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Abstract Fora wide variety of laboratory and space plasma environments, theoretical predictions state that
plasmas are unstable to inhomogeneous flows over a very broad frequency range. Such sheared flows are
generated in the Earth’s magnetosphere and intensify during active periods. Specifically, for a velocity shear
oriented perpendicular to a uniform background magnetic field, the shear scale length (L) compared to the ion
gyroradius (p;) determines the character of the shear-driven instability that may prevail. An interpenetrating
plasma configuration is used to create a transverse velocity shear profile in a magnetized plasma column, a
condition similar to that found in the natural boundary layers. The continuous variation of p;/Lr and the associated
transition of the instability regimes driven by the shear flow mechanism are demonstrated in a single laboratory
experiment. Broadband wave emission correlated to increasing/decreasing stress (i.e., pi/Lg), a characteristic
signature of a boundary layer crossing, is found under controlled and repeatable conditions. This result holds out
the promise for understanding the cause and effect of the in situ observation of broadband electrostatic noise.

1. Introduction

In a previous letter [DuBois et al., 2013b], it was shown that a compressed, magnetized plasma layer can
give rise to broadband electrostatic noise (BEN) in a laboratory experiment. Depending on the level of
compression (measured from the ratio of the ion gyroradius to the velocity shear scale length), wave emission

from below the ion cyclotron frequency up to the lower hybrid frequency (w4 = (wpi wce)/ wf,e + w?,) was

observed, where wp,. is the ion, electron plasma frequency and w,;, is the ion, electron cyclotron frequency.
This paper presents a detailed experimental characterization of the BEN phenomena performed under a
controlled and repeatable laboratory plasma environment.

The BEN signature has been observed in space plasmas for decades [Gurnett and Frank, 1977; Eastman and
Frank, 1984; Parks et al., 1984; Cattell and Mozer, 1986; Lakhina, 1987; Kintner et al., 1996; Andre et al., 2001], but
the cause and effect of the phenomena are still debatable. It is found that BEN intensifies during active
periods when the Earth’s magnetosphere is compressed by external forces of solar origin. Thinning of the
magnetotail due to compression is observed during these active periods [Takahashi and Hones, 1988]. Natural
boundary layers, such as the magnetopause and the plasma sheet boundary layer (PSBL), are compressed,
and consequently, strong sheared flows caused by highly localized ambipolar electric fields arise [Romero
et al., 1990; Romero and Ganguli, 1994] and are observed [Cattell et al., 1982; Orsini et al., 1984; Jacquey et al.,
1994]. The highly stratified nature of the magnetotail region is now well established [Sarafopoulos et al., 1997]
and cannot be ignored in theoretical models. In particular, the inhomogeneous electric fields, which are an
integral part of the equilibrium state, significantly affect the dispersive properties of the medium and are
essential to the origin of BEN [Ganguli et al., 1994b]. As these boundary layers are compressed, the ratio of the
ion gyroradius (p;) to the shear scale length, Lr (a measure of how strong the shear magnitude is in the plasma),
increases, and the observations of BEN have been widely reported [Gurnett and Frank, 1977; Parks et al., 1984;
Cattell and Mozer, 1986; Lakhina, 1987; Kintner et al., 1996; Andre et al., 2001]. The frequency range of BEN
extends from below the ion cyclotron frequency up to the electron plasma frequency. Simulations performed
by Romero et al. [1992] have confirmed that the free energy available in sheared flows in the compressed
boundary layers can give rise to BEN spectra. Others [Grabbe and Eastman, 1984; Matsumoto et al., 1994;
Omura et al., 1994] have analyzed the origin of BEN assuming an infinite homogeneous plasma equilibrium
model with homogeneous beams, although the presence of beams is sometimes questionable [Angelopoulos
et al,, 1993] and how the solutions are affected by the inhomogeneous electric field is not known.
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Table 1. A Hierarchy of Microinstabilities That Can Be Triggered by Velocity Shear [Ganguli et al., 1994a, 2002]

Regime Transverse Shear Flow Parallel Shear Flow

pi>Lg Electron-lon Hybrid (EIH) Instability Shear-Driven Lower Hybrid Instability
O~0IH

pi~Lg Inhomogeneous Energy-Density-Driven Shear-Driven lon Cyclotron Instability
W~ g (IEDD) Instability

pi<Lg Kelvin-Helmholtz Instability Shear-Modified lon Acoustic and

0 < ¢ D’Angelo Instabilities

Kinetic theory described by Ganguli et al. [1988a, 1988b, 1994a, 1994b] states that plasmas are unstable to
transverse and parallel inhomogeneous flows over a very broad frequency and wavelength range. The theoretical
predictions discuss a hierarchy of distinct modes of oscillation [Ganguli et al., 1994a, 2002] (Table 1) that
can exist in a plasma in the presence of a transverse and/or a parallel sheared flow. This hierarchy of instabilities,
where the magnitude of the shear frequency compared to the ion cyclotron frequency (ws/w,;) determines
the character of the mode that may prevail [Ganguli et al., 1994a], is likely to make up the BEN spectrum that
is often observed by satellites because they are directly triggered by the magnitude of stress. Since w; is
inversely proportional to the shear scale length, ws=dVgy g/dx~1/Lg, where Vg g is the inhomogeneous
cross-field flow, the instabilities may also be characterized by a shear scale length compared to the ion
gyroradius. This ratio (p;/Lg) acts as a surrogate for the magnitude of stress that a plasma layer is subjected
to and can be exploited in laboratory experiments to model the varying degree of stress resulting in the
transition between the modes.

The instabilities shown in Table 1 have each been studied separately in different experimental devices.
Specifically for transverse sheared flows, the Kelvin-Helmholtz instability (p; < Lrand @ < ;) has been studied in
both Q-machines [Kent et al., 1969; Jassby, 1970, 1972] and in fusion experiments [Cianciosa, 2012]. In the
regime where p;~ Lg, a different shear-driven instability arises in the plasma that has a frequency, w ~ . This
instability mechanism is described as the inhomogeneous energy-density-driven (IEDD) instability [Ganguli et al.,
1988b] and is distinct from the Kelvin-Helmholtz instability. Studies at West Virginia University [Amatucci et al,,
1994; Koepke et al., 1994, 1998] have characterized the IEDD instability in the presence of a magnetic field-
aligned current in a Q-machine. Experiments at the Naval Research Laboratory [Amatucci et al., 1996, 1998] and at
Auburn University [Thomas et al., 2003; Eadon, 2011] studied the IEDD instability in linear magnetized plasma
experiments with a virtually nonexistent field-aligned current. The electron-ion hybrid (EIH) instability (w ~ o)
arises when p; becomes much larger than Lg, leaving the ions effectively unmagnetized while the electrons
remain magnetized in the shear layer. The EIH instability was experimentally characterized by Matsubara and
Tanikawa [2000], by Santhosh Kumar et al. [2002], by Amatucci et al. [2003], and more recently by DuBois [2013]
and DuBois et al. [2014]. 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 [Ganguli et al., 1988a; Ganguli, 1997].

The experiment presented in this paper is the first to show the continuous transition between modes and
the interrelation between the various transverse shear-driven modes and BEN, which is the basis of the
compression/relaxation process of plasma in boundary layers. The experimental results are separated into
two parts. First, the demonstration of the continuous variation of the ratio p;/Lg and the associated transition
of the instability regimes in a single laboratory experiment is discussed. Second, each shear-driven mode is
examined more closely, and it is shown that the characteristics of the three modes are consistent with those
exhibited by known shear-driven modes such as the Kelvin-Helmholtz, the IEDD, and the EIH instabilities.

2, Experimental Setup

The experiment described in this paper was performed using the Auburn Linear Experiment for Instability
Studies (ALEXIS) device [Wallace et al., 2004; Eadon et al., 2011; DuBois et al., 2013a], which is a 1.7 m long,
10 cm diameter magnetized cylindrical plasma column designed to study sheared plasma flows. The
experiment is run in a steady state double-plasma configuration, which is based upon a design first reported
by Amatucci et al. [2003] and is described in detail by DuBois et al. [2013a], so only a brief summary of the
device is given here. ALEXIS has five main sections that make up the vacuum chamber, which can be seen in
Figure 1: (A) the radio frequency (RF) antenna, (B) a standard six-way cross, (C) the main chamber, (D) a
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Figure 1. The Auburn Linear Experiment for Instability Studies (ALEXIS) has five main components: (A) the antenna, (B) a stan-
dard six-way cross, (C) the main chamber, (D) a custom box that can be used for optical access, and (E) a double-walled
water-cooled section. The ports are numbered 1 (closest to the antenna) to 7 (farthest from the antenna). The magnets
are lettered a through i.

custom box used for optical access, and (E) the double-walled, water-cooled section that houses a secondary
plasma source. The ports are labeled using numbers 1 through 7, and the electromagnets, which produce a
uniform axial magnetic field, are labeled a through i. Plasmas in ALEXIS are generated with argon neutral gas.

In its present configuration, ALEXIS uses two plasma sources—one at each end of the vacuum chamber.
Primary plasmas in ALEXIS are generated using a 13.56 MHz, 600 W RF power supply. A matching network is
used to couple the RF power from the antenna (section A in Figure 1) into the plasma. The secondary plasma
source is located in the water-cooled section (section E in Figure 1) and is designed to have a much smaller
diameter (2.5 cm) than the main RF-generated plasma (10 cm). The secondary source, which consists of three
separate tungsten filaments connected in parallel, is a hot filament plasma source; i.e., it uses the thermionic
emission of electrons from a heated wire to produce a plasma [Nottingham, 1936]. A blocking disk, located in
port 1 in Figure 1, creates void region in the center of the primary RF plasma, which is then filled in by the
smaller diameter filament plasma source, creating an interpenetrating, dual plasma configuration.

In order to perform the wave experiments, it is necessary to create a localized radial electric field at the
boundary between the RF and filament plasmas to represent the compression phase during active periods
[Romero et al., 1990; Romero and Ganguli, 1994]. It is possible to control this electric field in order to
simulate increasing/decreasing stress by biasing a mesh placed 9cm in front of the filament source to
vary the plasma potential of the filament plasma. A high transparency mesh is placed directly in front of the
RF antenna so that the RF plasma potential does not float to arbitrary potentials in order to ensure that a
constant electric field between the plasmas can be reproduced. The biasing mesh is electrically connected to
the blocking disk so that the entire filament plasma can be maintained at a single potential, which helps
avoid drawing field-aligned current in the plasma. In the interpenetrating plasma configuration, variations
in the radial direction are much stronger than in the axial direction, so the axial direction is nearly uniform
for all practical purposes for the experiments discussed in this paper. A schematic of the interpenetrating
plasma experiment is shown in Figure 2.

A range of in situ diagnostic probes were used in this experiment to measure plasma parameters and calculate
radial profiles, including emissive probes (plasma potential and electric field) [Eadon et al., 201 1], biased double
probes (electron density and temperature) [DuBois et al., 2013a], and an electrically floating double tipped
probe described here as a “k” probe (floating potential fluctuations and wave number) [Eadon et al., 2011;
DuBois, 2013]. All of the probes are integrated into a data acquisition system and are controlled by a computer
to move radially inward from r=>5 to r=0cm (corresponding to the cylindrical axis of the plasma), taking data
every 0.2 cm to acquire radial profile of various plasma parameters.

3. Experimental Results
3.1. Continuous Variation of p;/Lg

The goal of this study is to create a localized radial electric field and then vary the ion gyroradius with respect
to the shear scale length by changing the magnetic field strength. This is done in order to model the
important dynamic variability in the magnetotail during active periods and access the different resulting
instability regimes defined by the magnitude of velocity shear. In this experiment, the magnetic field strength
is varied from 90 to 590 G, while all other external experimental controls are held constant. The measured
plasma parameters, such as the electron density and electric field, were observed to change spontaneously
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Filament as the magnetic field strength is varied.
Plasma In this experiment, a small field-aligned
Source

current was measured on the face of the
blocking disk and was observed to be
nearly constant for all of the magnetic field
strengths, as well as in the absence of the
radial electric field. The axial drift velocity
due to field-aligned (axial) current is
considered to be negligible, because

-
~ | Biasing Grid

§ Vrift < 0.1 Vine, Where Vipe is the electron

Z thermal speed. Table 2 gives the baseline

= Blocking disks operating conditions for this experiment.
__|___|:_‘ Grounding  An electrically floating, heated emissive

'f Antenna Grid probe [Eadon et al., 2011] located at port 2
(Figure 1) is used to measure the plasma
c3 potential as the probe is moved radially
across the plasma column (Figure 3a). A
radial electric field is then calculated from
l the plasma potential profile, and the shear
= scale length is calculated from the half
width at half maximum of the radial electric

Figure 2. Schematic of the interpenetrating plasma experiment. The )
RF antenna and the matching network are shown at the bottom, and field profile (Figure 3b).
the hot filament circuit is shown at the top, where PS-1 controls the

bias on the mesh, PS-2 controls the bias voltage on the filament source Figure 4 shows the p; (black circles) and the

relative to the biasing mesh, and PS-3 resistively heats the filament calculated Lg (pink squares) as a function
source. The blocking disk is electrically connected to the biasing grid,  of magnetic field strength. The measured
which limits the amount of paraIIeI current in the experiment. scale |ength values range from 0.25 to

0.6 cm. The dashed horizontal line (pink)
shows the average value of the shear scale length (0.4 +0.076 cm). The data shown in Figure 4 indicates that
the three regimes defined by p;/Lg, as described in Table 1, are accessible in the ALEXIS, interpenetrating
plasma configuration. For magnetic field strengths less than 160 G (region 1, represented by the left vertical
dashed line), the ion gyroradius is larger than the shear scale length, representing strong compression, and
the shear-driven instabilities in the lower hybrid frequency range should be observed. For magnetic field
strengths greater than 520 G (region 3, represented by the right vertical dashed line), the ion gyroradius is
less than the shear scale length, representing weak compression, and the Kelvin-Helmholtz mode should be
observable in the plasma. Between 160 and 520 G (region 2, between the vertical dashed lines), the ion
gyroradius is comparable to the measured scale length, representing medium compression, and instabilities
in the ion cyclotron frequency range should be observed in the plasma.

The response of the plasma was studied as the magnitude of the ratio p;/Lr was varied from 0.55 to 3.39
(the average Lg~0.4cm is used). Frequency spectra are obtained from time-resolved Langmuir probe
measurements of floating potential. The
dashed vertical lines (red) in Figure 4
indicate the magnetic field strengths for

Table 2. Experimental Operating Conditions

Parameter Value
: which a transition in the mode frequency
Neutral gas Argon .
———— 90 10 590G occurs. The Iogarl'thm of the'mode
Neutral gas pressure 0.29 m torr frequency normalized to the ion cyclotron
RF power 40W frequency is plotted as a function of p;/Lg
Filament emission current 60 mA in Figure 5 to show the three distinct
Filament bias —20v frequency modes observed in the plasma
Grid bias 80V quency plasma.
Electron temperature 5eV For reference, under these operating
lon temperature 0.025eV conditions, the ion cyclotron frequency
:_0" cycrl]otgo.z ffreq”ency 36t ZE: kHz  (ie, f=w./2x) ranges from 3.6 kHz to
OWer ybnd Treqtency 350kHz 22.5kHz as a function of increasing
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Figure 3. (a) The radial plasma potential measured using a hot emissive
probe. (b) The radial electric field profile is calculated from the radial
plasma potential profile, and the shear scale length, Lg, (red) is calculated
as the half width at half maximum of the electric field profile.

magnetic field strength. The dashed
lines (black) in Figure 5 indicate the
pi/Le ratio where a transition in the
wave frequency occurred. When p;/Lg
is between 0.55 and 0.62 (red data
points corresponding to a high
magnetic field strength), the mode
frequency (f~1kHz) is much smaller
than f,; (w/w¢~0.1 +0.0035), and when
pilLe is between 2.04 and 3.39 (green
data points corresponding to a low
magnetic field strength), the mode
frequency (f>50kHz) is much higher
than f; (w/w~10.6 +2.8). When
pi/Lg is between 0.64 and 1.85 (blue
data points), the mode frequency
(13kHz < f< 15.2 kHz) is comparable to
fei (@w/wei~1.2%0.39). Three distinct
modes were observed in the plasma
over a 5 order of magnitude spread in
frequency (normalized by ;) by varying
pi/Le by only a factor of 7. This shows
the sensitivity of the plasma compression
(i.e., the magnitude of p;/Lg) to the
character of BEN.

Figure 6 shows a three-dimensional representation of the experimental measurements for each of the
frequency ranges in the different p;/L¢ regimes. Each 3-D plot shows a spectrum of the fast Fourier transform
(FFT) amplitudes (z axis), frequency (y axis), and the radial position (x axis). For the radial position axis, 0 cm
denotes the center of the plasma column, and 5 cm corresponds to the edge of the vacuum vessel. In the x-z
plane, the peak amplitude of the FFT spectrum is shown as a function of the radial position (radial wave
amplitude profile). The FFT frequency spectrum is shown in the y-z plane. In the x-y plane, the frequency is

4f, 1 2 P03

(cm)
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o8 ] e ~ o ]

pi (em), / F

o4fan. Ll A el te

v
! ‘m |["n 8

02} : 114 ]
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Magnetic Field (Gauss)

Figure 4. The p; (black circles) and the measured Lg (pink squares) as a
function of the magnetic field strength. The dashed horizontal line (pink)
shows the average value of the measured shear scale length (0.4 + 0.076 cm).
The dashed vertical lines (red) indicate the magnetic field strengths where
a transition in the ratio of p;/Lg is observed, as well as a transition in the
wave frequency. Region 1 (green) indicates the regime where p;> L,
region 2 (blue) is the regime where pj~Lg, and region 3 (red) shows the
data where p; < Lg.

shown as a function of the radial position.
The plot color corresponds to the
amplitude of the FFT spectrum, where
red indicates a large amplitude and
blue indicates a low amplitude. Dark
blue indicates the noise floor.

The first column in Figure 6 shows the
3-D plots for a low-frequency range
between 0.3 and 10 kHz. The second
column shows the three plots in the ion
cyclotron frequency range (10 to 20 kHz),
and the third column shows the plots
for a high-frequency range between
30 and 100 kHz. Going down, a column
represents increasing compression
during active periods. It is important to
note that the FFT spectrum amplitude
scale in each column is different. The
first column ranges from 1x10~* AU
to 5x 1073 AU. The amplitude range
in the second column extends from
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Figure 5. The log of w/w,; is plotted as a function of the ratio of p;/Lg.
For a large p;/Lg (low magnetic field strength), there is an instability
with @ > w; (region 1, green). For a small p;/Lg (large magnetic field),
w < w¢j (region 3, red). When pj~Lg, the frequency is near w; (region 2,
blue). The dashed lines (black) indicate the ratio where a transition in the
wave frequency occurs.

1x10 °AU to 1x 10> AU, and the
amplitude in the third column ranges
from 1x 107> AU to 1 x 10* AU. Each
row shows the 3-D plots for a different
pi/Le regime, where the ratio of p;/Lg
increases going from the top row to the
bottom row. For example, Figure 6a
shows the 3-D plot for the low-frequency
range when the ion gyroradius is smaller
than the shear scale length, and Figure 6g
shows the 3-D plot for the low-frequency
range when the ion gyroradius is larger
than the shear scale length. This figure
shows that for each p;/Lg regime, a wave
exists in a limited frequency range. No
other modes exist in the plasma at the
same time and that only by changing
the ratio of p;/L¢ is a new mode in a new
frequency range accessible.

In the regime where p; < Lg (pi/Le=0.56), there is a wave present below 10 kHz (Figure 6a), and at higher
frequencies, there are no high-amplitude fluctuations present in the plasma (Figures 6b and 6c). When the
ion gyroradius is comparable to the shear scale length (p;/Lg=1.70), Figure 6d shows that there is no longer a
wave below 10 kHz, and Figure 6f shows that no wave exists above 30 kHz in the high-frequency range.

Middle Frequency Range (10 — 20 KHz)

High Frequency Range (30 — 100 KHz)

0.56

571G, pi/Le

hroptde

Low Frequency Range (0.3 — 10 KHz)

Aeopiude (@ay

1.70

191G, pi/Ly

hrogitde fany

Aengiude aay

3.39

95G, pi/Le

hoopiide fa )

hegidelany
Ampitude )

Figure 6. (first to third columns) The 3-D plots show the FFT amplitude on the vertical axis, frequency on the left axis, and radial position on the right axis. The plots
show different frequency ranges going from left to right and show increasing values of p;/Lg going from top to bottom. The color scale corresponds to the FFT
amplitude where red indicates a high amplitude and dark blue represents the noise floor of the FFT spectrum.
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0.0020 . ; . : . . .
1 Figure 6e shows that a wave is now

supported primarily in the middle-
0.0015} . frequency range near the ion cyclotron

E frequency. Finally, in the last regime

3 1 where the ion gyroradius is greater than
0.0010+ .

% 1 the shear scale length (p;/Lz=3.39), no

5: waves are excited at low frequencies,

0.0005 - and the excited waves are observed

near 70 kHz. Figure 6 shows that there

are three distinct modes that are excited

2000 4000 6000 8000 10000  at various stages of compression.
Frequency (Hz)

0.0000

3.2. Characterization of

Figure 7. The Fourier spectrum when the ion gyroradius is less than the ~ Shear-Driven Modes
shear scale length (corresponding to a high magnetic field strength). . .
The characteristic frequency is approximately 1 kHz, with three harmonics To characterize the shear-driven modes
at higher frequencies. For this case, py/Lg=0.56. observed in ALEXIS, the tips of a double

Langmuir probe [DuBois et al., 2013a]

(located at port 4) are biased relative to
each other to acquire a characteristic trace at different radial positions. The electron density and temperature
are derived from the characteristic trace to calculate radial profiles. A “k” probe [Eadon et al., 2011] (located
at port 5) has two electrically floating tips with a separation distance (Ax) of 3 mm and is used to calculate the
phase difference (Ap) between two azimuthal or axial locations of a wave by measuring the floating potential
fluctuations simultaneously on each probe tip. The amplitude and frequency of electrostatic waves in the
plasma are calculated from the floating potential fluctuations at each radial position, and the wave number is
calculated from the measured phase difference (k= Ap/Ax) at the same position as the peak wave amplitude.
In the next series of plots, the three distinct modes observed in the plasma are discussed.
3.2.1. Low-Frequency Range
The following plots correspond to the low-frequency shear-driven mode that arises when p;/Lg < 1 (region 3
in Figure 4 and red data in Figure 5). Figure 7 shows the FFT spectrum of the low-frequency wave (p;/Lg = 0.56)
measured at the same radial position as the peak wave amplitude. The characteristic frequency is close to
1 kHz, with three harmonics near 2 kHz, 3 kHz, and 4 kHz. This spectrum is a very typical case of what is
observed when the ion gyroradius is smaller than the shear scale length. The wave is located at a low frequency
so that w/w=0.11.

Figure 8 shows (a) the wave amplitude profile, (b) the radial electric field profile, and (c) the radial electron
density profile for the low-frequency wave. The wave amplitude profile shows that the wave extends over the
entire plasma column, with a peak amplitude at r=1.6 cm. There is a radially outward electric field with a peak
value of 16 V/cm located at r=1.8 cm. The electron density profile shows that the electron density peaks at
r=2cm with a density of 5.5 x 10'® m ™. Figure 8a shows that the wave packet is localized in the same region
as the peak electric field (Figure 8b) and the peak electron density (Figure 8c). The electron density profile
shows that there is a density gradient located in the plasma, with a peak density gradient at r=1.2cm.
However, if the instability was driven by the density gradient instead of the electric field, the diamagnetic
drift frequency (w*) would be much larger than the shear frequency (ws), and the mode observed in
the plasma could be a drift wave. The ratio of the diamagnetic drift frequency to the shear frequency is
o*/wgs=(k,Va)/(Vex /L) = 0.047, where Vy is the diamagnetic drift velocity. The density gradient is negligible
compared to the electric field, ruling out the possibility that the low-frequency mode is a drift wave. In addition,
drift waves are stabilized by velocity shear [Gavrishchaka et al., 1996; DuBois et al., 2012].

The parallel and perpendicular wave number components (relative to the background axial magnetic field)
are measured to be k,=8+6.7m ™' and k,=138+£23.4m ", respectively, with a ratio of k,/k,=0.058 and a
mode number (m=k, r) of 2.2. The large perpendicular wave number compared to the small axial wave
number indicated that the waves propagate primarily in the azimuthal direction. These signatures are
consistent with the Kelvin-Helmholtz mode [Romero and Ganguli, 1993; Hojo et al., 1995]. Pefiano et al.
[1998] showed that the growth rate for this wave is nonzero for mode numbers greater than 1 in a cylindrical
device such as ALEXIS.
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Figure 8. The (a) radial wave amplitude profile, (b) radial electric field
profile, and (c) electron density profile for the low-frequency wave. For
this case, pi/Lg=0.56.
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Figure 9. The Fourier spectrum for when the ion gyroradius is close to the
shear scale length, pi/Lg=1.7.

3.2.2. lon Cyclotron Frequency Range
The following plots correspond to the
wave in the ion cyclotron frequency
range when p;/Lg~ 1 (region 2 in Figure 4
and blue data in Figure 5). A typical
spectrum for the waves found in this
regime (p;/Lg=1.70) is shown in Figure 9.
The spectrum in this case is highly
localized in frequency space and
shows that the wave has a much
higher frequency (w/w.=1.9) than in
the previous case. This spectrum was
measured at the same radial position as
the peak wave amplitude.

Figure 10 shows the plasma parameter
profiles, (a) the wave amplitude, (b) the
radial electric field, and (c) the electron
density, measured for the ion cyclotron-
like mode. The wave amplitude profile
shows that the wave is much more
localized in space, with an amplitude
peaking at r=1.6 cm. A radially inward
electric field, with a peak strength of
10.5V/cm, is measured in the plasma
(opposite in direction to the previous
case). The electric field is now observed
to peak near the center of the plasma
column so that the peak wave amplitude
occurs just outside the radial location
of the peak electric field. The electron
density is an order of magnitude less
than in the previous case, peaking at
5x10"*m~3. The electron density profile
shows that the density in the filament
plasma region is much less than that of
the RF plasma, creating a density hole in
the plasma. The wave amplitude peaks
between the peak electric field and the
peak electron density, with a mild density
gradient compared to the electric field
so that w*/w¢=0.36. The parallel and
perpendicular components of the
wave number are measured to be
k,=16+105m 'andk,=113£11.5m ",
respectively, with a ratio of k,/k,=0.14
(indicating that the waves propagate
azimuthally) and a mode number of 2.2.
These characteristics are indicative of
the IEDD instability, which is driven
by transverse velocity shear when the
ion gyroradius is comparable to the
shear scale length [Ganguli et al., 1994al].
Analysis by Pefiano et al. [1998] in
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cylindrical geometry showed that the
growth rate for the IEDD instability
maximizes at m=1. It is noted that in
earlier studies of the IEDD instability in
ALEXIS, it gave parameters of k,~8m™"
and k,~70m™", or k,/k,~0.11 with mode
numbers between 1 and 2 [Thomas et al.,
2003]. Although using a very different
configuration with different plasma
sources and neutral gas, the axial and
radial dimensions of ALEXIS remain the
same as previous configurations. Therefore,
it is reassuring that the wave packet for
the current ALEXIS configuration is quite
similar to past results.

The introduction of the radial electric field

‘ in the presence of a background magnetic
I field causes a Doppler shift in the wave
“ frequency (wq = w-k, Ve g) relative to the
r _r‘ ion cyclotron frequency in the region over
which the electric field is localized [Ganguli
et al.,, 1988b; Koepke et al., 1994; Thomas
et al.,, 2003]. The energy density is negative
in the electric field region due to the ExB
drift. A nonlocal wave packet couples the
positive and negative energy density
regions together, causing a flow of energy
out of the electric field region, which
allows the IEDD instability to grow as long
as wq <0 [Ganguli et al., 1988b]. The
frequency of the IEDD instability in the
0 1 2 3 4 5 lab frame (normalized to the ion cyclotron
Radial Position (cm) frequency), shown in Figure 113, is
observed to upshift from 0.71 w; to
2.04 w; as the electric field increases,
which is expected for the nonresonant
response of the IEDD instability, and was
previously demonstrated at the Naval
Research Laboratory by Amatucci et al. [1998]. Figure 11b shows the Doppler-shifted frequency of the wave
(normalized to the ion cyclotron frequency) as is observed in the laboratory frame of reference. The Doppler-
shifted frequency shown in Figure 11b varies from —1.2 w.; to —5.4 w.;. The four points with electric field
strengths greater than 8 V/cm are the last four data points before the transition to the higher-frequency
mode occurs and corresponds to the ratios of p;/Lg between 1.5 (B=206 G) and 1.9 (B=175 G), much higher
than the rest of the data in the p;~Lg regime. The correlation between the increase in the Doppler-shifted
frequency and the p;/L¢ regime change seems to indicate that these four data points may be a transitional
mode which is a mixture between the IEDD instability and the observed lower hybrid mode.
3.2.3. Lower Hybrid Frequency Range
Finally, the next three plots correspond to the regime where p;/Lg>1 (region 1 in Figure 4 and green
data in Figure 5). In this example, pi/Le=3.39, and the wave frequency is much greater than the ion
cyclotron frequency (w/w.=14.5) but close to the lower hybrid frequency (w/w =0.17). The peak FFT
amplitude was observed to increase with increasing electric field magnitude, with the mode frequency
shifting from 55 kHz to 74 kHz. A typical frequency spectrum is shown in Figure 12, where the peak FFT
amplitude occurs near 72 kHz.

lectron Density (10" 73)

E

Figure 10. The (a) wave amplitude, (b) radial electric field, and (c) electron
density profiles that correspond to the ion cyclotron-like wave. For this
case, pi/Le=1.70.
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251 (a) The data in Figure 13 show (a) the
[ radial wave amplitude profile, (b) the
20r . radial electric field, and (c) the radial
r o : electron density profile. Figure 13a
'33 L5p . : shows that the wave amplitude peaks
~ : at r=0.4cm and is localized near the
° Lof c oo, o ) boundary of the filament and RF
' . plasmas, where the velocity shear is
0st localized with a peak electric field of
40V/cm that is oriented radially
ol . : , . . . inward. The electron density is also
(b) observed to peak in the same region
-1r . as the peak electric field, which
é: " creates a density gradient at the same
= 2 " . ": radial location as the peak wave
E 3t ’ . amplitude. A mild density gradient
:- " (with respect to the electric field
I _qf . gradient) was measured at r=0.6cm
g . so that the ratio of the diamagnetic
-5 drift frequency to the shear frequency is
- w*/ws=0.06. The measured perpendicular
~5o 2 a6 3 10 12 14  and parallel wave number components
Electric Field (V/cm) are 87+166m ' and 10+£17.4m ",

ively, with io of k,/k,=0.12
Figure 11. (a) The mode frequency normalized to the ion cyclotron res!:)ectlve y, with a ratlo of ki/ky =0 .
frequency and (b) the Doppler-shifted frequency normalized to the ion (azimuthal propagation). The properties
cyclotron frequency plotted as a function of the electric field strength for ~ of the lower hybrid wave are consistent

the IEDD instability. with the electron-ion hybrid (EIH)

instability, although the observed
frequency is somewhat lower than the lower hybrid frequency. Simulations by Romero and Ganguli [1993]
showed that for the EIH mode, k,/k,~0.18.

In order to explain the difference between the wave frequency and the lower hybrid frequency, experimental
data were compared to the theoretical dispersion relation [Ganguli et al., 1988a; DuBois, 2013; DuBois et al.,
2014]. Figure 14 shows the theoretical mode frequency (black solid line) and the growth rate (black dashed
line) normalized to the lower hybrid frequency plotted as a function of the ratio of the shear scale length
to the density gradient scale length (L,). The theoretical model shows that when there is no (or weak) density
gradient in the plasma (i.e., L¢/L,< 1), the mode frequency is comparable to the lower hybrid frequency,
which has been experimentally verified by Amatucci et al. [2003]. However, as the density gradient scale
length decreases (Lg/L, increases), the
0.00004 . . . . . . mode frequency decreases such that
w/w y < 1 [DuBois et al., 2014]. The
experimentally measured frequencies

0.00003
5 (red circles) and growth rates (blue
3“_,: squares) are plotted against the
2 0.00002p theoretically predicted values and show
_2 good agreement with the model, which
<

indicates that the wave is the density
gradient-modified EIH instability.

0.00001

0 . . . . . .
30000 40000 50000 60000 70000 80000 90000 100000 4. Conclusion

F) Hz
reawency (He) The experiments discussed in this paper

Figure 12. The frequency spectrum for the lower hybrid mode where the ~ Were performed in an interpenetrating,
ion gyroradius is larger than the shear scale length so that p;/Lg=3.39. dual plasma configuration in the Auburn
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Figure 13. The (a) wave amplitude profile, (b) radial electric field profile, and
(c) electron density profile for the lower hybrid mode where p;/Lg=3.39.
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Figure 14. The theoretical curves for the frequency (solid line) and growth
rate (dashed line) for the EIH instability are plotted as a function of the ratio
of the shear scale length to the density gradient scale length (Lg/Ly,). The
experimentally measured frequencies (red circles) and growth rates (blue
squares) are plotted against the theoretical model.

Linear Experiment for Instability Studies
(ALEXIS). A strong E x B velocity shear
was generated at the boundary between
the two plasma columns by biasing
the inner plasma source to different
potentials relative to the outer, primary
plasma source. The plasma compression/
relaxation is modeled by varying the
magnitude of pi/Lg. This was achieved by
varying the magnetic field strength to
change the ion gyroradius, while all other
external experimental parameters
remained unchanged. At high magnetic
field strengths, the ion gyroradius is less
than the measured shear scale length
(pi/Le < 0.63), and a low frequency wave
(w < < wg), identified as a Kelvin-
Helmholtz instability, was observed in
the plasma. As the ion gyroradius was
increased by decreasing the magnetic
field strength, the ratio of the ion
gyroradius to the shear scale length was
measured to be between 0.64 and 1.85,
and a wave in the ion cyclotron frequency
range identified as the IEDD instability
arose in the plasma. At magnetic field
strengths less than 160G, the ratio of
pi/lLe>2 and a lower hybrid wave

was observed in the plasma such that
w > w. This shear-driven mode was
characterized as the EIH instability, and
it was shown that as a density gradient
becomes more localized in the plasma,
the mode frequency drops below the
lower hybrid frequency [DuBois et al.,
2014]. Each of these modes has been
studied individually in different laboratory
devices and configurations, but the
transition between the transverse
shear-driven instabilities had never
been observed in a single experiment
under the continuous variation of the
ratio of pi/L.

In summary, we have reported the first
experimental data, indicating that a
stressed, collisionless magnetized
plasma can relax by wave emission
cascading through a broad frequency
range [DuBois et al., 2013b]. Three
distinct modes spread over 5 orders of
magnitude in frequency (normalized
by w.) arise when p;/Lg is varied by a
factor of 7. This is representative of the
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compression/relaxation phase of the PSBL during disturbed conditions in the magnetosphere. In a small
laboratory device like ALEXIS, it is difficult to access the ideal regimes for the different modes defined by
1<pilLg, pilLe~0O(1), and p;/Lg < 1 while keeping other parameters nearly unchanged. But within the practical
limitations, the transition between the hierarchy of transverse shear flow-driven modes and the consequent
origin of BEN is quite clear in our experiment.

It is interesting that steepening of the low-frequency electrostatic [Ganguli et al., 1994a] or Alfvén waves
[Seyler et al., 1998] in the ionosphere can generate localized regions of transverse electric field which can
trigger the hierarchy of transverse shear-driven waves [Pefiano and Ganguli, 1999]. These nonlinear electric
field structures imply sheared transverse flows, similar to the boundary layers, and are found associated with
the BEN signatures in the ionosphere [Bonnell et al., 1996; Hamrin et al., 2001]. The local dissipation of the BEN
waves and the consequent plasma heating in the ionosphere represent the transport of energy from the
distant magnetosphere through the Alfvén waves into the ionosphere.

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. [1994a,
1994b], which proposes that as a compressed boundary layer relaxes in a magnetized, collisionless plasma,
it leads to a broadband noise signature that satellites have often observed while crossing magnetospheric
boundary layers. In numerical simulations [Romero et al., 1990; Romero and Ganguli, 1993, 1994], the relaxation
of a boundary layer is clearly visible as anticipated in theory, and they indicate that nonlinear evolution of these
instabilities result in vortices, which may coalesce into larger vortices. However, given the space-time ambiguity
of in situ observations, a significant component of the BEN spectrum may be attributable to the satellite’s
exposure to the variation of p;/Lg while traversing through a boundary layer. Our experiment demonstrates that
when the plasma is exposed to the variation of p;/Lg, the spectral signature is different at different values of p;/Lg,
similar to the in situ observation. Thus, the experiment simulates a satellite traversal through the boundary layer
and captures the tangible and observable effect of the compression/relaxation process. The results of this
experiment are of particular interest to the space plasma community, where the plasma boundary layer
dynamics play a major role in the transport and distribution of mass, energy, and momentum into different
regions of geospace that affects near-Earth space weather.
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