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Abstract

Azimuthal convective flow and density-depleted magnetic field-aligned current co-located
in the helium plasma produced in the large plasma device (LAPD-U) at UCLA (Gekelman
et al 2016 Rev. Sci. Instrum. 87 025105) support an Alfvénic perturbation that is static in the
laboratory frame. Electrostatic probes measure the flow and static density perturbations in
the 72 cm-diameter, 12 m-long, afterglow plasma, wherein a radially segmented electrode
creates the convective flow and an off-cylindrical-axis planar-mesh electrode draws current in
a channel parallel to the background magnetic field. This stationary ‘wave’ is measured as a
fixed (in the laboratory frame) ion density structure.
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Introduction and background

[4, 5]. Auroral arcs are understood to be a manifestation of
geospace processes powered by interactions with the solar
wind. The spatial characteristics of discrete auroral arcs (e.g.
spatial extent, alignment, structure, etc) have been studied in
detail for the past half-century (see [5]). In a separate study
[6], we are examining the temporal characteristics of discrete
auroral arcs. These studies help constrain models of auroral-arc
generation. Knudsen [7] predicts the existence of a stationary
inertial Alfvén (StIA) wave and connects the phenomenon to
the observation of long-lifetime discrete auroral arcs. The free
energy of a StIA wave is magnetic-field-aligned electron drift
energy that overcomes collisional dissipation and collisionless
phase mixing. Evidence of static, or quasi-static, parallel electric field generation has implications for the temporal characteristics of discrete auroral arcs. Here, we report the first
laboratory evidence for StIA waves [8].
Auroral electron acceleration, from Alfvén-wave-induced
formation of a parallel electric field and the consequent
current-carrying population of energetic particles (particles
with energies well above the typical ‘thermal’ energy of the
system), is a key dynamic in the magnetosphere–ionosphere
coupling in geospace, having applications to other magnetized planets such as Jupiter, or to any object with strongly

An Alfvén wave [1] is a perturbation, oscillatory in time,
space, or both, of magnetic field strength B and plasma density n in magnetized plasma. While ubiquitous in nature, an
Alfvén wave is difficult to study in the laboratory due to its
relatively large spatial scale. An Alfvén wave can be studied
in detail in a long plasma column at a few facilities around the
world. We report results obtained in the large plasma device
(LAPD-U) [2] during the multi-year Space Plasma Campaign
[3] at UCLA’s Basic Plasma Science Facility. The objective of
the work reported here is to find a new mechanism for structure and flows in plasma that could be responsible for accelerated, energetic particles from enhanced Alfvénic coupling and
transport of mass, momentum, and energy.
The aurora yields important clues about plasma and largescale dynamic processes in the solar-terrestrial environment
Original content from this work may be used under the terms
of the Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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Table 1. Characteristics plasma parameters, frequencies, scale lengths, and velocities for LAPD and ionosphere [8]. The dimensionless

quantity ωpe/ωce ranges from 0.6 to 1.0 in the ionosphere and is approximately 4.5 in LAPD main discharge, 3.2 in LAPD afterglow, and 1.0
in ionosphere.

Ion species
n (cm−3), density
B0 (G), field
Te (eV), temp
Ti (eV), temp
ωpe (rad s−1), plasma freq
ωce (rad s−1), cyc freq
νe (1/s), collision freq
νin (1/s), collision freq
λd (cm), Debye
λe (cm)  =  c/ωpe
−1
V
A (cm s ), Alfven
βm, beta  ×  ion/el mass ratio
τ, ion/electron temp ratio

LAPD plasma main discharge

LAPD plasma afterglow

Ionosphere (0.24 RE altitude)

Helium
2  ×,1012
1 (G103
6
1
7.98 .91010
1.76  ×  1010
4.56  ×  106
86.2
1.3  ×  10-‐3
0.38
7.73  ×  107
4.11
0.17

Helium
1 2,1011
1 0G103
0.6
0.5
5.64 .61010
1.76  ×  1010
5.27  ×  107
60.9
5.8  ×  10-‐4
0.53
1.1  ×  108
0.32
1.2

Oxygen
6 1,103
0.26
1
1
4.37  ×  106
4.57  ×  106
0.25
0
9.59
6.8  ×  103
1.8  ×  108
0.2
1

convergent magnetic fields such as pulsar magnetospheres or
astrophysical jets from active galactic nuclei.

flow, current collected by the upstream-facing collecting surface is larger than the current collected by the downstreamfacing collecting surface. The relationship between the
upstream and downstream values of collection currents is [10]

Experimental device

1 ⎡ Ii,sat (θ ) ⎤ V∥ − V⊥ cot θ
.
ln ⎢
⎥=
b ⎣ Ii,sat (θ + π ) ⎦
CS

The LAPD [3] is a linear-geometry, high-pulse-repetition
plasma device that produces low-density, low-plasma-beta,
helium or argon plasma. Plasma production occurs via ioniz
ation of a neutral gas by a 72 cm-diameter electron beam generated by a cathode–anode discharge at one end of the 18 m
plasma column. The 1 m-diameter, 22 m-long vacuum vessel
is surrounded by 90 solenoidal electromagnetic coils that produce the radially confining, axial magnetic field, the strength of
which is adjustable up to 0.36 T. The LAPD plasma source [9]
incorporates a 72 cm-diameter barium-oxide-coated cathode
and grid-anode combination that can produce cylindrical
plasmas up to 18 m long, 0.9 m wide, having densities up to
7  ×  1012 cm−3 with a spatial uniformity of  ±10%. We employ
13 m of this plasma column. The plasma is pulsed with a frequency of 1.000 Hz, with the duration of plasma production
being variable from 10 ms to 20 ms. The transistor-switched
plasma source produces extremely reproducible main-plasma
and afterglow-plasma every discharge. Typical dimensional
and dimensionless parameters for helium plasma in the LAPD
are given in table 1. All of the experimental results reported
here were performed in helium plasma.
Diagnostics include the current–voltage characteristic
of an electrostatic (Langmuir) probe, the analysis of which
yields information about the density, electron temperature,
space potential of the plasma, and the vector components of
flow velocity of ions in magnetized plasma. A Mach probe is
an electrostatic probe designed to measure the vector comp
onents of flow velocity of ions in magnetized plasma. The
probe is inserted radially into the plasma along the probe’s
rotation axis. The probe has a pair of one-sided planar
collecting surfaces that face in opposite directions along the
magnetic-field-aligned direction. In the case of bulk-plasma

Here, CS is the ion sound speed, θ  =  π/2 means the probe surface normal vector is aligned with the background magnetic
field, and b  =  0.5 is a common approximation of the exper
imentally determined empirical constant. The experimentally
determined value of parallel flow, i.e. when θ  =  0, can be
measured independently of the perpendicular flow. In order
to calculate the perpendicular flow, the parallel flow must be
known for any value of θ. Thus, the employed probe design
utilizes additional pairs of collecting surfaces oriented around
the cylindrical axis of the probe stem.
Off-axis, collimated magnetic-field-aligned (parallel)
current is created by preferentially drawing electrons, with
respect to the ions, to a mesh electrode (ME) biased positive
with respect to the LAPD source anode or by thermionic electron emission from a hot circular cathode biased negative with
respect to the LAPD source anode. In the case presented here,
we use the former method, which corresponds to direction of
parallel electron drift velocity being antiparallel to the direction of magnetic field. The divergence-free condition results in
the in-channel current density being associated with reduced
plasma density compared to the current-free, out-of-channel,
ambient plasma.
Azimuthally-symmetric plasma rotation is controlled with
an axially centered, multi-disk electrode (MDE) consisting of
9 aluminum disks (diameters range from 10.4 cm to 29.0 cm)
having cylindrical axes and surface-normal vectors aligned
with the magnetic field, stacked concentrically, separated
electrically by ceramic spacers, held together with a single
metal bolt, and differentially biased in two groups chosen to
place the plasma-convection annulus at the preferred radius.
2
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Figure 1. 2D plot of time-averaged ion saturation current,
measured on the Mach probe collecting surface that face toward
the plasma source, at t  =1.03 ms (after the discharge current has
been terminated and both the MDE and ME are ‘on’). Each square
super-pixel represents the average ion saturation current measured
over ten plasma discharges. The direction of the plasma rotation
is clockwise. The MDE and ME biases are VMDE  =  420 V and
VME  =  40 V, respectively, with B0  =  1 kG.

The plasma-column-end boundary potential profile is responsible for an annulus of E  ×  B flow that extends axially many
meters along the plasma column. The voltage applied to the
MDE is supplied by a high-voltage (variable 0–420 V) pulsing
circuit that allows the MDE bias to be switched on and off, on
demand, during each plasma discharge.
To assess the 2D pattern of perturbations multiple times
during a single discharge, the voltage applied to the MDE,
placed 13 m from the source anode, is pulsed three times
at VMDE  =  400 V for 0.8 ms, each pulse being separated by
0.3 ms, with the first pulse initiated after the discharge cur
rent terminates. We select the best-timed pulse, with respect
to the signal-to-noise ratio, indirectly selecting for the inertial regime and minimum collisional dissipation, for display
and interpretation. Like the MDE, the voltage applied to the
ME is also pulsed three times at VME  =  40 V for 0.6 ms duration, each pulse being separated by 0.5 ms, with the first pulse
beginning 0.2 ms after the MDE pulse begins. Bias voltages
to both the MDE and ME pulses are terminated simultaneously. Data is sampled at high frequency during this pulse
train. The effects of Coulomb collisions become significant in
the LAPD afterglow plasma (electron–ion collision frequency
νei  ∝  T −e 3 / 2). This is not a limitation, because collisionality
and nonzero electron temperature have been incorporated into
the model [11]. The inertial regime for Alfven waves exists
when plasma beta is smaller than the electron–ion mass ratio.
Operating LAPD at low magnetic field, the inertial regime is
attainable in the afterglow-plasma as the electrons cool rapidly compared to the plasma-density decay.

Figure 2. (Top panel ) The singular value spectrum for the SVD
of figure 1. (Bottom panel) The superposition of the first eight
principle images, A(8)  =  Σj=0–7 σj uj vT. The dominant structures in
the plasma density are recovered.

Figure 3. The large scale density structures are removed from
figure 1, A  −  A(8), and what remains are fluctuations in the plasma
density having wavefronts aligned with the direction of the
rotational flow (clockwise), and collocated in the region of the ME
(border outlined with a circle). Graphically, the wavelength of the
observed density perturbations is determined to be approximately
λ0  ≈  1.68 λe.

StIA wave experiment
According to the theoretical model [7, 11], StIA wave structures should only exist in the presence of both the parallel
current and plasma rotation. When the MDE is unbiased, the
space potential is uniform across the diameter of the plasma,
whereas when a voltage bias is applied to the MDE, the shape

of the space potential is peaked at the radial interface between
the innermost and outermost groups of ganged plates [3]. The
MDE is capable of producing controllable plasma drift across
3
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Figure 4. Linear interpolation of the measured values of ion saturation current lying along the dashed line in figure 3, plotted as a function
of their x-coordinate.

Figure 5. Evidence of a non-fluctuating, non-traveling pattern based on the spatial profile and time evolution of plasma density. (Right) Ion
current measured along the dashed line seen in figure 3 is plotted as a function of time. The vertical dashed lines indicate the boundaries
of the ME, and the horizontal lines indicate the initialization of the MDE pulse, ME pulse and pulse termination, respectively. During the
period of time when both the MDE and ME are ‘on’ (0.56 ms  <  t  <  1.16 ms), a stationary pattern (sequence of vertical lines of constant
amplitude which are periodic in x-position) forms on the downstream (relative to the direction of the cross-field flow) side of the ME
boundaries.

the magnetic field, extending most of the experimentally relevant plasma column length. The plasma rotates during all
three of the MDE/ME pulses.
The StIA wave pattern is seen in the 2D planes of ion-
saturation current but only after the raw data (figure 1) is processed (figures 2 and 3) to remove the large-scale artifacts
of the current channel and the probe translation to obtain the
analyzed data (figures 3–5). Raw data is processed by IDL
software. For small values of parallel electron flow speed,
StIA wave perturbations in plasma density can be several
orders of magnitude smaller than the background density,
i.e. δn/n ~ 1%. In order to resolve such small perturbations
to the background plasma density, the 2D data array of ionsaturation current is decomposed using singular value decomposition (SVD) [8, 12], also known as principal-component
analysis. Decomposing a principal image using SVD is similar
to Fourier transforming a time series. The data ‘image’-array

can be represented as the linear superposition of weighted
principal images (also called principal components). SVD is
often utilized as a low pass filter to eliminate noise i.e. to make
images sharper. We use SVD to remove dominant large-scale
structures present in the image in order to reveal small ampl
itude structures that are otherwise obscured.
Laboratory observations of these StIAW patterns are consistent with the following predictions from the StIAW theory:
(1) Perturbed region is co-located with the off-axis-currentchannel and is absent elsewhere. (2) Perturbed pattern only
exists in the simultaneous presence of both cross-field plasma
flow and parallel current. (3) Perturbed 2D pattern is stationary (direct current) in the lab frame. (4) Perturbed ampl
itude versus distance along cross-field plasma flow maximizes
immediately beyond the ambient-plasma/current-channel
interface, in step-function fashion, and is spatially damped in
the direction of the cross-field plasma flow. In the lab results,
4
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these aspects are apparent in two dimensions at one axial position for one perturbed parameter and several values of each of
the bulk parameters.
Plasma flow across a B-aligned current channel is predicted to generate periodic enhancements or depletions in the
background plasma density, in the direction of the cross-field
plasma flow. To see the StIA wave structure, the SVD spectrum
is plotted (figure 2 (top)), the principal components corresp
onding to the 8 largest singular values are subtracted from
the raw data image, the 2D image is reconstructed (figure 3),
a wavefront-normal axis is chosen, and the wave signal
along this wavefront-normal axis (figure 4) is plotted as a
function of time in figure 5 (left). The rotation is turned on at
0.4 ms, the current is turned on at 0.6 ms, and both are turned
off at 1.2 ms. Between 0.6 and 1.2 ms, the StIA wave pattern,
obvious as vertical stripes, emerges in the 1D gray-scale lineout displayed in the space-time plot. 2D structure evolves in
time, as seen in figure 5 (right). The perturbations form wavefronts with the wavefront-normal aligned with the direction
of the rotational flow (clockwise). The wavelength of the
observed density perturbation is λ  ≈  1.1 cm. For λe  ≈  0.7 cm,
λ/λe  ≈  1.7.

the laboratory when a channel of magnetic-field-aligned (parallel) electron current and associated density depletion are
co-located with cross-field plasma convection (E  ×  B flow).
These ingredients are responsible for laboratory evidence
for the existence of StIA wave, presented here, and are being
employed with the intention to validate stationary inertial
Alfven wave (StIAW) theory [7, 10] in the laboratory.
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Approximating the plasma density within the current channel
at t  =1.03 ms in figures 3 and 5(left) to be 0.6  ×  1012 cm−3,
the electron inertial length is approximately λe  ≈  0.7 cm.
The perturbation in the plasma density is predicted to have
a perpendicular wavelength of approximately 50λe, whereas
the observed wavelength (λ  ≈  1.1 cm) is on the order of λe.
The structure exists only when both the convection and parallel current are present. The observed density structure could
be interpreted as non-noise, fiducial, spatial inhomogeneity
on top of the otherwise uniform (n  =  0) StIA mode structure of the entire current channel, where n is the number of
StIA perpendicular wavelengths across the current channel, in
which case, the unambiguously stationary nature of the structure in time, approximately periodic nature of the structure
in space, and the apparent damping of the structure by the
time the structure extends to the destination-edge of the cur
rent channel (presumably by Coulomb collisions) is evidence
for the StIA wave, even without additional quantitative modestructure validation. Targeted validation experiment-theory
comparisons are underway.
Conclusion
Time-stationary, self-excited, magnetized-plasma structure
that arises in the perturbed plasma quantities is measured in
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