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* Introduction:
- Dipole fusion concept, motivated by high-f magnetospheric plasmas

» Radial diffusion in dipole field:
- Self organization of peaked profiles in strongly inhomogeneous field
- Adiabatic invariants and fluctuation-induced transport

» Experimental setup:
- Dipole plasma experiment RT-1 (comparison with LDX)

» Experimental results 1:
- Formation of high-f ECH plasma and spatial structures

» Experimental results 2
- Stable confinement (~300sec) of electron plasma and spatial structures

« Summary and next step



Introduction: Observation of high-p, peaked-profile plasmas in
planetary magnetospheres

* High-B plasma in Jovian and earth’s
magnetospheres (spacecraft observations):

- Flowing high-p (>100%) state, absorption of
solar wind with substorms, whistler, chorus.

- Effects of flow, Hall-MHD, inward diffusion,
particle acceleration, etc.

« Stability conditions for interchange mode:

High-p flowing plasma
J. Shiraishi et al., PoP 12, 092901 (2005). dP P dl
bl U = _§

du U] B

« For a point dipole, field strength Boc1/r3, field line length «1/r, then
dinP 20
dinr 3

* Px1/r293 in geomagnetosphere, satisfying stability condition.
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Dipole fusion concept, inspired by observations of high-p

planetary magnetosheres

Magnetospheric plasma in RT-1

* Application of RF ~ toroidal drift frequency

- Strongly inhomogeneous dipole field
induces inward particle diffusion

- Adiabatic plasma heating by the
conservations of u and J

- Possibility of stable high-3 state suitable
for burning D-D, D-3He

* Recent renewed interest in dipole fusion
- Levitated superconducting magnet

RT-1: 2010 Yoshida et al., PRL 104, 235004.
LDX: 2010 Boxer et al., Nat. Phys. 6, 207.



Effects of field fluctuations and transport

For a particle distribution function f = f(x,J,®;t) | written by using
adiabatic invariants p, J, ¥,

number of particles located in a phase space volume u+du, J+dJ, Y+d¥
is given by dN = f (x,J,®;t)ddIdD .

By using P(u,J,®;Au,AJ,AD) , probability that mean change Ay, AJ,AD
takes place per unit time, the distribution function averaged over three
periodic particle motions are

f (1, 3,@;t) = [[[d(Au (AT )d (AD)
f(u—Au,J —AJ,®—AD;t)
P(u—Au,J —AJ,®—-AD; Au,AJ, AD)

Spjeldvik, Rothwell, “The radiation belts”
1971 M. Walt, Space Sci. Rev.



The Fokker-Planck equation is then obtained by expanding f and P in
Taylor series around the unperturbed quantities:
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The above equation is greatly reduced by recognizing that

* Violation of one adiabatic invariant is uncorrelated with the process
that violate another invariant:

(AuAY) = (AuAD) = (AJAD) =0

* In the absence of sources and losses, diffusion would proceed until
all gradients will vanish, and for each diffusion mode
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and we have

(A} .
3_22[<2M>2}]_Z;(D“§j =m0

Transformation to other variable, such as ¢,.4,,4, , is realized by

of 1 0 of : : -
E_izga—gbj[D¢j¢jGa—¢ﬁjj G=G(u,J,0;4,0,,¢,) : Jacobian



Radial diffusion of plasma in dipole field

Low frequency fluctuations can violate the conservation of WV,
while preserving the y, J invariants. Radial diffusion equation becomes

af:é?(DM)afj s L
ot oD oD

This relation says that, when source and loss terms are neglected,

stationary density state —= jdyd — =0 s realized when

N
particle number within a qux tube, N, |s constant P jd,udJ — =

The flux tube volume of point dipole satlsfles I— oc r* |, then the above
relation gives density profile of nocr™

If the density profile is flatter than this equation, diffusion due to the
destruction of V¥ results the inward transport.



Radial diffusion of plasma in dipole field
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RT-1 Proto-RT->Mini-RT->... **
*Hasegawa et al., Nucl. Fusion 30, 2405 (1990).
**Yoshidaet al., PRL 88, 095001 (2002); PFR 1, 008 (2006).
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MIT/Columbia: Levitated Dipole eXperiment***
***Garnieret al., Phys. Plasmas 13, 056111 (2006).

* Is high-p stable confinement state realized in dipole devices?

* What kind of density/pressure profiles are generated in equilibrium states?

* Is it consistent with the simplified (source free) model?

particle number within a flux tube is spatially constant



RT-1 has succeeded to generate high-g ECH plasma and to
stably confine toroidal non-neutral (electron) plasma
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* High-B plasma for advanced fusion
70% local B, confinement time ~0.5s, peaked density profile

#= Toroidal non-neutral (pure electron) plasma
300s long confinement, rigid-rotating steady state, inward diffusion



High B ECH plasma is generated with optimized formation
conditions, avoiding the onset of instabilities
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Typical waveforms of high-f plasma and electromagnetic fluctuations in RT-1

» High-[3 state is characterized by large stored energy, strong x-ray, and
depression of visible light strength and fluctuations: hot electron plasma

* In phase (i), thin (~10"°m-3) hot plasma has large electromagnetic fluctuations,
which are stabilized after higher density formation in phase (iii)

- Effects of hot electrons are possible reasons for the onset of instability*’
1. 2006 Garnier et al., PoP 13, 056111.



Electrons of high beta plasma consists of majority of hot
(up to ~50keV) component, and 1,~0.5s
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« Electrons consists of majority (~60%) of hot (~50keV) and cold (~10eV) populations
» Confinement time of hot electron component is t,=0.5s cf) 15, ,~1.4us

* Energy confinement time t¢ is comparable to t,, suggesting that temporal variation
of T, is relatively small after RF stopped (consistent with x-ray measurements)



Plasma has peaked density profiles in strong field region
when superconducting magnet is levitated
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Radial density profiles [coefficient a of n(r)=n,r2] with and without coil levitation

* Density profiles were estimated by multi-cord measurements of interferometer,
assuming n(r)=nyr@ on z=0 plane and density is a function of magnetic surface

* When the superconducting coil is levitated, plasma has peaked density profiles

* This result is similar to previous report in LDX*' and consistent with Hasegawa’s

prediction*? that turbulent-induced diffusion occurs until plasma density per
flux tube becomes constant: o/ow [[ f(u,3,y)dudd =0

1. 2010 Boxer et al., Nature Phys. 6, 207. 2. 1987 Hasegawa, CPPCF 11, 147.
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RT-1, a magnetosheric configuration generated by a levitated dipole
field magnet, stably confines toroidal non-neutral (electron) plasma
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* High-B ECH plasma for advanced fusion

N

.Dipole.field magnet .
Electron gun

2009 Ogawa, Yoshida et al., Plasma Fusion Res. 4, 020.

70% local B, confinement time ~0.5s, peaked density profiles
2011 Saitoh, Yoshida et al., Nuclear Fusion 51, 063034.

* Toroidal non-neutral (pure electron) plasma
300s long confinement, rigid-rotating steady state, inward diffusion



Pure electron plasma (PEP) formation process in RT-1:
Electron beam injection and stabilization of fluctuations

— 200 T T T T T T4

= n . - .

< 100F (@)1 < Electrons are injected with a gun

= located at edge confinement region.
<

E

» Soon after the start of beam injection,
a charged cloud is created, which
repels the beam and diminished the
beam current to about 10-°A.
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* When the beam current is stopped,
plasma becomes turbulent, and then
relaxes into a quiescent state.
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Formation and sustainment of toroidal PEP in RT-1.
(@) V., (b) beam current, (c) electrostatic fluctuation,

and (d) its frequency power spectrum. 2010 Yoshida et al., PRL 104, 235004.



Stable confinement of PEP for more than 300s is realized, trap time
comparable to the diffusion time due to neutral collisions

image current (pA)

frequency (kHz)
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 The stable confinement time t* strongly depends on the neutral gas pressure P,.

* The nonlinear relation (t*P,#const.) indicates that electron-neutral collisions
do not simply decide the trap time of PEP.

» Confinement ends with onset of instability, possibly due to ion resonance effects.

2010 Yoshida et al., PRL 104, 235004.



Spontaneous formation of rigid-rotating state and inward diffusion:
Density and potential profiles are consistent with semi-rigid motion
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» During electron beam injection, the levitated superconducting magnet is
spontaneously negatively charged up.

 Density profiles that generate semi-rigid toroidal rotation are self-organized.

» Measured and calculated (from density profiles) potential profiles are consistent.

2010 Saitoh, Yoshida et al., PoP 17, 112111.



Observation of inward particle diffusion 2: 17/19
Space potential exceeds initial electron energy in strong field region
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 Potential profiles indicate radial transport and acceleration of particles

* At r=rgy,,, space potential agrees well with V.

* Space potential at r<r,, (in the stronger field region) is lower than V..

=) Some particles are accelerated and radially transported inward,
while thermal relaxation time (~400s) is much longer than beam injection time.



Inward particle diffusion and formation of stable peaked profiles:
Plasma diffuses inward to strong field region
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» The confinement region shifts inward to the strong field region.

» Peaked density profiles are stably sustained in the stable confinement phase.

2011 Saitoh, Yoshida et al., PoP 18, 056102.



Flattening of particle density per flux tube by magnet levitation
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1 RT-1 dipole
8.2GHz 2.45GHz
ECH

D ECH B

Ne 8<10¥m= local B >70% (~3.5mWhb) t_,~100ms
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