PARTICLE HEATING IN SPACE AND LABORATORY PLASMAS

Earl Scime
West Virginia University

Bringing Space to Down to Earth
UCLA, April 2017

3

Plasma Physics Laboratory




EXPERIMENTS PERFORMED IN HEL|X LE|A FACILITY
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STRONG PARALLEL BEAMS IN CENTER OF EXPERIMENT
B .

Black lines are magnetic 0.0 0.2 0.4 0.6 0.8 1.0
Relative Parallel LIF Structure z=180 cm

field lines that map to a 2
cm upstream radius. The
jon beam is confined to a
narrow radial range even
as the field expands.
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DO THE IONS IN THESE LABORATORY PLASMAS REALLY HAVE A TEMPERATURE OF 2 EV?

At z = 165 cm, the width of 0.0 0.2 0.4 0.6 0.8 1.0
the perpendicular ion Relative Perp LIF Structure z=180 cm

velocity distribution yields
multi-eV ion temperatures.
Are these real temperatures
or superimposed flows in
different directions?
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These are collisional
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THE ELECTRIC FIELD HAS SIGNIFICANT RADIAL FEATURES

Along the axis, ions are slowed
by a weak electric field. At the
plasma edge, electrons are
accelerated out of the source by
a complex and very large electric
field that maps along the
expanding magnetic field. This
strongly varying (with radius)
electric field must create a
significant charge imbalance that
pulls ions out of source. Finite
gyroradius effects can then
combine acceleration regions.

wv- Plasma Physics Laboratory

Axial Position {cm)

180

—
-
[#2]

DC Electric Field vs. Position

1

Y N

Radial Position {cm)




AT VERY LOW NEUTRAL PRESSURE AND LARGE RF POWERS, MULTIPLE BEAMS
SPONTANEOUSLY APPEAR DOWNSTREAM OF THE EXPANSION REGION IN HELIX-LEIA.
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WHAT IS HEATING?

1. How do we define heating?
(a) Atruly irreversible process? How can we prove that from measurements?

(b) Does it matter if what we measure to be “hot” is a superposition of flows? Does that
change theoretical predictions for phenomena such as temperature anisotropy driven
instabilities? Does th|s happen in space?
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(c) Can such processes be used to our advantage in laboratory plasmas to create effective
thermal anisotropies in plasmas of interest?
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HELIOPHYSICS EXAMPLE OF OVERLAPPING DISTRIBUTIONS

The electron distribution in the solar wind: 90 dopletion
0™ 4 ACE - 272 &V a )
i i i £ s
1. Cold, isotropic, Maxwellian bulk. o S K ]
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ION HEATING IN LABORATORY PLASMAS

« Experiments in the 1990’s [Scime et al.,
1992] provided the first clear association
rapid and intense ion heating during
magnetic reconnection in laboratory
plasmas.

» lon heating occurred faster than
any collisional timescale in the
plasma.

» Distributions went from “cold” and
thermal, Maxwellian, to “hot” and
thermal on the fast timescale —
recent measurements suggest
additional “hot” tail component
also appears Magee et al. [2011].
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FIG. 1. (a) Reversed edge toroidal field is generated continu-
ously and in discrete bursts. (b) lon temperature ‘“bursts”
correlate with dynamo activity and 7; = 150 eV within 5 ms of
start-up. The ion-ion collision time 7, and the ion energy
confinement time 7 are shown for reference.
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WHAT IF “HEATING” IS JUST LOTS OF BEAMS?

Drake et al., [2009] showed that test ions can gain considerable energy through “pickup ion”
acceleration in the reconnection exhaust.

Assuming that the bulk ions experience simple and reversible acceleration in lots of
discrete electric fields, the rate of ion energization (heating) should depend solely
on the energy gained by ions falling through the electric fields across the exhaust:

A(mv2/2)/Atz\/dq3E3/2m

where E is the electric field in the DL of thickness d and the heating rate is
determined by the transit time of the ions. The energization rate of ions of different
charge-to-mass (q/m) ratios should scale as (g3/m)'2 and be independent of the
magnitude of the magnetic fluctuation amplitude.

The “thermal” distribution shape arises from many randomly oriented electric field
structures and is thus a reversible process.
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RE-ANALYSIS OF MADISON SYMMETRIC TORUS CHARGE AND MASS DEPENDENT
RECONNECTION ION HEATING DATA IS ENCOURAGING BUT EQUIVOCAL.
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ION BEAMS IN MAGNETIC RECONNECTION EXHAUSTS
Ton distribution at 11:12:55

Plasma instrument from
the THEMIS spacecraft.

Downstream of a
reconnection event,
multiple ion beams
observed.
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ION BEAMS IN MAGNETIC RECONNECTION EXHAUSTS
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ION BEAMS IN MAGNETIC RECONNECTION EXHAUSTS LOOK
SURPRISINGLY SIMILAR TO THOSE SEEN IN LABORATORY PLASMAS.
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COMPUTATIONAL MODELS, SPACE DATA, AND LAB ION BEAM
MEASUREMENTS ALL HAVE SIMILAR FEATURES

o Simulation ivdfs look 3100
remarkably similar to € 80 10
THEMIS1Dcutsand o 60
the laboratory S. 40 ok
measurements. E: 20 Ltk
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Vx/VAO
1.0

2.5D PIC simulation with a large guide field . The computational
domain size is L, x L, = 40 d; x 20 d; where d; = c/w,;. Periodic

aty=0and y=L,. The simulation starts with a classic Harris
sheet of high density particles surrounded by background particles
with a density an order of magnitude lower. The distribution is
obtained 20 ion inertial lengths downstream of the reconnection
site.
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OPEN SCIENCE QUESTION 1: PROCESSES AND TOOLS.

Ar-ll flow field near absorbing boundary
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OPEN SCIENCE QUESTION 2: PROCESSES AND TOOLS.

1. The role of collisions in determining the strength of electric fields in auroral zone relevant
laboratory experiments — beam slowing due to charge exchange or does the physics change?
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IVDF MEASUREMENTS SHOW LOCALIZED ION BEAM

lon beam confined to central core of plasma  Beam slows with decreasing mirror ratio
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PARALLEL BEAM APPEARS IN PROJECTION, CONSTANT IN Z

Perpendicular IVDF shows projected beam but no spreading Parallel beam speed unchanged along axis.
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YET LOWER PRESSURE YIELDS FASTER BEAM

P, gq = 7.6 x 107 Torr P ga = 3.5 x 10 Torr
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PARTING THOUGHTS

> Space plasma measurements are getting faster with better time resolution to see faster
phenomena and sometimes with better spatial coverage. Impulsive phenomena are likely to
create overlapping distributions in distant measurement locations — how should such
measurements be interpreted?

> Can laboratory experiments give us insight into how such distributions form and their likely
signatures?

»  Can theory/computation help us understand the interaction timescales for such complex
velocity distributions?

> What is the best way to define the “temperature” of a plasma?
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