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New Results

® Fast-electron, gyrokinetic interchange instability creates
inward-propagating “phase=-space holes” (bubbles)
and a chorus of rising tones. (Maslovsky, PRL, 2003)

® Slow, MHD-like centrifugal interchange instability creates
broad convection cells that have the same global
structure as the fast-electron mode. (Levitt, PRL, 2005)

* With a “nearly levitated” dipole, neutral gas
programming stabilizes the fast-electron interchange
mode and creates the first high-beta plasma
trapped in a laboratory dipole. (Garnier, DPP, 2005)
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The Earth’s radiation belts and ring current
Fast-electron interchange instability in CTX
Slow, centrifugal interchange instability in CTX

Creating high-beta plasmas in LDX

Not today: Dipole fusion. Global particle convection and good
high-beta confinement may make possible D-D(3He) fusion.



“IVIy God, space is radioactive!”

James Van Allen,Carl Mcliwain, Emest Ray, George Ludwig
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“Artificial Radiation Belts

Van Allen kissing Explorer 4 “good
bye” before it’s launch to measure
the artificial radiation belt produced
by the Argus explosions (1958).

(Explosions continued through 1963. By 1968, belts finally returned to “natural” state.)



What are the
Radiation Belts?

® Two zones:

» Inner proton and electron
belt L ~ 1.5

» Outer zone, L > 4, electrons.
Highly variable intensity.

® Highly penetrating energetic
trapped electrons and protons.

® Radiation belt particles
penetrate 0.6 mm of Al!

e Low beta, low fractional
density, np/n < 104,

Particles/sec/cm?
Range > 22 mil Al

Protons
Energy =10 MeV

I rad/min

Electrons
Energy > 0.5 MeV

25 rad/min
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Where do they come from?

Anomalous Cosmic Rays

b

cosmic ray

n» p+e+ y +782kev

Cosmic Ray Albedo Neutron Decay



Where do they come from?

Coronal Hole toward Earth

Outer zone “killer”
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Where do they come from?

Outer zone “killer”
electrons driven by
solar wind variability

Rapid Injection (A)
~2-Week Decay (B)
Radial Diffusion (C)

Adiabatic Motion (D)
Rapid Lost (E)

J, (ELECTRONS > 0.5 MeV) cm? sec'

Explorer 26

Log(Magnetic Disturbances at Earth)
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Rad Belt Dynamics Characterized by Adiabatic Invariants:
Gyration (u), Bounce (J), and Drift ()

Fczt%u;ehl;lé\o/;le y YAGNETIC FIELD LINE

EARTH '

With strong B and large size, 8‘;’04 "
three motions separate! O



Low-Frequency Dynamics is One-Dimensional
(1D, ko p « 1, Gyrokinetics!)
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Adiabatic Radial Dynamics
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Perturbed W Caused by Global Fluctuations of
Geomagnetic Cavity (Easily Measured!)
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Quasilinear Radial Diffusion

(Farley, Tomassian, Walt)
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Cluster I

(Launched 16 July 2000)




Cluster Il Wideband Plasma Wave
Investigation (Don Gurnett, ...)
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Curlometer

(Vallat, et al., Annales Geophys, 2005)
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Ring Current:
Trapped, High-f3 Protons (15-250 keV)

100 nT <AE< 600 nT __|06" Panel b)

Greatly intensified during geomagnetic
storms

T,' ~ 7Te and PJ_ ~ |.5 P||

Monthly storms: ~5 MA. (LDX: 3-4 kA)
|0 MA storms few times a year.

Current centered near L ~ 4-5R¢;
AL ~ 2.6R. wide and Az ~ |.6R;
Not axisymmetric.

4 3 2 -1 0 3
Current Density J (L) [nA/m’]

Curlometer during storms: AMPTE/CCE-CHEM Measurements

Jre ~ 25 nA/m? (Cluster I, 2005) Averaged over 2 years
(De Michelis, Daglis, Consolini, JGR, 1999)




Dst and the
Dessler-Parker-Sckopke Relation

(Burton, McPherron, Russell, JGR, 1975)

® Disturbed Storm Time
Index (Ds):

measured near equator

plus Earth’s induction fields!
(LDX: Al = —0.25 ) &

mV/m

® Dessler-Parker-Sckopke:

Energy = 0.54 GJ/A X Ir¢ 5&

Gammas

(LDX: 0.12 J/A)

Universal Time



Centrally-Peaked Proton Pressure
(Even with Plasma Sheet, Outer-Edge, Source!)

Average Ring Current Proton Pressure and Beta
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AMPTE/CCE-CHEM Measurements
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20 (De Michelis, Daglis, Consolini, JGR, 1999)
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Tromsg, Norway
July 2005







200 Kroner (~ $30) Issued by Norway in 1994

1100790475

NORGES BANK
-

Back side shows a map of the north polar regions, where Birkeland established a

network of auroral observatories, and the location of the “Birkeland currents” as
depicted in 1908.




CTX Plasma Torus

“Artificial Radiatio 1 Be “Artificial Grawty”'
with EC with

N 1 \Radial Current
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Rad Belt Dynamics Characterized by Adiabatic Invariants:
Gyration (u), Bounce (J), and Drift (\p)

experiments...
EARTH !

For auter zone e
(~%I9V)...

For electrons in lab \Mnsngnc FIELD LINE

YR
DRIFT MOTION
=5~ 600 kHz
10 mHz _

With strong B and large size, Yq %
three motions separate! 4y




Observing Interchange Modes

e Artificial Radiation Belt

» “Fast” gyrokinetic interchange

» VR~ A WeiWdh O, Wan/2TT ~ 0.1 - 1.0 MHz
e Artificial Gravity

» “Slow” centrifugal interchange

b Vg ™~ A/ Weildg, Wel2m~ 0.2 - 1.0 kHz



Collisionless Terrella Experiment (CTX)

Probe #1 _ Mach Probe #1

L]

Probe #4

Probe #2

/]

High-field, 0.2 MA-turn
Water-cooled
Magnet
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Creating an “Artificial Radiation Belt”

Low-pressure microwave
discharge in hydrogen
(2.45 GHz, | kW)

Energetic electrons (5 — 40 keV)
produced at fundamental
cyclotron resonance:

an “artificial radiation belt”

Electrons are strongly magnetized
(p/L < 1) and “collisionless”.
Equatorial drift time ~ | ps.

Intense fluctuations appear when
gas pressure is adjusted to
maximize electron pressure

-5.6 [

6.0 |

80 Hard X-Ray Spectrum
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lon Saturation Current
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Hot Electron (Fast) Interchange Instability
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Multiple Low-m Modes & Frequency Sweeping

uWave OFF —

® Chaotic drift-resonant
transport measured during
dense spectral content, chactcphase i, coherent phase
(Warren, PRL, 1995) ' B

Frequency, MHz

® Quasi-coherent frequency-
sweeping indicates
collisionless wave- A
particle dynamics.

Frequency, MHz

+100V

® Multiple probe correlation v
measurements determines
global mode structure.

/
Floating potential, A. U.




Bursting “Phase-Space” with Low-Power RF
(Maslovsky, PRL,2003)

ECR heating phase Afterglow
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Related work: Heeter, Fasoli, Sharapov, PRL (2000)



Jovian Rotation Drives lo Mass
Outward ~1 ton/sec
N
SO

3

N4 - N Eruption
B o




Creating “Artificial Gravity” through
Rapid Plasma “Co-Rotation”

Floating potential scales with
radius as ® ~ R! (negative bias)

Corresponds to rigid rotation
in a dipole, W /21 = 18 kHz

Potential profile consistent with
radial current proportional to the
field-line integrated Pedersen
(ion-neutral) conductivity:

| = 81 M w,(R) Z(R)

2 (R) is constant if density

profile, n ~ R, exceeds
centrifugal instability threshold.
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Frequency (kHz)

Centrifugal (Slow) Interchange Excited by

Rapid Plasma Rotation
(Levitt, PRL, 2005)
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At Lower Density, Centrifugal Instability
Modulated by Hot Electron Interchange Bursts
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Modeling Interchange

V' Interchange mode structure (relatively easy)
v/ Adiabatic nonlinear dynamics

® Transport, dissipation, confinement (not easy)



Interchange Mixing in Dipole: Route to
“Electrostatic Self-Organization”

[Engrg)a

@ “Inward” Adiabatic Heating

» Ring current intensification

» Storm-time belt formation

@ “Outward” Transport/Profile
Consistency

» Planetary winds (Centrifugal)

» Magnetic confinement

@ “Phase-Space” Structure
Drift-echos (injections)
Holes (bubbles)

Frequency sweeping

v v v v

Centrally-peaked profiles




Flux-Tube Integrated Dynamics
Gyrokinetic Electrons and Cold lon Fluid Coupled through
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Electric Potential
(Constant along B-line & small dissipation)
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Self-Consistent, Nonlinear, Flux-Tube Integrated,
Simulation Reproduces Dipole Interchange Dynamics

0.1

Global mode structure

——
Normalized Potential QO
1 —

T T ‘ T r
0 200 400 600

Frequency sweeping

Mode amplitude

RF scattering effects

0 200 400 600
Normalized Time

T N

Combined centrifugal (slow)
& gyrokinetic (fast) effects

= |nitial value; no sources

Spectral Amplitude

0.0 0.1 02 03 04 05
Normalized Frequency



Gyrokinetic Interchange Creates Persistent
Phase-Space Structures

uB ~ 1.5 keV uB ~ 5.0 keV uB ~ 7.5 keV
Fma = 0.2] 1 Fma =1.0] 1 2x Fmma =1.5] 1
.73 .75

0.7a

0.3 0.5 0.3

n.z5 n.25 n.z5

—0.25 -0.25 —0.25

-0.5 -0.5 -0.5

-0.75 -0.73 -0.75
-0.73-0.52-0.23 0 0.23 0.3 0.73 -0.73%0.2-0.23 0 0.23 0.5 0.73 -0.730.5-0.23 0 0.23 0.5 0.73

® Low energy (slower) electrons resonantly interact before
(faster) high energy electrons.

® Field-line integrated phase-space spatial structures have energy
dependence since drift frequency o energy.

® Oscillations persist at drift resonance of high energy electron
pressure peak.
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Physical Picture of
Frequency Sweeping Suppression

704 MHz 304 MHz

/

/ /

V/

N

///flfo MH
//

20

30 40 50 60
Equatorial distance, cm (L)

Location of a ~100 V phase-
space “hole” at 1.0 MHz.

W =m Wq(M,L)

RF cyclotron resonant fields
applied are localized at the
outer flux surfaces - locations
where phase-space “holes” are
initiated

RF mixing along u causes the
70 phase-space “holes” to fill/
untrap and suppress frequency
sweeping



Nonlinear Simulation Reproduces
Measured Frequency Sweeping Suppression
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Relative Strength of Centrifugal and Curvature
Drives Determine Mode Structure

S
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Fraction, o
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Il
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0 1/3000 1/700 1/180 1/80
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Centrifugal (Slow) Interchange with Rigid Rotation
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Phase Measurements Show “Spiral” Mode
Structure of Centrifugal Mode
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Dipole Interchange Modes have
Broad Radial Structures

Centrifugal Interchange Hot Electron Interchange
a) TE ~ 1.2 T T T T T T
."’J.,A\n‘ n = 1
08 L I."' "é\;\l 0.8 |
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(2D Poisson’s Equation: Computed mode structure shown with solid lines.)



LDX:A New Confinement Experiment

MIT-Columbia University
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Big Plasma “Ring Current” Observed!

ECRH (kW)
$50317014

Plasma currents reconstructed from + [ -
least-squares best fit to magnetic I ]
diagnostics (and inductive coupling to

superconducting coil.) Trmeavs

0.0015

0.0010

For a given pressure profile shape,
diagmagnetic current is proportional
to stored energy. (Dessler-Parker-Sckopke) e

0.0005

Plasma Current

Plasma current up to 4 kA ~ 300 J!
(Global energy confinement te ~ 50 ms)

N o -

Motion of ring current radius indicates
profile evolution

0.6




‘Low-Density e
S e

Three Regimes in LDX...

® |ntense, quasi-continuous hot-electron
Interchange pulsations. Visible image
shows inward fast-electron transport.

e High-beta (~10%), higher-density.
Quasi-steady state. Bright “halo’
surrounds fast-electrons.

e “Afterglow” lasting several seconds.
No heating; lower density. Fast-
electrons visible as neutrals penetrate.
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Continuous “Bursty” Fluctuations During Low-Density

ECRH (KW)
S50317014

~~~~~~~~~~~~~~~~~~~~~~~~
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N

Edge Ise;t (AHU.)

Low-Density Regime characterized by
(negative) bursts of energetic electrons.
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Isolated Relaxatio
During High Beta Regime ar
At high B, periodic “relaxation” 2
events occur a few times per second.  ©
Outward motion of ring currrent. j
(Also, x-ray and pwave bursts !) .

Depending upon neutral fueling and
heating power, relaxation events can
be small or fully disrupt high-beta
regime.

HEI can appear in (nearly?) all cases

LDX is the first to observe the HEl in
a high-beta dipole plasmal

0.15

0.10

N Events

d During Afterglow

PhotoDet .
e

i L
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Ip (KA)

/m Fvents | N
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All Events Characterized by Frequency Sweeping
(E. Ortiz)

x 10° 50513002 - probes.hardware.scope:input

L)

g

Frequency

0.39 0.4 0.41 0.42 0.43 0.44 0.45 0.46

Signal

1 | 1 | 1 | I
0.39 0.4 0.41 0.42 0.43 0.44 0.45 0.46
time (s)



Where is the ngh B Plasma?

e V|S|ble




Where is the ngh B Plasma?
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Abel Inversion (Equatorial) Show Profiles
Highly Peaked Near 2.45 GHz Resonance
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Where is the Ring Current?

8 flux loops

9 normal-B sensors

9 tangential-B sensors

Constant flux constraint on
superconducting dipole

Isotropic now (PL > Py in future)

26 measurements:
3 unknowns: (po, Wo, ) ...
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Family of Profiles with Same 2

® More than 1 m separation between
plasma current and magnetic detectors.

e Profiles with same plasma dipole
moments, fit magnetics equally well.

® New, nearby magnetic sensors to be
installed.

=) \Vhere is the pressure peak?
Answer: at ECRH Resonance

x> | Peak P | I, (kA)
10.4 0.70 3.2

ma)| 106 | 077 | 3.
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Summary

Dipoles provide magnetic confinement for hot plasma in nature
and in the laboratory.

The dipole has a unique field structure for study of confined
plasma: unmatched diagnostic access, well-characterized magnetic
geometry, and fascinating (and musical) wave-particle interactions.

Two types of global interchange instabilities excited/modeled:

» Hot electron interchange (fast) modes illustrate collisionless
gryokinetic dynamics with “phase-space” mixing and “bubbles”.

» Centrifugal interchange (slow) modes illustrate MHD mass
flows and convective mixing.

The world’s first high-beta dipole-confined plasma has been
created in LDX. LDX offers a new facility to study high-beta
instability, “electrostatic self-organization”, controlled convection,
energy and particle confinement, ...



