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Electric Field Structure above Aurora : Recent Observations

TSURUDA Koichiro
(Received 5 August 2002)

Abstract

Recent observations of electric field structures in the high altitude polar ionosphere made by FAST satel-
lite are introduced, placing emphasis on the electric potential drops along the magnetic field lines. Though these
potential drops have not been demonstrated by direct measurements of parallel electric field, they have been
consistently inferred from measurements of perpendicular electric fields and velocity distribution of plasma
particles. There are two types of field structure, the upward and the downward electric field. The character-
istic difference between these two structures are discussed, referring to FAST high time resolution obser-

vations.
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Fig.1 Raw wave form of the electric field experiment onboard
Akebono satellite. Lack of sinusoidal variation corre-
sponds to upward ion beam region.
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Electric Field Structure above Aurora: Recent Observations

K. Tsuruda
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Fig. 2 Estimates of parallel potential drop below Viking (cited
from [12]).
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Fig. 3 A 30 sec snapshot of auroral arc crossing of FAST satel-
lite (from [14]).
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Fig. 4 The comparison between the characteristic energy of the
ion beam shown in Fig.3 and integrated electric potential
(from [14]).
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Fig. 5 The electric field perpendicular to the magnetic field and
the ET diagram of the upgoing electron beam (from [16]).
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Fig. 6 AFastsolitary wave. The speed of this structure was 2,000
km/s anti-earthward (from [15]).
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Fig. 7 Characteristic phenomena to upward and downward cur-

rent regions (from [8]).
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3. Interrelation between Space and Laboratory Experiments

KOEPKE Mark E.
Department of Physics, West Virginia University, Morgantown, WV 26506-6315 USA

(Received 26 June 2002)

Abstract

The history, benefits, suitability, and limitations of the laboratory simulation of space plasma
processes are reviewed. Aspects of waves, instabilities, nonlinearities, particle transport, reconnection,
and hydrodynamics are addressed in terms of interrelated experiments performed in space and the
laboratory. Over time, the degree to which the interrelated experiments can be compared has increased,
thanks to improved diagnostic techniques in space and closer attention to matching dimensionless space

parameters in the laboratory.

Keywords:

space plasma, laboratory experiment, astrophysical plasma

3.1 Introduction and History

A scientific alliance exists between those
responsible for in situ observations, theoretical
predictions, and laboratory investigations of plasma
physics processes. Theoretical models play the central
role in developing an understanding of space
phenomena [1], yet laboratory experiments have made
significant contributions as well. This paper emphasizes
the utility of laboratory experiments in improving the
interpretation of space data. The reader is encouraged to
explore the references found in the papers cited here.

Historically, laboratory experiments have been
responsible for major advances in understanding space
plasmas. Birkeland’'s corpuscular theory [2], was a
major advance for space physics 100 years ago. The
basis of his theory was synthesized from his ground-
based observations of space, his theoretical calculations
that he did in collaboration with Stérmer [3], and his
“terrella”’ laboratory experiments. As far-fetched to
others as his ideas were at the time, the good agreement
between space, theory, and experiment convinced him
he was on the correct track [4]. Many terrella

author’s e-mail: mkoepke@wvu.edu
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experiments have followed and some are presently
active [5,6].

Langmuir’'s study of electrostatic sheaths in
laboratory plasmas [7] triggered Alfvén’s recognition
that the dc electric fields associated with plasma sheaths
could explain the magnetic-field-aligned particle
acceleration process required of Alfvén's model of the
aurora [8]. Since that time, evidence of the sheath-like
structure in the high-latitude electrostatic potential
above the Earth has accumulated to the point where it
has become central to the double-layers/solitary-
structures model of auroral particle acceleration [9-13].

The benefits of laboratory experiments to
investigating space plasma physics are their
reproducibility, controllability, diagnosability,
reconfigurability, and low cost compared to a satellite
mission or rocket campaign. Although the plasma being
investigated in a laboratory device is quite different
from that being measured by a spaceborne instrument,
lab experiments can discover unexpected phenomena,
benchmark theoretical models, develop physical insight,
establish observational signatures, and pioneer

J. Plasma Fusion Res. Vol.78, No0.10 (2002) 1015-1021
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diagnostic techniques. Although explicit reference to
such beneficial laboratory contributions occasionally
may be left out of the citations in the space-physics
literature in favor of theory-paper counterparts, the
scientific support that laboratory results can provide to
the development of space-relevant theoretical modelsis
usually recognized by theorists.

It is unrealistic to expect the dimensional
parameters corresponding to space plasma to be
matchable in the laboratory. However, a laboratory
experiment is considered well designed if the subset of
parameters relevant to a specific process shares the same
regime as the subset of analogous space parameters,
even if less important parameters are mismatched.
Regime boundaries are assigned by normalizing a
dimensional parameter to an appropriate reference or
scale value to make it dimensionless and noting the
values at which transitions occur in the physical
behavior or approximations. For example, the criteria
for magnetohydrodynamics theory to be valid globally
are the Lundquist number far exceeds unity, electrons
and ions are both magnetized (i.e., small gyroradii), and
the vacuum speed of light far exceeds the Alfvén speed.

3.2 Comparison between Laboratory and

Space Plasma Parameters

The morphologies and parameters associated with
the heliosphere and planetary magnetospheres are
described in the literature [14-17]. In comparison,
laboratory devices generate plasmas with dimensions
that are too small, magnetic fields that are too big,
neutral pressures that are too large, and plasma densities
that are too high. Earth’s magnetosphere, itself, is
carved into distinct regions that, through various
processes, have been modified separately to be different
from each other. Like laboratory plasma with
boundaries, a particular plasma source, and a set of
diagnostic instruments, these regions have a specific
geometry, range of relevant physics, and thoroughness
of documentability.

Although both lab and space plasmas cover the
temperature range of 10! eV — 10* eV, space plasmas
are generally 5 — 10 orders of magnitude less dense than
lab plasmas. Spatial scales in space can be vastly
different from those in laboratory plasmas, but
normalization by the gyroradius or the Debye-length
allows a more relevant comparison. The ion gyroradius
(Debye length) is approximately 1 meter (1 cm) in the
ionosphere and 100 km (1 m — 500 m) outside of it,
whereas the ion gyroradius (Debye length) in the

1016

laboratory can extend below 1 mm (1 um). The solar
wind exhibits complex spatial structure at multiple
scales, e.g., large compared to a solar radius, small
compared to an astronomical unit, and inbetween. To
better connect to the theoretical model, some laboratory
experiments are designed to include certain magnetic-
field inhomogeneities found in the space context [18-
23], some experiments use a solenoidal field [24-27],
and some high-temperature-plasma experiments use
toroidal fields [28,29]. Laser-produced plasmas, with
parameter values far different from those quoted above,
are designed to simulate astrophysical processes (e.g.,
supernova hydrodynamics) based on dimensionless,
hydrodynamics parameters that involve ratios of
pressure, velocity, and density [30].

Additional parameters, such as composition, flows,
nonuniformities, and anisotropies, can be important for
specific investigations (e.g., bi-ion and two-stream
effects, velocity shear, velocity-space instabilities), but
generally are considered to be details that can be
incorporated by a straightforward generalization of the
results. Therefore, limitations of laboratory plasma
sources in matching density profiles, ion masses, and
velocity distributions often are not deemed to be an
obstacle.

In two examples of experiments that investigate
waves in inhomogeneous plasmas, most of the wave-
related, dimensionless parameters agree well with
analogous parameters in space, whereas the value e/
w differs from the space analog by less than an order of
magnitude [31,32]. Even when the dimensionless
parameters match sufficiently to expect the physics to be
relevant, there exists the limitation that the particle
lifetime in a collisionless laboratory plasma is usually
short compared to the lifetime of a magnetospheric
particle, in which case, the full spectrum of acceleration
effects may not be accurately simulated in the
laboratory. Nevertheless, laboratory experiments can be
well suited for investigations of isolated mechanisms.

3.3 Laboratory Experiments Help Discover

Unexpected Behavior

Early work on Princeton’s Q machine [33] revealed
the rich variety of plasma instabilities arising from
inhomogeneities and anisotropies in |low-temperature,
ionospheric-like plasma and stimulated a Q-machine
building boom in several countries [34]. Q-machine
results became a mgjor component of the foundation of
basic plasma physics, still serving as an encyclopedia
for interpreting space waves and instabilities [35]. The
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discovery of electrostatic ion-cyclotron waves [36]
inspired innumerable theoretical papers and many
laboratory and space investigations into the possibility
of a gyroresonant mechanism of transverse ion
acceleration. Space evidence of such a mechanism came
from satellite observations of both upward-streaming
keV-energy ion beams [37] and electrostatic ion-
cyclotron waves [38]. An exhaustive review on this
instability covers the first thirty years of theoretical and
laboratory work [39].

3.4 Laboratory Experiments Help Develop

Physical Insight

Although the many processes involved in space
plasma phenomena combine toward an integrated
response to the solar driver, deconstructing the response
to isolate a single process has had success in advancing
the understanding of the physical mechanisms believed
to be operating. To the extent that this deconstructionist
approach is valid, laboratory experiments can help
develop physical insight into space-plasma behavior.
Below, are two examples in which fitting experimental
data to theoretical models revealed the relative
importance of several simultaneous processes.

Consider the topic of supernova hydrodynamics.
Spherical, one-dimensional models are insufficient to
explain both the highly structured fusion burning that
initiates supernova events and the hydrodynamic
instabilities that produce three-dimensional structures.
Complicated two- and three-dimensional models can be
tested by laser-based experiments, since, in terms of the
Euler number, localization parameter, Peclet number,
and Reynolds number, the laboratory conditions in laser-
produced plasma are scale-equivalent to those in
supernovae [40]. Although, laboratory experiments can
never be extensive or versatile enough to replace
modeling, they can confirm the validity of opacities and
the equation of state, used as inputs in the model,
evaluate a model’s inherent compromises in detailed
physics, and provide insight into the hydrodynamics of
strong shocks, high-mach-number jets, and photon-
evaporation-fronts. A copper plasma in a laser-based
experiment can be used to study hydrodynamics
instabilities in an exploding star [40] and x-ray flux
from a laser-produced plasma can explode plastic and
push away low-density foam similar to how a supernova
explosion can push away circumstellar material [41].

Consider Alfvén waves in inhomogeneous plasma.
Precise measurements of the perpendicular components
of the perturbed magnetic field and wavevector, were
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used to compare the experimentally determined parallel
electric field Ey(2) associated with Alfvén waves with
the WKB predictions [42]. Only by including in the
model ion-cyclotron damping, electron Landau
damping, and electron-ion Coulomb collisions, could the
experiment and theory agree within experimental
uncertainty, lending insight into wave-induced parallel
electric fields.

Magnetic reconnection plays akey role in the solar
dynamo, geodynamo, accretion disks, and fusion
plasmas [23]. The theoretical concepts were developed
by Sweet [43] and Parker [44] for laboratory plasmas
and by Dungey [45] for space plasmas. Spacecraft
observations provide evidence for reconnection in space
[46,47]. Recent laboratory measurements [48] were used
to identify an expression for an effective Lundquist
number that yielded good agreement with the Sweet-
Parker model and provided insight into the influence of
effective resistivity, compressibility, and finite
downstream pressure.

3.5 Laboratory Experiments Help

Benchmark Theoretical Models

An obvious role of experiments is guiding the
development of models by quantitative comparison of
experimental results with theoretical predictions. An
experimentally benchmarked model can be applied with
more confidence to the unique parameter values of
space. The benchmarking of ion-acoustic waves
illustrates the coupling between theory and experiment.
Wong et al. [49] measured the propagation and damping
of ion-acoustic waves in fully ionized, homogeneous
electron-ion plasma, confirming kinetic theory [50].
Kindel and Kennel [51] applied this theory to space
conditions, establishing excitation thresholds and
describing various scenarios that have been used for the
past thirty years to interpret space data. Subsequent
generalizations of the theory for the effects of multiple
ion components, flow inhomogeneity, and anisotropy
have been carried out [52-55] and benchmarked [56-62].
This otherwise-unobtainable insight into these effects
from laboratory experiments is valuable in choosing and
evaluating candidate processes for explaining space
observations [63,64]. In another example, the
benchmarking of velocity-shear effects on the
electrostatic ion-cyclotron instability [65-70] led to a
joint paper with coauthors from space, theory, and the
laboratory communities [71] on mechanisms of wave-
induced, ionospheric-ion heating.
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3.6 Lab Experiments Help Establish

Observational Signatures

Alfvén waves are the means by which information
about changing currents and magnetic fields are
communicated in high-beta plasma. Alfvén waves are
prevalent in the magnetosphere, the heliosphere, and in
astrophysical settings [72]. If one wished to know what
a space instrument might detect if it were moving
through a magnetospheric Alfvén wave, one could
compile high-spatial-resolution measurements to
examine Alfvén-wave details such as the wave's
magnetic field. The reconstruction of a trajectory-
specific time history of vector magnetic field, known to
space physicists as a hodogram, was carried out [73] to
provide the space community with the hodogram
signature likely to be recorded by a miniature space
instrument during a quick pass (transit time short
compared to a wave period) through two Alfvén waves
propagating side by side, out of phase, and in opposite
directions.

3.7 Laboratory Experimentalists Pioneer

Diagnostic Methods

Much of space plasma does not glow, necessitating
direct spacecraft measurements for gathering
information on particles and fields. The principles
behind many of these direct measurements were
developed by laboratory experimentalists who have
extended the original Langmuir probe design [74].

If a probe signal is well correlated in space and
time, one may use multipoint measurements to resolve
spatial and temporal variations separately. The uniform-
plasma approximation used in cross correlations is
invalid for inhomogeneous plasmas and nonlinear
structures where scale size, and thus the wavelength, is
comparable to the antenna length. For these cases, the
times series are best analyzed in the time domain [75-
79].

Because the amplitude of wave potential depends
on the wave propagation direction relative to the
ambient magnetic field, the radiation pattern of a high-
frequency “point” antenna aboard a sounding rocket can
be used to determine electron density and electron
temperature. The plasma’s anisotropic refractive index is
responsible for a resonant enhancement localized to a
conical shell in the forward and backward direction
along the magnetic field, with the “point” antenna
located at the vertex of the double cone. This idea was
proposed, tested, and refined as a diagnostic technique
in laboratory plasmas [80] (see other referencesin [81]).
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Asymmetry in the upstream and downstream cones can
be translated into the electron drift velocity [82] (see
other references in [81]). Koons et al. [83], Muldrew
and Gonfalone [84], and Michel et al. [85] applied the
resonance cone technique to ionospheric plasmas. One
can use a fixed transmitting frequency and sweep the
volume surrounding the transmitter with a receiving
antenna on a boom connected to the rigidly rotating
rocket. In cases where the payload is spinning along an
axis not aligned with the magnetic field, the angle of
resonant enhancement can be detected with each
rotation, i.e., many times during the flight. One can
aternatively sweep the transmitting frequency and use a
fixed transmitter-receiver angle with respect to the
magnetic field, for example in the case that the spin axis
and magnetic field are aligned.

3.8 Overlapping, Present-day Research

Objectives

Present-day research objectives with space-
laboratory overlap include understanding of the cause
and effects of (a) turbulence processes, (b) Alfvén
waves, lower-hybrid waves, and energetic particles, (c)
auroral plasma structuring, energization, outflow,
collisionless energy dissipation, and field-aligned
currents, (d) large amplitude solitary waves, (e) self
organization of strong plasma flow, and (f) the global
electric field distribution in the ionosphere. Neutral-
sheet physics, including momentum transport and ion
heating, in magnetic reconnection is a theme for
investigations throughout the laboratory, space, solar,
and astrophysical plasma communities. Also receiving
attention is the fine scale dynamics of solar corona
processes (especially those processes that are
responsible for the heating and acceleration of the solar
wind), the role of the cusp and the magnetotail as sites
of acceleration processes associated with substorms and
as sources for magnetospheric particles, and the physics
of the D and E regions of the ionosphere.

Studying both the linear and nonlinear aspects
advances our understanding of these processes. Wave
phenomena in space are likely to be found in a
nonlinearly saturated state, but this state may resemble
weakly or strongly the linear-regime properties,
depending on the saturation mechanism. Even turbulent
amplitudes may obey a linear-regime relation based on
marginal stability. Some nonlinear structures appear as
rotating eigenmodes [86], reminiscent of lower-hybrid
waves enhanced by density striations in laboratory
experiments [31].
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3.9 Discussion

Most processes caused by the interaction of the
solar wind with the magnetosphere and the coupling of
this interaction with the ionosphere occur at high
geomagnetic latitude in the polar and auroral regions of
the ionosphere and magnetosphere, whereas many
processes studied in the low-latitude, or equatorial,
region of the ionosphere are the result of artificial
stimulation by ground based radar. The natural
processes occurring in the auroral region, such as
auroral substorms, field-aligned currents, and particle
acceleration, cover a wide spectrum of spatial and
temporal scales. At the largest scale, is the
magnetohydrodynamics dynamo that supplies power for
the electrical discharge dissipating energy throughout
the magnetospheric plasma [87]. At the smallest scale,
i.e., Debye length and ion gyroradius, are numerous
electrostatic structures and instabilities, both coherent
and turbulent. Multiple-spacecraft configurations, with
the capability to separate space-time ambiguities, can
distinguish spatial gradients from a distribution of time
scales.

Using ionospheric modification, one can study
ionospheric plasma with laboratory-like control of its
parameters with can have long confinement times,
global scale lengths, and no confining walls. In addition,
with its nearly vertical magnetic field geometry, the
auroral ionosphere is endowed with energetic (keV)
electron and ion precipitation and mega-ampere currents
crossing the earth’s magnetic field [88]. lonospheric
resonances enhance the probing radio frequency field at
the resonant height. This interaction is reproducible,
controllable, and reconfigurable, lending investigations
and their results a lab-like degree of precision and
interpretability. Such results include the observation of
strong turbulence, excitation of low-frequency waves via
modification or beating of high-frequency resonances,
measurement of the electrojet location, creation of a
plasmalens, and LIDAR.

3.10 Conclusion

The interrelationship between plasma experiments
in the laboratory and in space has a long history, with
numerous demonstrations of the benefits of discovery,
benchmarking, and insight afforded the space
community by laboratory results. An experiment’s
suitability and limitations for investigating space
processes can be quantitatively established using
dimensionless parameters. Even with a partial match of
these parameters, aspects of waves, instabilities,

Interrelation between Space and Laboratory Experiments

1019

M.E. Koepke

nonlinearities, particle transport, reconnection, and
hydrodynamics are addressable in a way useful to
observers and modelers of space phenomena. Two
examples of space publications in which many
laboratory papers are cited are Kintner et al. [89] and
Lysak et al., [90] both of which cite eight laboratory
papers. Because diagnostic access to space plasmas,
laboratory-experimentalist awareness of space
phenomena, and efforts by theorists and funding
agencies to help scientists bridge the gap between the
space and laboratory communities is increasing, the
range of laboratory and space plasma experiments with
overlapping scientific issues is widening.
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Abstract

Laboratory investigations on the formation of space-related electric fields have been performed using colli-
sionless magnetized-plasma flows. In a set of experments, potential differences are externally applied along
magnetic-field lines, different plasmas come into contact with each other under the currentless condition, a
high-speed plasma flow is injected into a region of converging manetic-field lines, large-amplitude electron
plasma waves are generated in a uniform magnetic field, and local electron-cyclotron resonances occur in
various kinds of nonuniform magnetic fields. It is found that the elcetric field is formed in the region of den-
sity gradient, a U-shaped double layer (DL) is accompaned by ion-cyclotron oscillations, a DL is formed in the
currentless system, and that an electron local-plug results in the formation of a potential dip and hump with
a scale length of the order of Debye length. Electron- and ion-acceleration electric fields with a scale lengths
of a magnetic-field gradient are also found to be formed by passing ions and electrons through nonuniform
magnetic fields, respectively.

Keywords:

laboratory experiment, electric-field formation, collisonless plasma flow, U-shaped double layer (DL),
ion-cyclotron oscillation, currentless DL, electron local-plug, potential dip and hump, particle acceleration,
scale length of nonuniform magnetic-field gradient
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Fig. 3 Potential structures of U-shaped DL at $o0 5 V under
magnetic fields increasing towards S;.
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muthal propagation with mode number m 0 2.
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Numerical Simulation Study on Electrostatic Potential Formation

ISHIGURO Seiji
Theory and Computer Smulation Center, National Institute for Fusion Science, Toki 509-5292, Japan
O Received 7 July 200200

Abstract

Numerical simulation is a powerful tool for investigating the formation of electric potential structure in plas-
mas. By means of a self-consistent open boundary two-and-a-half-dimensional particle simulation model, it is
demonstrated that a VV-shaped dc potential structure is created by a current-driven electrostatic ion-cyclotron
instability. A potential difference along the magnetic field is generated by anomalous resistivity. This differ-
ence becomes larger for a longer system along the magnetic field; thus, the potential difference may become
several kV for a thousand km anomalous resistivity region.

Keywords:

electric field, double layer, simulation, ion acoustic wave, electrostatic ion-cyclotron wave
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Fig. 1 Sketch of simulation system and initial electron stream
profiles: (a) uniform stream profile and (b) bell-shaped
stream profile [22].
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Fig. 2 Gray scale plot of the potential profile at @ pet=1,000,
2,000, 3,000, 4,000, and 5,000, for the case with uniform
electron stream [22].
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Electrostatic Localized Structures and Electron Holes
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Abstract

A diagram of the real phase velocity vs. the imaginary wave number clearly demonstrates the existence
region of one-dimentional electrostatic localized structures: sheaths, solitons, electron holes, and ion holes. Es-
pecially in collisionless space plasma, electron holes survive for a relatively long time because of a lack of elec-

tron reflection.

Keywords:

phase-space vortex, electron hole, ion hole, collisionless Vlasov plasma, electrostatic solitary wave,
space plasma, electron plama wave, electrostatic whistler wave
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Fig. 2 Dynamic spectra of BEN and electron-hole signals in the
plasma sheet boundary layer observed by the Geotall
spacecraft. The white line shows the local electron cyclo-
tron frequency (after Matsumoto et al100).
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Geotail spacecraftin the plasma sheetboundary layer (af-
ter Omura et alJ110).
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of two electron hole.

Fig. 5 Electron bounce oscillation and hole potential oscillation
due to the coalescence of two electron holes.
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Abstract

The present paper provides a basic introduction to the mechanism of so-called kinetic” Alfvén wave propa-
gation and associated parallel electric field generation. It is clarified that kinetic effects are not essential for
the Kinetic” Alfvén waves, either in propagation or in parallel electric flied generation. The derivation of the

“

kinetic” Alfvén wave here is based simply on: polarization currents carried by ions; equations of electron

parallel motion; and Maxwell equations. One major application of “ kinetic” Alfvén waves to the magneto-
spheric physics is the problem of auroral particle acceleration; recent observational, experimental, and theo-

retical developments on this topic are briefly reported.

Keywords:

kinetic Alfvén wave, dispersive Alfvén wave, field-aligned electric field, auroral electron acceleration,

two-fluid theory
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