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A category of oscillation identified with the inhomogeneous energy-density driven instability has been
experimentally verified. This mode exploits the free energy available from shear in the Ex B flow veloci-
ty. This shear is produced experimentally by applying different voltages to a segmented disk electrode
located on axis at the end of a Q machine plasma column. As plasma conditions are varied between the
two parameter regimes that, according to theory, correspond to the current-driven and shear-driven
waves, the expected transition in mode characteristics is observed.

PACS numbers: 52.35.Fp, 52.35.Qz, 94.20.Bb, 94.30.Gm

In this Letter we experimentally verify the existence of
a new branch of plasma oscillation driven by velocity
shear. Ganguli, Lee, and Palmadesso [1,2] predicted the
existence of this new branch, which is distinct from the
well-known Kelvin-Helmholtz (KH) branch and is driven
by inhomogeneity in the wave energy density. This inho-
mogeneity is caused by velocity shear. Subsequently,
Ganguli et al. [3] and Ganguli and Palmadesso [4] ex-
tended their formalism to include magnetic-field-aligned
current (FAC) and investigated the coupling between this
new inhomogeneous energy-density driven (IEDD) insta-
bility and the current-driven electrostatic ion-cyclotron
(CDEICQ) instability [5]. It was shown that depending on
the magnitude of the parameter R=kyvg/k,va, one of
the instabilities may dominate in the plasma system, and
consequently have the greater impact in important pro-
cesses involving wave-particle interactions, such as trans-
port and energization. Here, k,, k., vg, and v, are wave
vectors and flows across and along the ambient magnetic
field, respectively. While it was found that the higher
frequency modes (w = w.;) may benefit from the cou-
pling of parallel and transverse flows [3,4], the low-
frequency modes (w < w,;) are stabilized by transverse
shear [6]. This latter conclusion has recently been the
subject of intense research in fusion plasmas where shear
in the cross-field flow appears to stabilize the low-
frequency modes [7]. The configuration where inhomo-
geneous flows are present transverse to the ambient mag-
netic field is especially relevant to a number of space ap-
plications [8] where the wide range of inhomogeneity
scale lengths existing in geospace permits this velocity-
shear free energy to couple to a variety of naturally
occurring plasma waves. These microinstabilities may
have significant implications regarding mesoscale trans-
port [9], and hence they are the subject of our experimen-
tal investigation. We experimentally verify that, for
R = 0.1, IEDD waves exist with the theoretically predict-
ed characteristics. We also verify that these waves differ
sufficiently from CDEIC waves that a transition in mode
characteristics can be identified and related to the magni-
tude of R.

Past Q-machine experiments [10,11] have reported
significant changes in ion-cyclotron mode characteristics
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that were attributed to transverse electric fields present in
the plasma. It was suggested that velocity shear may be
responsible for these effects. The method we adopt is to
investigate waves in the limit of R=0, CDEIC waves,
and benchmark our experiments with previous investiga-
tions [12,13]. Then we experimentally make the transi-
tion to the IEDD regime, R = 0.1, to investigate waves in
the limit of large R. Establishing that waves can be gen-
erated in both the CDEIC and IEDD regimes is the first
time such an experimental verification has been made.
The results reported here regarding the coupling of the
CDEIC and IEDD modes may be useful to investigators
dealing with the implications of velocity-shear-driven in-
stabilities in space.

Experiments are performed in a single-ended Q
machine [14] using a potassium plasma column (3-cm ra-
dius, 80-cm length) with the following parameters: den-
sity n=10° c¢cm ™3, ion and electron temperatures 7;
=T, =0.2 eV, undisturbed plasma potential Vo=~ —2
V, ion-electron mass ratio m;/m,=7.15%10% magnetic
field B=1.5 kG, and neutral pressure (during the experi-
ment) P,=3%10"° torr. Density and plasma potential
are measured using Langmuir probes [15] and emissive
probes, respectively. The presence of the probe can
influence the instability threshold but has a negligible
effect on the saturated-mode properties. A segmented
disk electrode [16,17] is used to produce and control
transverse, localized, dc electric fields (TLE) contained
entirely within a FAC channel whose radius is defined by
the overall radius of the disk, which is 1.0 cm, or approxi-
mately five ion gyroradii. The disk electrode is made of
two coplanar, concentric circular segments that are heat-
ed to prevent surface contamination. The applied volt-
ages, V, and Vj,, on the outer annular segment (0.6
cm<r<1.0 cm) and on the inner button segment
(r <0.5 cm), respectively, are set with independent power
supplies. The FAC is produced by biasing the segments
positively with respect to V0 so that electrons are collect-
ed. As one would expect, it is possible to excite CDEIC
waves by either segment alone if the field-aligned current
to that segment is above the CDEIC threshold and the
other segment is electrically floating. When the segments
are biased simultaneously but unequally, a localized radi-
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FIG. 1. Electrostatic profiles in the FAC channel (r < 1.0
cm): (a) potential and (b) electric field. Different lines corre-
spond to the following (V,,V3) combinations: solid (20 V, 1 V),
long-dashed (15 V, 15 V), and short-dashed (both dis-
connected). The solid line indicates the presence of the TLE
entirely within the FAC channel. For this case, £=—3.3
V/cm would be used to calculate vg =E/B in the gap.

al electric field is produced within the FAC channel.

Doppler shifts are associated with the FAC-related axi-
al drift velocity v4 (controlled primarily by V,+ V) and
the TLE-related azimuthal ExB velocity vg (controlled
primarily by AV =V, —V,). The parameter R (Skove/
k,vq, in cylindrical coordinates) is the ratio of the azimu-
thal and axial Doppler shifts and its value is the relevant
parameter with which to follow the transition from one
type of wave to the other [3]. For R<0.1, the case of
large v, and small vg, the waves are current driven. For
R = 0.1, the case of smaller v; and larger vg, the waves
are driven by the inhomogeneous dc electric field.

Figure 1 illustrates three radial profiles of the plasma
potential ¥,(r) and the radial electric field, determined
by E, = —dV,/dr. The short-dashed lines establish refer-
ence profiles. The long-dashed lines resemble unsegment-
ed (“conventional”) disk electrode behavior [13]. The
solid lines demonstrate that a region of TLE can be creat-
ed well inside the electron-current-channel boundary.

The value of vg in the gap is determined using a two-
gyroradii average of E, that results in conservative
(smaller) values of R if comparisons are made to theoret-
ical predictions using the maximum of vg in this TLE re-
gion. Gap values of vg/v, =0.012, where v, is the elec-
tron thermal speed, are typically obtainable. The mini-
mum in the electric-field-gradient scale length Lg =[(1/
E)(QE/dr)1 ™', the relevant transverse-velocity-shear
scale length, occurs at gap radii and has a value approxi-
mately twice the ion gyroradius.

Two methods were used to measure vy at radii associ-
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FIG. 2. Relative phase difference between tips of a two-
probe array (r, =0.55 cm, 3-mm probe separation) as a func-
tion of the orientation between the vector connecting the two
tips and the azimuthal unit vector. Open and closed circles are
associated with [EDD and CDEIC fluctuations, respectively.
Solid line is least-squares sinusoid calculated using the circles.
Finite k. is indicated by the deviation of the solid line from the
dashed line associated with k, =0 and kg=1.8 cm ™'

ated with the gap. The segment method involves interpo-
lating the current densities to the two disk electrode seg-
ments and using the density at gap radii to determine v,.
The probe method involves fitting the differentiated
current-voltage characteristic of a translatable, direction-
al (single-sided) Langmuir probe to a drifting-Max-
wellian distribution function. Both methods yield similar
results for v, as a function of E,, however, the segment
method’s results are adopted here because they have
smaller uncertainty and because they are conservative
(slightly larger) at larger values of E,. Typical values of
va/vie =0.3 are obtainable [17] at disk-electrode voltages
of approximately 20 V. These values do not increase
significantly for higher electrode voltages but they drop
dramatically as the electrode voltage approaches the plas-
ma potential, according to the electrode’s current-voltage
characteristic.

The measurement of kg and k. involve the cross corre-
lation of simultaneously acquired ion-saturation current
fluctuations from two separated Langmuir probes mount-
ed together and inserted radially into the plasma column
to a point where the amplitude of each mode is large. To
minimize contributions from radial phase behavior, the
tips are placed at identical radii r,. Rotating the probe
shaft rotates the vector that connects the probe tips of
such a two-probe array with respect to the azimuthal unit
vector, and thus the azimuthal and axial separations (A6
and Az) of the probe tips (r, =0.55 cm, 3-mm probe sep-
aration) are varied through positive and negative maxima
and zero. Alias azimuthal mode numbers are eliminated
by highly resolving such a range of azimuthal separa-
tions. For traveling waves, ko =A¢/r,A0 and k, =A¢/Az,
where A¢ is the measured phase difference (in radians)
between probe signals. From the values of A¢ in Fig. 2,
kg for the CDEIC and IEDD fluctuations are determined
to be zero (kgp; < 10™%) and 1.8 cm ~! (kgp; = 0.4), re-
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FIG. 3. Behavior of the mode frequency detected on annulus
disk segment. Inset spectra, each corresponding to the nearer
open-circle case, emphasize differences in CDEIC (left FFT)
and IEDD-like (right FFT) modes. Each spectrum is an aver-
age of eight FFT’s (each FFT is associated with a 1-mega-
sample/sec time series with 1024 points).

spectively. Sinusoids calculated from a least-squares fit
to A¢ indicate k, values of 0.06+0.06 cm ™' and
0.17%0.11 cm ~! for the CDEIC and IEDD fluctuations,
respectively. One such sinusoid (solid line) associated
with the IEDD waves and a reference sinusoid (expected
if k, were zero and k¢=1.8 cm ~!) are shown in Fig. 2.
The open circles agree better with the nonzero-k; line
than with the zero-k, line within experimental uncertain-
ty. Note that the Kelvin-Helmbholtz instability is associ-
ated with values of k,/kg<<0.01 [2] as well as 0 K w,;.
Although the mode spectrum is not one of the quanti-
ties that determine the value of R, it readily distinguishes
CDEIC and IEDD waves. To identify a region of (V,,
V) parameter space containing the two types of waves
that is suitable for demonstrating a transition in the value
of R, the applied segment-voltage difference AV was
varied until a transition in the mode spectrum was ob-
served in the fluctuations in the current collected by the
segments. Such a transition is evident at AV =25V in
Fig. 3 which shows the mode frequency for a sequence of
AV values. At small values of AV in Fig. 3, the case
Va = V>V exists and enough FAC is present to excite
CDEIC waves. At large values of AV in Fig. 3, the case
Va>Vp > Vpo exists and sufficiently large shear excites
IEDD-like waves at lower values of FAC subcritical to
the CDEIC instability [18]. As expected, the CDEIC
fluctuations have a frequency around o= 1.2w,, rela-
tively independent of the magnitude of the TLE and the
FAC [5]. Although the shear-driven mode frequency is
also in the vicinity of the ion-cyclotron frequency, it shifts
linearly with the segment-voltage difference AV, unlike
the CDEIC mode frequency. Since AV is approximately
proportional to the TLE in the plasma, this shift is con-
sistent with the Doppler shift predicted for IEDD fluctua-
tions [2,3]. Beyond AV =10 V, the frequency does not
change because E, in the plasma saturates [17]. Spectra
corresponding to the two modes are shown as insets in
Fig. 3 to emphasize the differences between the line

radial electric field (V/cm)

FIG. 4. Dependence of K=kevg/va (in units of cm~!) on
transverse electric field.

shapes, single peaked and narrow band (FWHM=2.5
kHz, or 3%) for CDEIC waves and spiky and broad band
(FWHM = 12 kHz, or 16%) for IEDD waves, consistent
with the simulations of Nishikawa er al. [19]. Frequen-
cies below the potassium-cyclotron frequency are oc-
casionally seen for these IEDD waves. Unlike the
CDEIC mode amplitude which is independent of AV, the
IEDD mode amplitude varies with AV. The maximum-
amplitude condition may correspond to an optimum
match between the mode’s preferred structure, which
theoretically depends on the magnitude of TLE, and the
geometric constraints in the laboratory. The relative
areas under the spectra in Fig. 3 indicate that for this
value of AV the IEDD fluctuations are significantly larger
than CDEIC fluctuations.

Data necessary to determine K=kgvg/vy and identify
the waves were acquired in a region of (V,,V},) parameter
space in which both CDEIC and IEDD waves are includ-
ed. These data were acquired at radii associated with the
gap between disk-electrode segments, where, for the
IEDD case, the TLE and the mode amplitude are largest,
and for the CDEIC case, the mode amplitude is also
large. Figure 4 displays the experimental transition of K
from zero (the CDEIC regime) to approximately 0.08
cm ! (well into the IEDD regime, i.e., R ==0.5) as the
electric field in the plasma is increased. Larger values of
K (e.g, K=03%+0.1 cm~' and R=2) can be con-
sistently reached during experimental runs that concen-
trate exclusively on large-K conditions.

For cases in which E is directed radially outward (i.e.,
E is positive), R=0 and CDEIC waves are observed.
This is attributed to the fact that, for the fixed value of
Va=14V in Fig. 4, the FAC remains supercritical to the
CDEIC instability for positive E (i.e., V» > V,). The fact
that the FAC is larger for cases in which ¥V} > V, than
for cases in which ¥, < ¥V, [20] is consistent with this ob-
servation. Another factor is the larger value of Lg (five-
fold increase is typical) associated with the cases in which
Va < Vp, indicating reduced shear in vg.

Distinguishing aspects of the radial and azimuthal
mode structure are summarized in Fig. 5, which is a
three-dimensional plot of the phase difference between
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FIG. 5. Pin plot of mode amplitude and relative phase vs ra-
dius. (V,,Vs) combinations are (a) (40 V, 40 V), CDEIC
waves present, and (b) (14 V, —6 V), IEDD waves present.
Probes are separated by 3 mm. Location of disk-electrode seg-
ments are indicated along position axis. Note that, in (b), am-
plitude maximum is located off-axis where shear is maximum.

signals from two azimuthally separated probes as a func-
tion of radius, with mode amplitude on the third axis.
The current-driven case (R=0) shown in Fig. 5(a) is
characterized by an on-axis maximum in mode ampli-
tude and negligible phase shift— features consistent with
previously reported investigations [13]. In contrast, the
shear-driven case (R = 0.1) shown in Fig. 5(b) is charac-
terized by an off-axis peak in mode amplitude in the re-
gion of largest shear in the transverse velocity. The
nonzero values of phase difference, which reverse sign on
opposite sides of the origin, indicate azimuthal propaga-
tion. This mode structure is consistent with the cylindri-
cal analog of slab-model predictions [3].

In summary, these results establish that waves in both
the CDEIC and IEDD regimes can be generated in the
West Virginia University Q machine. The results report-
ed here experimentally verify the IEDD instability which
adds important support to the modeling and interpreta-
tion of in situ space data using theoretically predicted
shear-driven instabilities [20,21].
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