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Plasma Response to Strongly Sheared Flow
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Laboratory observations of reactively driven plasma waves in the ion-cyclotron frequency range
associated with a localized, transverse dc electric field are reported. This wave excitation occurs even
when the field-aligned current is negligible, a situation often reported in the space plasma environment.
The fluctuation spectrum is broadband in frequency and its peak depends on the magnitude of the dc
electric field. Comparison with theory indicates that these waves result from a strong inhomogeneity in
the energy density caused by sheafe&k B flow. [S0031-9007(96)01143-X]

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

We report the first laboratory observations of reac-(in cylindrical geometryky, k., vg, andv, are the wave-
tively driven ion-cyclotron waves associated with a highlyvector components and flows transverse (azimuthal) to
sheared flow transverse to the magnetic field and negnd along the magnetic field, respectively. Small values
ligible field-aligned current. Sufficiently strong shearedof R (=1) usually signify the dominance of the field-
flow can generate a region of strong inhomogeneity in thaligned drift and represent the dissipative regime. Large
energy density [1]. Convection of energy away from thisvalues of R (>>1) correspond to the reactive regime, in
region can give rise to plasma oscillations whose wavewhich ion-cyclotron waves can be driven unstable even in
length is related to the inhomogeneity scale length [1,2]the absence of a field-aligned drift [1,2].

Since such conditions often arise in space [3—7], astro- In the presence of velocity shear, the mode characteris-
physical [8], and laboratory [9—16] plasmas, a detailedics of ion-cyclotron waves can be significantly different
knowledge of the plasma response to a strongly sheardd,20] from the homogeneous case [21-23]. The dissi-
flow is crucial for the analysis and interpretation of ob-pative regime, in which the combination of field-aligned
servations. In particular, during periods of intense so-and cross-field flows is important, was recently examined
lar activity, there is evidence of velocity shear buildupin a series ofQ-machine experiments [9-11]. It was
in the magnetosphere, especially in boundary layers [5,8pund that the threshold current for the ion-cyclotron in-
and the auroral region [3,7,17]. Since the magnetospheristability decreased with increasing shear [11]. In addi-
plasma is essentially collisionless, the dissipation of thigion, the mode frequency was observed to shift with the
shear is generally achieved via collective effects whichapplied electric field strength, and the wave spectrum be-
in turn can affect the spatial structure [18], plasma enereame broadband and spiky [9]. While these experiments
gization [4], and local transport properties [19]. The ex-investigated the dissipative effect of velocity shear, the
perimental investigation reported in this Letter is relevantreactive response, which is independent of field-aligned
to the understanding of such naturally occurring plasmdlow, was inaccessible to the experimental setup.
processes. We report laboratory experiments designed specifically

The influence of velocity shear on plasma oscillationsto investigate the reactive effects of a strongly sheared
can be generally classified into two regimes, dissipativdaransverse flow. The experiments are conducted in the
and reactive [2,4]. In the dissipative regime, low levelsNaval Research Laboratory’'s Space Physics Simulation
of shear can modify the dispersive properties of a homoChamber (SPSC), a device well suited for the investiga-
geneous plasma and hence can affect the wave-particton of space plasma processes. The SPSC is a 1.8 m
interactions such as Landau damping or growth. In theliameter by 5 m long cylindrical vacuum vessel out-
reactive regime, a sufficiently strong shear can inducditted with a large-diameter microwave plasma source
oscillations by creating neighboring regions with wave[24]. The parameters of the steady-state argon plasma
energy density of opposite sign. In the simultaneous presare plasma density =~ 3.5 X 10’ cm™3, ion and elec-
ence of a magnetic-field-aligned drift and a transversetron temperatured; = 0.05 eV and 7, = 1.0 eV, uni-
localized, dc electric field, the plasma response can bfrm axial magnetic fieldB = 40 G, ion gyrofrequency
categorized by the paramet®Rr= kyvg/k.v, [20]. Here, f. = 1.5 kHz, ion gyroradiusp; = 5 cm, ion thermal
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speedv,; = 5 X 10* cm/s, Debye lengthA, = 0.2 cm,  annular regiot < r < 11 cm and has a peak amplitude
neutral densitys;, = 6 X 10'! cm™3, and plasma column of 0.6 V/cm. Measurements made at various axial
diameter and effective length are 50 cm and 2 m, respedecations in front of the MRE indicate that the electric
tively. Wave and bulk plasma parameters are measurefield extends at least 88 cm into the plasma column and
with Langmuir probes [25] and emissive probes. remains roughly constant. The electric field strength is
Figure 1(a) depicts the experimental setup. Shearedontrolled primarily by the potential applied to the outer
azimuthal flow is induced by a controllable, radially ring group and maximizes & = 0.75 V/cm.
localized, dc electric field located within the cylindrical  In addition to the inhomogeneity in the azimuthal flow,
SPSC plasma column. This is accomplished with a gricapplication of potential to the MRE induces low levels of
structure made from concentric, coplanar, conducting ringnagnetic-field-aligned current within the plasma column.
electrodes. This multiringed electrode (MRE) consists ofThe relative drift velocity between the electrons and the
11 circular rings constructed from 3 mm diameter brassons has been determined using a directional Langmuir
rods. The innermost and outermost rings have diametegzobe technique [29,30] and from measurement of the
of 10 and 30 cm, respectively and the center-to-centecurrent collected by the MRE. The directional Langmuir
ring spacing is 1 cm. The MRE diameter is sevesal probe technique involves fitting a drifting Maxwellian
smaller than the plasma column diameter and is centered differentiated current-voltage characteristics taken with
on the column axis 2 m from the microwave plasmathe probe first facing upstream, then downstream, within
source. The MRE rings are divided into inner and outetthe drifting electron population. In the second method,
groups by electrically connecting each ring within athe parallel drift velocity of the electrons is determined
group. Application of different potentials to the inner andfrom a measurement of the current collected by the inner
outer groups modifies the radial structure of the plasmand outer MRE sections along with spatially resolved
potential, creating a localized, dc electric field. Particled.angmuir probe measurements of plasma density. The
entering the plasma column from the microwave sourcgarallel electron drift velocity if found by using the
experience an adiabatic increase in the electric field texpressiorv, = j/nge, wherej is the current density;o
its peak value, leading to an azimuthal drift within ais the average local plasma density, ans the electron
cylindrical shell (approximately one ion gyroradius thick) charge. For the plasma conditions illustrated in Fig. 2,
as shown in Fig. 1(b). An equilibrium distribution of both techniques indicate thay =~ 3v,;.
thermal particles withE X B drift can be maintained When an electric field of sufficient magnitude is im-
for such localized electric fields [2,26]. Energy analyzerposed, waves in the ion-cyclotron frequency range can
[27] measurements indicate no unusual energization dbfe detected from oscillations in the ion-saturation current
the ions following application of the radial dc electric collected by Langmuir probes and from fluctuations in the
field. The mean-free path for ion-neutral collisions [28] electron current collected by the MRE sections. Figure 3
is comparable to the plasma column length; thereforshows probe measurements of mode amplitude as a func-
collisional effects are minimal. tion of radial position with the inner and outer MRE ring
Figure 2 shows a typical cylindrically symmetric groups biased te-10 and 40 V, respectively. This mea-
plasma potential profile (circles) and the associated elecsurement indicates that the waves are localized to radii
tric field (triangles) produced by the MRE as a functioncorresponding to the cylindrical shell of drifting plasma
of radial position. The seven outermost rings are biasewith the peak mode amplitude occurringrat= =10 cm.
to +20 V with respect to chamber ground and others are The transverse and field-aligned wave-vector com-
biased to—10 V. Plasma potential is measured with anponentsky = 27 /Ay and k, = 27/, have been de-
emissive probe located 14.5 cm axially in front of thetermined using a cross-correlation technique [31] to
MRE. The radial dc electric field is localized to the
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Schematic diagram of experiment (a) showing loca+IG. 2. Plasma potential (circles) and electric field (triangles)

tion of MRE and (b) front view of MRE depicting the rings, as a function of radius with the four inner MRE rings biased to
—10 V and seven outer rings biased 420 V.

transverse electric field, and azimuthally sheared flow.
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2 electric field(E = 0.25 V/cm). It is interesting to note
I ] that the qualitative behavior of the linear growth rate
and the saturated wave amplitude is similar and the
experimentally determined value of the threshold occurs
at a large magnitude of electric fie{dd =~ 0.4 V/cm).
Theoretical analysis indicates that for the experimental
conditions, the change in the mode frequenty =
(f — fo)/f.i scales as the Doppler shift due to the cross-
field drift, where f, is the mode frequency at threshold.
In Fig. 5, Af is plotted as a function obg/v,;. As
FIG. 3. Mode amplitude vs radial position with the inner v£/vy is increased from 20 to 4@ f increases from O to
MRE ring group biased te-10 V and the outer group biased 1.1. In this range obg, the real frequency upshifts from
to +40 V. Peak mode amplitude occurszats £10 cm. 1.5f. to 2.6f.;,. We compare the experimental values
of Af with the calculated Doppler shifts in cylindrical
) ) ) and slab geometries. For our parameters, the cylindrical
measure the phase differenae between ion-saturation geometry results in an azimuthal drift which is smaller
current fluctuations simultaneously obtained from pairs othan vg, scales as£!/2, and leads to good agreement
Langmuir probes. In each case, three coplanar Langmugiith the experiment. The upshifting of frequency with
probes with identical tips are unequally spaced (to reducgcreasingv in the reactive regime is in sharp contrast to
the possibility of aliasing) along the azimuthal or axial the corresponding down-shifting in the dissipative regime
direction. For the measurement of azimuthal wave NUMpredicted theoretically and observed in temachine
ber, the values ol ¢ are consistent with am = 1 mode experiments [9].

with kg = 0.11 = 0.003 cm™' propagating in th& X B Near the threshold, the field-aligned drift, is
direction. The measurement of the axial wave numbe&pproximately 1.1v, ranging to v, = 3.5v, at the
indicates propagation away from the plasma source Wi“ﬂargest values of applied voltage. The predicted
k. = 0.013 £ 0.001 cm™". _ _ critical electron drift velocity of the current-driven-
The normalized wave amplitude is plotted as a functiore|ectrostatic ion-cyclotron (CDEIC) instability for SPSC
of vg/v,; in Fig. 4. The wave amplitude increases plasma parameters i$5v,;. Thus, the ion-cyclotron
with the magnitude ofvy (=|E/B|) until it saturates \aves are observed at values of magnetic-field-aligned
at 6n/n =~ 15%, when vy exceeds30v,. A sample cyrrent density that are 93% below the predicted CDEIC
wave spectrum acquired from a Langmuir probe locateghreshold. While total elimination af, is experimentally
75.4 cm from the MRE is inset in Fig. 4. The fluctuation gifficult, theoretical analysis shows that the observed
spectrum is broadbar(@/f =~ 30%) and spiky which is |evel of v, is inconsequential to the mode characteristics.
typical of inhomogeneous energy-density driven (IEDD)calculations for experimental conditions indicate that
waves [9,10,32]. Shown as a solid line is the IEDDthe thresholdv; for the Kelvin-Helmholtz instability is
instability growth rate theoretically predicted using SPSCaroundzv,i and the fastest growth occurs for/ky = 0.
plasma parameters, which indicates a large thresholdence, it is unlikely that the fluctuations result from the
Kelvin-Helmholtz instability since there is an observed
threshold at large electric fieldvg = 20v,;) and the
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FIG. 4. Normalized mode amplitud®:/» (circles) and theo- FIG. 5. Experimentally measured (circles) and theoretically

retically predicted IEDD growth rate (solid line) as a function calculated change in mode frequency as a function of increasing
of increasing electric field strength. Typical wave spectrumelectric field strength. Solid and dashed lines correspond to
is inset. cylindrical and slab geometry, respectively.
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