPIdire gc) displays the relative amplitude frequency spectrum
phase structure for the centrifugal mode. play P q y sp

as measured by the polar imager; the resolution is blurred
compared with Fig. @) since the fast Fourier transform
(FFT) time window sampled is small and also since it is an
In addition to obtaining the mode structure from the average of FFTs from all of the detectors; however, the
multiprobe correlation technique, it is possible to use thedominantm=1 mode at~25 kHz is clearly present. The
polar imaging array to obtain qualitatively similar results. normalized radial mode amplitude for the three lowest
The array consists of 96 detectors, comprising 8 radial posimodes are also plotted in Fig(d3 and show qualitatively
tions and 24 azimuthal ones. In a single slowly evolvingsimilar profiles to Fig. 6, wittm=1 being the largest. As in
discharge, the entire mode structure can be observed asttze correlation analysis, highan modes are seen to be
function of time, in comparison with the probe correlation broader and peaked at larger radii.
analysis (which requires many discharges with different In comparing the mode structures from the two methods,

B. Mode structure from polar diagnostic
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Lo
N

§3 HEI
85 m=1
O .=
q g o1 m=2
= 38
2 = m=4
=1 0.0 Stable | 1 1 1
g} 0 1/3000  1/700 11180 1/80
= lon Centrifugal Drift Qg_~gz)
5: - Energetic Magnetic Drift * \®dn
O a
é 00 50 100 150 FIG. 9. (Color). Computed variation of the interchange mode structure as
Frequency (kHz) the fraction of energetic electromsand the plasma rotation raig changes.
10 Only the regimes dominated by=1 andm=2 are seen experimentally.
(d) =) —e—m=1
< —0— m=2
2 W - -m=3
] which tend to stabilize highen modes. The nonlinear simu-
g 06 lation also reproduces the radial mode structure.
<
L]
B 04} )
E A. Linear theory
TEU 02 To facilitate the calculation of the linear dispersion rela-
3 & ‘ . ‘ tion, the following assumptions were made. Since micro-
" ag 30 40 50 60 wave absorption at the electron cyclotron resonance only

L (cm) heats electrons, the ions are cold, and plasma pressure results
from a fractiona(y) of energetic deeply-trapped electrons.
FIG. 8. (Colon. Measurements using the polar imaging diagno&iicEqui-  The dipole magnetic field causes these energetic electrons to

librium and (b) fluctuations of the polar electron current. The small round . . . .
circles indicate the detector locations (@). (c) The frequency spectrum precess at a rate proportlonal to their kinetic eneagy

averaged over all detectors) Radial profiles of the normalized amplitude “H«B/ ‘/f.Wi_th N_being the eleCtrO_n magnetic moment and an
for the three lowest azimuthal components of the fluctuating endloss currenadiabatic invariant during slow interchange motion. Further-

more, since the trapped electrons have a distribution of en-
ergiesG(u) they create wave-particle resonanéeand in-

we note that they are derived from different fluctuationtérchange instabilities acquire a real frequency. The
sources. The probe measurements describe the structure Q;fpe'rlm{antally _relevant (localized  linear dispersion
the floating potential oscillations; whereas, the polar detectofelatior™ for the interchange instability due to both centrifu-
array measures fluctuations of the polar electron current. 92l and pressure drives is

m? | 12 G
Do =1+ 15| T4 [ qutS0) g
V. COMPARISON WITH THEORY m | o(w = Mwg)

To model our observations of the centrifugal mode andWhere _the centrifugal instability interchange rtgand the
its complex interaction with hot electrons, comparison with"ate driven by trapped energetic electrdhsare
both linear theory and a nonlinear simulation were under- ¥\ N
taken. The linear dispersion relation of interchange instabili- Iy= wciwg(ﬁ)ﬁ'
ties driven by both pressure due to a distribution of hot elec-
trons and centrifugal forces was derived in dipole flux ) ¥\ d(Nia)
coordinates. The nonlinear behavior of the combined inter- I';= 1-5wciwdh(ﬂ)(ﬁ>&—-
change instabilities is studied by modifying a self-consistent ! v
numerical simulation originally written to study the HEI in- The ratiom/m, is the ratio of the azimuthal mode number
stability. In general, both methods find that short wave-to a dimensionless perpendicular wavelength? =~ n?
lengths are driven unstable by the purely rotational drive,+0.5&k¢,L)2, that includes the radial variation of the mode
while the HEI drive can excite different wavelength modesstructure. Whena— 0, the centrifugal interchange is un-
depending on the magnitude of the drive: for low drives,stable whenever the particle number within a unit flux tube
long wavelength modes are most unstable. This is the regimiecreases inward to the dipole magné\l,/ 9> 0 (or when
that is observed in all of the HEI and rotational mode studiesthe density profile is steeper than<1/L%), as explained by
It is shown that finite temperature effects add a real freMelrose® Whenw,— 0 and when the electrons are monoen-
quency to the modes which induce polarization currentergetic, G(u)=4d(u— o), the interchange instability appears
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with a real frequencyw =mawyq,( 1)/ 2 whenever the energetic - -

electron pressure gradients exceed a threshbfiuo) N9 CN-(w (z,/;)—@—x @)

>m? w3,/4, as explained by Krafil When the distribution at ol '\ Y ay %o

of energies has an exponential form, e@(u) < e #/*o, the )

integral in Eq.(5) can be expressed in terms of an exponen- d (a&) 3513) :

tial integral function, while making use of Landau’s method * i cN b Vay) | 0, 6)

to preserve causality for complex. This form best repre-

sents the experiment. where wy(#) ~—0.580%/ wy; = L® is the net ion drift due to
When the centrifugal drive is combined with a pressurethe centrifugal force. The centrifugal force varies along a
drive from a distribution of energetic electrons, then the lowfield line and reverses sign as the field line approaches the
azimuthal mode numben observed for the centrifugal inter- magnetic poles. However, these variations are irrelevant for
change instability can be explained. With a low bias, thethe electrostatic interchange mode. It evolves according to

rotational drive is small, and HEI drive is, comparatively,
larger. In this regime, lonm modes are seen to be most

the motion of plasma contained within entire flux tubes, and
the mode is an example of fluid dynamics in only two di-

unstable. As the bias increases, the rotational drive increasd8€nsions(y, ¢). The Coriolis correction is proportional to

and a regime wherm=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 th& field has the combined effect
of increasing theE X B frequency and thus the rotational

wel w;~0.03<1 and can be ignored. The ion polarization
terms arex,~0.66/(wyy) and k,~0.77yl w, wherewy is
he 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

t

instability drive, as well as moving the ECRH resonancejyigs (i.e., the ions and a collection of energetic electron

location from inside the plasma volume onto the suspende
terrella itself, thereby reducing and the HEI drive. With the
magnet power reduced to 700kig. 4), application of large
external bias resulted in a phasing out of thel dominated
regime and an emergence of aF 2 dominated one. In con-
trast, at 10098 (Fig. 3) only the strongn=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 i
described fully elsewhet&™® and reproduces the observed
modes. The simulation explicitly solves for the evolution of
cold ion and energetic electron number densities and th

electrostatic potentiad on the (¢, ¢) plane. (¢, ¢) are si-

fJopulations that are defined on &}, ) grid and interact

nonlinearly through a perturbed electrostatic potendal
The system is entirely close.e., no particles are lost or
added, and® vanishes at the surfaces of the vacuum vessel
and the dipole magnet. Interchange stability is determined by
the rotation ratesg, the fraction of energetic electrong),
and the initial plasma profiléN;(¢). 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.Bl’lg_Zl

The initial conditions selected to model the observations
reported here are similar to those reported previdd&ly
except the energetic electron pressure was reduced, reflecting
the effects of higher neutral gas pressures and reduced dipole

Sfield in the experiment. The average magnetic drift frequency

of the energetic electron energy was halved, and the fraction
of hot electronsg, ranged from 5% to 20%.

€ The simulation produces a global mode dominated by
low m numbers, characterized by dramatic ion mixing and a

multaneously the canonical coordinates of the electronsflattening of the ion density profile. With lower instability

guiding-center drift Hamiltonian(i.e., the electron phase
space and the magnetic coordinates of the dipdds V
X V ¢.3 PlasmaE x B drifts, ion polarization and centrifu-

drive (lower rotation frequengym=1 is seen to dominate but
higher modes become larger with increasing rotation fre-
quency. As the centrifugal drive, increased and the ener-

gal drifts, and energetic electron magnetic drifts determingl€tic electron fraction decreased, the nature of the inter-

particle dynamics, and Poisson’s equation in magnetic cooich@nge mode changed significantly,

dinates determines the nonlinear evolution of the potential.
Since the plasma undergoes rigid rotation, the modifica
tion required to model the centrifugal interchange instability

similar to observation.
For a~0.05 and rapid plasma rotatiomg/ wq,>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

is easily implemented when the evolution equations are ®Xhterchang® with a linear growth ratey given by 72
pressed in the plasma’s rotating frame. In this frame, only the. weiwgd(In N))/d(In ). As the rotational drive is reduced or

equation for cold ion dynamics changes. Using previousyhen the energetic electron population increases, the azi-

31,19

notation the number of ions within a tube of unit flux,
Ni(¢, ¢,1), evolves in time due to the net flux of ions caused
by density-weighted, field-line averaged particle drifts,

muthal mode numbean 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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L (em) interesting that the edge probe measurements in Fig. 2 do not
20 30 40 50 60 70 . . . . .
0 : ' . — show a profile change with equatorial bias. While these mea-
surements suggest plasma transport, we have not yet been

1= able to characterize this process fully.

e VIl. SUMMARY

SXR Decrease (%)
8

In summary, we report the first experimental observa-
tions of the centrifugally driven interchange mode, excited in
FIG. 10. Fractional decrease in the measured soft x-ray signals due to tihie CTX dipole-confined plasma by inducement Bk B
external biag-400 V) collimated at three different radial cords through the rotation with application of a radial electric field. Electric
plasma. 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-
f-[neutral transport, and rotation rates approaching sonic speeds
are observed.

40+

mode interacting with a distribution of deeply trapped elec-
trons shows the real frequency results from electron dri
resonanct (see Sec. VA Whena=0.2 andwg=19 kHz,

the ”.“Ode frequency 's.:7 kHz n the rqtatmg frame, or 26. The mode structures for these instabilities are dominated
kHz in the "'?‘b frame, just as is ex'penmentally observed Inby low azimuthal Fourier components and broad radial struc-
Fig. 4. A.3a increases further, the_lnterchange mode rotate§ res. The mode structures are measured using a correlation
more qL_chkIy and the fa_stest growing modg is dominated byanalysis of movable high-impedance floating potential
m=1. Figure 9 summarizes the computeq mtercha_ngg mOOISrobes located at various positions within the plasma as well
structure_s as a function ade and a. The ion p°"”.‘?'2a“°ﬂ as a novel polar imager array. These structures are repro-
currents induced by the real frequencylalgo Stab'l'Z?S hlghecﬁuced by a fully self-consistent nonlinear particle simulation
m mpdes more strongly and, as .SUCh’ IS Important in reprog; interchange instabilities in dipole geometry. The disper-
ducing the_ l_mstable l.O\m mpdes in the simulation. sive properties of the global, coherent modes are modified by
. In addition, the S|mulat!on reproduces the measureq e presence of the hot electron population, which causes
dial strgctur'es of the centrlfuggl mterchange mode. .Th|s ISiong wavelength modes to be more unstable: drift resonant
shown in Fig. 6 by the solid Ilnes_ superimposed with they icjeq induce polarization currents which preferentially
correlation measurements. We believe the remarkably goo@tabilize highem modes. Observations of both centrifugally

agreement s a gengral consequence O.f solu'Fions to P(_)isso Riven interchanges as well as interchanges driven by hot
Equation that take into account the dielectric properties o lectron pressure have been made simultaneously in the
plasma confined by a dipole magnetic field. This was ﬁrstsame discharge

Eote(; fordthe tele(;tron p:‘esstuhret;]dn}/elméﬁiemdeed, t?_e Although the plasma pressure in the CTX device is
road mode structures of bo € Tast Magn, ENEIYEUC 1y 1ok Jess than found in the gas giant magnetospheres, we

electron mode and the much slower~mae (and lower believe our observations of the centrifugal interchange insta-

ampl'?“?ﬁ’tiﬁnt”fu%ﬂ molde :ére.s?na; Thedn;]am d‘|lffe.r- tgility may have relevance to the confinement and particle
ence is that the centrifugal mode is broader and has a “spira ransport in those systems.
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