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We report experimental evidence of a seamless transition between three distinct modes in a magnetized

plasma with a transverse sheared flow as the ratio of the ion gyroradius to the shear scale length (a measure

of shear magnitude) is varied. This was achieved using a dual plasma configuration in a laboratory

experiment, where a sheared flow oriented perpendicular to a background magnetic field is localized at the

boundary of the plasmas. This confirms the basic theory that plasma is unstable to transverse velocity

shear in a broad frequency and wavelength range. The experiment characterizes the compression or

relaxation of boundary layers often generated in a variety of laboratory and space plasma processes.
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For a wide variety of laboratory and space plasma envi-
ronments, theoretical predictions [1–3] state that plasmas
are unstable to transverse and parallel inhomogeneous
flows over a very broad frequency and wavelength range.
A hierarchy of distinct modes of oscillation exists in a
plasma in the presence of a transverse and/or a parallel
sheared flow. Specifically, for a velocity shear oriented
perpendicular to a uniform background magnetic field,
the magnitude of the shear frequency (!s), as compared
to the ion cyclotron frequency (!ci), determines the char-
acter of the shear driven instability that may prevail [3].
Since !s is inversely proportional to the shear scale length
(Ls), !s � dV=dx� 1=Ls, the instabilities may also be
characterized by a shear scale length compared to the ion
gyroradius (�i). For the first time, the continuous variation
of the ratio �i=Ls—and the associated transition of the
instability regimes driven by the shear flowmechanism—is
demonstrated in a single laboratory experiment under iden-
tical plasma conditions. This is a demonstration of the re-
laxation mechanism of compressed plasma layers in a
collisionless plasma.

In the space plasma environment, sheared plasma flows
have been observed by spacecraft in the ionosphere [4] and
at boundaries such as the magnetopause [5,6] and the
plasma sheet boundary layer [7–9]. Velocity shear is also
generated in active experiments in space. For example, a
region of electron depletion is created in the local plasma
in the ionosphere by the release of electron capturing
agents and at the boundary of the depletion, highly sheared
electron flows develop [10–12]. Intense solar storms can
compress and steepen the natural boundary layers. As
boundary layers begin to relax from a compressed state
and the ratio �i=Ls decreases, observations of broadband
electrostatic noise (BEN) have been reported, [6,13–17] in
which the frequency range extends from below !ci up to
the electron plasma frequency (!pe). Simulations [18]

have confirmed that the free energy available in sheared
electron flows can give rise to BEN spectra and can excite
Kelvin-Helmholtz, ion cyclotronlike, and lower hybrid
modes [1,19].
The kinetic theory described by Ganguli et al. [1–3]

discusses three distinct instability regimes for transverse
sheared plasma flows. For �i < Ls, the low frequency
Kelvin-Helmholtz instability [1] appears in the plasma
with a characteristic frequency that is below !ci. Kelvin-
Helmholtz instabilities [20–22] have long been studied in
Q machines and more recently in the compact toroidal
hybrid [23]. As Ls is decreased to become comparable to
�i, a different shear driven instability occurs near!ci. This
instability mechanism is described as the inhomogeneous
energy density driven instability (IEDDI) [1] and is distinct
from the Kelvin-Helmholtz instability. Koepke et al.
[24,25] and Amatucci et al. [26] have characterized the
IEDDI when a magnetic field aligned current is also
present in a Q machine. The IEDDI in a virtually nonexis-
tent field aligned current has also been studied [27–30].
There exists a third mode when �i becomes much larger
than Ls, a regime in which electrons are magnetized in the
shear layer, but the ions are effectively unmagnetized. The
resulting shear driven instability occurs at a frequency well
above !ci and closer to the lower hybrid frequency (!LH).
This mode is known as the electron-ion hybrid (EIH)
instability [2], which was experimentally characterized
by Amatucci et al. [31], by Matsubara et al. [32], and by
Kumar et al. [33]. All of these instabilities have a single
free energy source, a transverse shear flow, but the physics
of the energy extraction to support growth are different
[2,34]. The ratio �i=Ls acts as a surrogate for the magni-
tude of stress that the plasma layer is subjected to [13] and
determines which mode is dominant. This ratio is also a
convenient tunable experimental parameter that we exploit
to induce the transition between the modes. While each of
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these instability modes has been studied separately in
different plasma experiments, no single experiment has
shown the continuous transition from one mode to another
to test how these different modes are interlinked with
one another and produce BEN, which is the basis of the
relaxation process [3] and is the primary objective of our
experiment.

The experiments described in this Letter were performed
using a double-plasma configuration in the Auburn Linear
Experiment for Instability Studies (ALEXIS) [35–37]
(shown in Fig. 1) and has been described previously [37].
Primary plasmas in ALEXIS are generated using a
13.56 MHz, 600 W radio frequency (rf) power supply. A
matching network is used to couple the rf power from an
antenna into the plasma. The secondary plasma source is a
hot filament plasma source; i.e., it uses the thermionic
emission of electrons from a heated wire to produce a
plasma [38]. The secondary source consists of 3 separate
parallel filaments made from tungsten. The filament source
is designed to produce a plasma with a diameter of 2.5 cm.
This is much smaller than the 10 cm diameter of the
primary plasma source. Plasmas are generated using argon
gas at a pressure of 0.3 mTorr with an input power of 40 W
for the rf plasma and an emission current of 60 mA for the
filament plasma. Electron densities range from 0.3 to 6�
1015 m�3 with electron temperatures between 3 and 7 eV.
The ion temperature is assumed to be room temperature.

A blocking disk is placed in front of the rf antenna to
block out the central portion of the rf plasma. The smaller

filament plasma then fills in this void, creating two inter-
penetrating plasmas. With this double plasma configura-
tion, it is possible to control the electric field magnitude at
the boundary between the two plasmas while preventing a
parallel current from being introduced into the system.
The goal of this study is to create a localized radial

electric field and then vary �i with respect to Ls by chang-
ing the magnetic field strength (B0) to access the different
instability regimes. An emissive probe is used to measure
the plasma potential as the probe is moved radially across
the plasma column. The electric field is then calculated
from the plasma potential, and Ls is calculated from the
half-width at half-maximum of the radial velocity shear
profile. Figure 2 shows �i (circles, black) and Ls (squares,
pink) as a function of B0. The dashed horizontal lines
(blue) show the minimum and maximum measured Ls

values. The measured values range from 0.25 to 0.6 cm,
with an average of 0:4� 0:076 cm. For B0 less than 160 G,

FIG. 1. A schematic of the experimental setup. A blocking
disk creates a void in the rf plasma, which is filled in by a smaller
diameter plasma from a hot filament source. The filament plasma
potential is varied by PS-1 and PS-2 relative to the rf plasma
potential, which is maintained at chamber ground. PS-3 resis-
tively heats the filament source to thermionic temperatures.

FIG. 2 (color online). �i (circles, black) and the measured Ls

(squares, pink) as a function of B0. The dashed horizontal lines
(blue) show the minimum and maximum measured Ls. The
dashed vertical lines (red) indicate values of B0 where a tran-
sition in the instability frequency is seen.

FIG. 3. The ratio of !=!ci is plotted on a Log scale as a
function of �i=Ls. For a large �i=Ls (low B0) there is an
instability with !>!ci. For a small �i=Ls (large B0) !<
!ci. When �i � Ls, the frequency is near !ci.
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�i > Ls. For B0 greater than 520 G, �i < Ls. Between 160
and 520 G, �i � Ls.

The response of the plasma was studied as the magni-
tude of the ratio �i=Ls was varied from 0.55 to 3.39 without
affecting the plasma conditions. Frequency spectra are
obtained from time-resolved Langmuir probe measure-
ments of the floating potential. The dashed vertical lines
(red) in Fig. 2 indicate the B0 for which a transition in the
mode frequency occurs. The logarithm of !=!ci is plotted
as a function of �i=Ls in Fig. 3 to show the three distinct
frequency modes observed in the plasma. For reference,
under these operating conditions, fci ¼ !ci=2� ranges

from 3.6 to 22.5 kHz as a function of increasing B0.
When �i=Ls is between 0.55 and 0.62 (corresponding to
a high B0), the mode frequency (�2 kHz) is much smaller
than fci, and the mode frequency (�50 kHz) is much
higher than fci when �i=Ls is between 2.04 and 3.39
(corresponding to a low B0). If �i=Ls is between 0.64
and 1.85, the mode frequency (�15 kHz) is comparable
to fci.
Figure 4 shows a frequency spectrum and a radial wave

power profile for one example from each frequency
regime. The ratio of �i=Ls increases going from the top
row (a) and (b) to the bottom row (e) and (f). In the radial

FIG. 4. The FFT spectra and wave power profiles are shown for when (a),(b) �i < Ls, (c),(d) �i � Ls, and (e),(f) �i > Ls. The
magnetic field strength decreases moving down the columns.
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wave power profiles, 0 cm denotes the center of the plasma
column and 5 cm corresponds to the edge of the vacuum
vessel.

Figures 4(a) and 4(b) show the spectrum and wave
power profile for a �i=Ls of 0.56. This spectrum is a very
typical case of what is observed when �i < Ls. The insta-
bility is located at a low frequency so that !=!ci ¼ 0:11.
The wave power profile shows that the instability extends
over the entire plasma column, peaking at 1.6 cm. There is
a radially outward electric field with a peak value of
16 V=cm located at 1.8 cm. The parallel and perpendicular
wave number components, kz and ky, respectively (relative

to the background axial B0), are measured to be 7.99 and
137:46 m�1, respectively, with a ratio of kz=ky ¼ 0:058.

These signatures are consistent with the Kelvin-Helmholtz
mode [39,40].

Figures 4(c) and 4(d) show the spectrum and wave
power profile for a measured �i=Ls of 1.70. The spectrum
for this case is extremely localized in frequency space and
shows that the instability has a much higher frequency
(!=!ci ¼ 1:9). The wave power profile shows that the
instability is also more localized in space, peaking at
1.6 cm. A radially inward electric field, with a peak
strength of 10:5 V=cm is measured in the plasma. The
parallel and perpendicular components of the wave number
were measured to be 15.55 and 112:76 m�1, respectively,
i.e., kz=ky ¼ 0:14. This is indicative of the IEDDI mecha-

nism [41].
Finally, Figs. 4(e) and 4(f) show the frequency spectrum

and wave power profile when �i=Ls ¼ 3:39. The instabil-
ity is localized for ! � !ci (!=!ci ¼ 14:5) but close to
the lower hybrid frequency (!=!LH ¼ 0:17). The wave
power profile shows that the amplitude peaks near 0.6 cm
and is localized near the boundary of the filament and rf
plasmas where the velocity shear is localized with a peak
electric field of 40 V=cm. The measured perpendicular and
parallel wavenumber components are 86.7 and 10:42 m�1,
respectively, i.e., kz=ky ¼ 0:12. This mode has been iden-

tified as the EIH mode. Simulations [39] showed that for
the EIH mode, kz=ky � 0:18. In a uniform density, the

mode frequency is near !LH. However, theory has shown
that the presence of a density gradient can decrease the
frequency such that !=!LH < 1 [14,31]. A mild density
gradient (with respect to the electric field gradient), was
measured at r ¼ 0:6 cm so that the ratio of the diamagnetic
drift frequency (!�) to the shear frequency is !�=!s ¼
ðkyVdÞ=ðVE�B=LsÞ � 0:06 where Vd is the diamagnetic

drift velocity and VE�B is the velocity shear.
In summary, we have reported the first experimental data

indicating that a stressed, collisionless plasma can relax
through wave emission in a very broad frequency range.
Three distinct modes with a spread over 5 orders of mag-
nitude in frequency (normalized by !ci) arise when �i=Ls

is varied by a factor of 7. This is representative of the
compression phase of the plasma sheet boundary layer

during the onset of disturbed conditions in the magneto-
sphere. As �i transitions from a value less than Ls to a
value comparable to Ls, the mode in the system goes from
a frequency less than !ci to near !ci. As �i=Ls increases
more, the mode frequency rises further into the lower
hybrid regime. There may be some mixture of the modes
due to overlap of the boundaries of validity. In a small
laboratory device like ALEXIS it is difficult to access the
ideal regimes for the different modes defined by 1 	
�i=Ls, �i=Ls �Oð1Þ, and �i=Ls 	 1 while keeping other
parameters nearly unchanged. But within the practical
limitations the transition between the modes is quite clear
in our experiment. The results of this work confirm the
basic theory that plasma is unstable to localized transverse
velocity shear in a very broad frequency range. These
results also provide evidence for the theory described by
Ganguli et al. [3], which proposes that as a compressed
boundary layer relaxes in a collisionless plasma it leads to
a broadband electrostatic noise signature that satellites
have often observed while crossing magnetopsheric
boundary layers.
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