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Outline

A Growing Field: Plasma Astrophysics

Two Examples:

— Magnetic reconnection
* Magnetic Reconnection Experiment (MRX)

— Magnetorotational instability (MRI)
e Rotating Gallium Disk (RGD) Experiment

Relation to Fusion Science and Technology
Summary



A Growing Field: Plasma Space/Astrophysics

Plasma Physics Space/Astrophysics
e Advanced o Sophisticated
diagnostics observatories
e Powerful computer . _Recognition (f)f
simulations Importance o
Si-lr-nhuel(;’:iyon magnetic field

l Experiment i

Significant progressin
under standing
dynamics of (high
temperature) plasmas

Strong demandsin
under standing plasma
dynamicsin
astrophysical systems




Many Elementary Processes Can Be Studied
In Laboratory

 Magnetic field generation
(dynamo)
« Effectsof magnetic field
— Mixing process
- — Angular momentum
transport in accretion disks

— Coronal activitieson
stellar/disk/galactic surfaces ©

— Jet formation and particle
acceleration

e |Nnteractions between magnetic
B ficdand plasma (magnetic
reconnection)

Evolution of Solar Flare

(minutesto hours)
By TRACE satellite




Physics | ssuesfor Under standing Fast
Magnetic Reconnection

m) . Swect-Parker versus Petschek models

‘ e Collisonal versus collisionless reconnection

— Classical collisions and nonclassical collisions (fluctuations)
— Dissipation mechanism of magnetic energy

o L ocal versusglobal

— Global constraints (conservation of mass, flux...) provides
boundary conditionsfor local physics

— Local physics decides global magnetic topology and relaxation
rate

o Steady state versustransient reconnection

e 2D versus 3D reconnection
— 2D (w/o 3rd component) and 2.5 D (w/ 3rd component)
— 3D dynamicsin 2D symmetry
— Reconnection through 3D null-point



Sweet-Parker Moddl vs. Petschek M odel

Sweset-Parker Model Petschek Model
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M agnetic Reconnection Experiment

Y




Experimental Setup in MRX

90 channel
probe array

"Pull® reconnection
Flux core



Realization of 2D Current Sheet and Steady
Reconnection

Yamadaet al. PRL (1997)

 Formation of
stable 2D current
sheet (~20-30
t Alfven)

e Quasi-steady state
reconnection
realized.

pull reconnection, no guide field
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Parameters. B<2kG, Te~Ti=5-20eV, ne=(0.1-2)" 1020/m3
® S<1000



Diffusion Regions Qualitatively Consistent
with Sweet-Parker M odel
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An example: Sweet-Parker like diffusion region



Measured Magnetic Profiles Agree Well
with a Generalized Harris Solution
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Sheet Thickness Also AgreesWell With
Harris M odel
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M easurements Agree Only with a
Generalized Sweet-Parker M odel

1.2

Comparisons with classical

Sweet-Parker model

Ji et al. PRL (1998); PoP (1999)
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Resistivity Deter mination and
Dependence on Collisionality

Ji et al. PRL (1998)
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M easur ements of Perpendicular Resistivity
Extended Well into Collisional Regime

Trinchouk et al. PRL (2001)
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First experimental demonstration of
Spitzer perpendicular resistivity




How Isthe Resistivity Enhanced in MRX?

Turbulent resistivity due to current driven micro-instabilities (i.e.,
lower hybrid drift wave)

— Wave-particle interactions to dissipate current/energy

— Intensive works since ‘70

— Not consistent with fluctuation measurement (Carter et al. 2001)
Facilitation by non-dissipative Hall terms

— Formation of thin dissipative electron layer

— Demonstrated in simulations and theories

— Have not been detected (electric field, fine structures...)
“Speiser effect” or single-particle orbit

— Loss of particle, current and energy

— Not self-consistent and not likely

Electron neutral collisions



L ower-Hybrid Drift Fluctuations
Measured in Current Sheet Region
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M easur ements Consistent with Theory But
| nconsistent with Resistivity Enhancement
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Fast Reconnection Facilitated by Hall Effects

Drake et al. (1998)

lon Current
(ion skin depth,
smilar to S-P
model)

Electron Current
(smilar to
Petschek Model)

Generalized Ohm'’s law: B iy l
A J  B- Np dV, A combination of both
E+V- B=nJ+ en + g} dt modelsthrough

P
Hall terms electron inertia electricfield:
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Resistivity Enhancement Depends on Collisionality
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Accretion Disks

* An accretion disk consists of gas, dust and plasmas
rotating around and slowly accr eting onto a central
point-like object.

« Many important astrophysical processes happen in
accretion disks:

— Formation of starsand planetsin proto-star systems
— Masstransfer and energetic activity in binary stars

— Release of energy (asluminousas 10%° of Sun) in
quasarsand AGNs

Cluasar PKS 2349
PRECBE-350 - ST bal O « Mossmbser 1B

J. Bahcadl |insabuie for Advanoced Shudys, M Disney [University of Wiales) and HASSA




Magnetorotational | nstability and Angular
Momentum Transport in Accretion Disks

A long-standing question iswhy the accretion isfast or angular
momentum outward transport isfast.

— Classical viscosity provides negligible transport
— Hydrodynamically steady state disks (Keplerian disks) are stable satisfying
Rayleigh’scriterion d(R2Q)/dR>0 since Q « 1/R¥? and R2Q « RY?2
However, disks can be unstablein MHD: Magnetor otational | nstability
— Originally discovered by Velikhov (1959) and Chandrasekhar (1960)
— Rediscovered by Balbus & Hawley (1991
MRI occurswhen dQ/dR<0 with a
vertical B:

— Radially displaced fluid elementsare
linked by B. larger & and

— Fast part isslowed and slow part is radial force
accelerated, — angular momentum

transport.
Stableif B istoo strong or too resistive

B B

smaller 2 and
radial force




A Rotating Gallium Disk Experiment to
Demonstrate and Study MR

« MRI existsso far only in theoriesand numerical ssmulations

— Theories: Curry, Pudritz, & Sutherlan (1994), Blaes & Balbus (1994), Gammie
(1996), Jin (1996), Sano & Miyama (1999)...

— Simulations. Brandenburg et al. (1995,1996), Matsmoto & Tajima (1995),
Hawley et al. (1996,2000), Stone et al. (1996), Fleming & Stone (2000)...
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10cm
— Inashort Couette flow geometry.  Bz<0.5T -

— Centrifugal force pV4Ris
balanced by pressure force -dp/dR
from the outer wall, acting like
gravity forcein accretion disks.

— MRI can be destabilized with
appropriate 21, Q> and Bzin a
table-top size.
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L ocal and Global Analyses Predict MRI at

M oder ate Speeds and Sizes

0,/ (27) (rpm)

Ji et al., MNRAS (2001)
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| mportance of Boundary Conditions
Revealed by Global Analysis

Goodman and Ji, JFM (2001)
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 Boundary layer formsat inner conducting wall
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|ncompressible Nonlinear MHD Simulations

3-D code (periodic in axial direction)
Spectral method (Chebyshev-Fourier)

2-D code (finite sizein axial direction)
Ekman layer effects
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Time splitting scheme (Green function method for incompressibility)
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Concept Design of Rotating Gallium Disk

Drill pressto drive
A innner cylinder

Electromagnets

motor to drive
turntable and
outer cylinder

Side view 3D electromagnetic analysis

» 120kg of gallium and its alloy has been acquired.



Prototype Water Disk Experiments
Under Way

e Establish hydrodynamic reference at fast rotations
— Study effects of Ekman layersand its control
— Examine effects of nonlinear instability

« Seed particlesto monitor stability and to measure flow
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Stability and Flow M easur ements

Unstable flow

Couette solution

s a a B . g

solution w/ end plates \ )
but w/o Ekman layer measurements

 Tomodify end platesto optimize flow profiles




L aboratory Plasma Astrophysics Can
Contributeto Fusion Science and Technology

e Reconnection experiments

— Better understanding of reconnection help avoidance
of disruptive phenomena observed in fusion plasmas
— Help develop innovative confinement concepts

* A new way to formation of Field-Reversed Configuration
(FRC) with large flux




L aboratory Plasma Astrophysics Can
Contributeto Fusion Science and Technology

e Liquid metal experiments

— Angular momentum transport dueto MHD effects (M axwell
stress) relevant to flow dynamicsin high-p plasmas (e.g. RFP’S)

— Related to new ideas utilizing flows (e.g. Centrifugal
Confinement, double-Beltrami flow, | TB physics, etc.)

— Better understanding of (free-surface) liquid metal MHD helps
fusion conceptsusing liquid metal first walls
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Liquid Metal Surface Wave Experiment

Ji and Fox (2001)
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To study MHD surface wavesrelevant to astrophysical mixing and
liquid metal wall application in fusion reactors



Summary

Plasma astrophysicsis a growing field because of mutual
Interests in plasma physics and astrophysics

Laboratory experiments, using plasmas or liquid metals,
represent a significant component of thisfield

— Study basic physics mechanismsin controlled and systematic manners
— Quantitativetests of theories and state-of-art numerical ssmulations

Two examples:

— MRX has provided fundamental data on reconnection, impacting
theories and simulations of the observed disruptive phenomena

— RGD experiment will test MRI for thefirst time and study angular
momentum transport

Better understanding of plasmas and liquid metalscan promote
fusion research and can lead to better fusion concepts and technology



