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Tom Intrator:  
Phaedrus-B -T ICRF and Alfvén Waves



1958: Fusion and Space Research launch 
the rapid expansion of Plasma Physics

July 29, 1958 
President Eisenhower signed the National 
Aeronautics and Space Act of 1958 which 
established the National Aeronautics and 

Space Administration. 
!

(NASA: $6.6 B annual funding in 1958)

September 1-13, 1958 
Second International Conference on 

Peaceful Uses of Atomic Energy (Geneva) 
marked declassification and was attended 

by 5,000 delegates with 2,150 papers. 
!

(Fusion: $0.19 B annual funding in 1958)



Both Space and Lab Scientists study Magnetic Confinement…
• Strongly magnetized ρ* ~ 10-5  

• Energetic particles 

• Transport across boundary layers 

• Fueling the plasma torus 

• Multiple ions, H+, He+, O+, … 

• Magnetic reconnection 

• … 
 

➡Convection and flux-tube mixing drive profiles 
characterized by Lagrangian invariants  
 
 n ~ B/L and T⊥ ~ B, T|| ~ 1/L2, or T ~ (B/L)2/3 

➡ Equilibria with invariant profiles are stable at β ~ 1 

➡Geometry strongly influences Alfvén waves, 
whistlers, and wave-particle resonances

Cassini (Jan 2001) 
Hot Electron 

Radio Emission

Image (Aug 2000) Plasma Convection 
and Transport

Isolated  
Flux Tube

Io Plasma Torus Voyager 1 (1979)

… but dipole geometry is different from tokamaks
Flux-tube volume: 
δV∝B/L ~ L-4

L



Research Goal of Laboratory Magnetosphere is to 
Link Space Physics ⇔ Laboratory Confinement Physics

• Space geometry in lab helps test fundamental magnetic confinement physics 

• Simple axisymmetric geometry, steady-state, with omnigeneous orbits  

• Very high plasma pressure, β > 100%, no field-aligned currents (FAC), without toroidal field 

• Interchange and entropy modes (E⋅B ≈ 0, not kink, tearing, ballooning, or drift-gradient modes.) 

• Foundational tests of bounce-averaged gyrokinetics with similar trapped / passing dynamics 

• Turbulent self-organization, “canonical” profiles, inward pinch can cause plasma energization 

• Lab studies in space geometry helps test fundamental space science & technology 

• Controlled experiments in relevant magnetic geometry  

• Injection of waves (ECH, “chorus”, Alfvén, and ion-cyclotron waves), currents, and particles/
plasmoids gives control over plasma properties, transients, and behavior 

• “Whole plasma” access for unparalleled imaging and diagnostic measurement 

• Small dipole magnet within a large vacuum chamber → very large plasma at low cost



Laboratory Magnetospheres: 
Facilities for Space-Relevant Physics Experiments

LDX (MIT) 
Largest Size

RT-1 (U Tokyo) 
Highest Power and β

CTX (Columbia) 
Easiest to Operate



Levitated Dipole Experiment  (June 2014)
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LDX Diagnostics

CHAPTER 3. OVERVIEW OF THE LEVITATED DIPOLE EXPERIMENT 26

Probe array

Fast cameras

Visible light 
camera

Movable 
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L-coil

Magnetics

View tangency radii
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Poloidal field coil

Interferometer

SDD X-ray

CZT X-ray

Photodiode array

Figure 3.3: A cartoon overview of a subset of the LDX diagnostic set.



Key Result: Discovery of a New Regime
• Turbulence self-organizes centrally-peaked profiles 
‣ Space weather: externally-driven fluctuations drive plasma to “canonical” profiles  

‣ Lab plasmas: internally-driven fluctuations drive plasma to “canonical” profiles 

➡ In a magnetospheric configuration, self-organization leads to centrally-peaked profiles 
Inward transport ⇒ heats and compresses plasma 

Outward transport ⇒ cools and expands plasma 

“Canonical” profiles are stationary, with η ≈ 2/3, δ( PVγ ) ≈ 0 

• Interchange and entropy modes, E⋅B ≈ 0, dominate low-frequency mixing 

‣ Plasma torus stable at β ~ 1, no magnetic shear, no FAC, closed field lines, similar trapped-
passing particle dynamics, and strong compressibility ω* ~ ωκ ~ ρ*2 ωci 

‣ Fast-particle interchange (PRL 1995, POP 2002, PRL 2005, POP 2006) 

‣ Centrifugal interchange (PRL 2005, POP 2005) 

‣ Pressure-driven interchange-entropy modes and inverse cascade (POP 2009, PRL 2010)



New Regime: High β, Turbulent Self-Organized, Steady-State

• 20 kW injected electron cyclotron waves  

• Density proportional to injected power 

• Plasma energy proportional to power 

• Peak plasma density 1012 cm-3  

• Strong mass confinement effect: He ~ 2 × D  

• Plasma energy 250 J (3 kA ring current) 

• Peak β ~ 40% (100% achieved in RT-1) 

• Classical fast particles〈Eh〉~ 54 keV 

• Peak〈Te〉> 0.5 keV (thermal) but Ti ~ 0

CHAPTER 5. MAGNETIC RECONSTRUCTIONS: RESULTS 88
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Figure 5.1: Overview of supported shot 100805045 and levitated shot 100805046. The top
row shows that the heating power profile was the same in both shots. The second row
shows that the vessel pressure was similar on both shots. The third row shows that during
levitation the change in the magnetic flux measured by a flux loop at the outer mid-plane
(diameter 5 m) is nearly a factor of two greater than during supported operation. The last
row shows the phase measurement of the 4 chord interferometer: black (77 cm tangency
radius), red (86 cm), green (96 cm), and blue (125 cm). The large phase change on the
inner chords during levitation show that the electron density is much higher and centrally
peaked during levitated operation. The light red and light blue vertical lines indicate the
times used in the reconstructions described in the next sections. The vertical black lines
mark times when the input power changes.

S100805046Self-Organized, Steady-State Profiles at High β

• Matt Davis (2014): Electron pressure naturally 
approach “canonical” profile shape determined 
magnetic flux-tube volume, δV. 

• Alex Boxer (2011): Density evolves at rates 
predicted by bounce-averaged gyrokinetic theory.

Sustained, dynamic, steady state …



IM1IM2

Figure4.10:Plasmacurrents(shownasbluedots)areplacedongridnodesbetweenthe
seperatrix(outerredcontour)andthelimitedinnermostfluxsurface(innerredcontour)
basedonapressuremodel.Additionally,currentsareaddedintheuppermirrorregion.Two
currents(I

M1andI
M2)areevenlydistributedoverafinitesetofpointsintheuppermirror.

4.6Theuppermirrorplasma

MagneticmeasurementsandimagesfromavisiblelightcamerashowthatoftenonLDXa

plasmaisconfinedinthearegionreferredtohereastheuppermirror.Theuppermirror

isthemagneticmirrorthatexistsbetweentheF-coilandtheL-coil.Allmagneticfield

linesinthisregionareopensoanyplasmaconfinedintheregionmustbetrappedinthe

magneticwell.Thisthesisaddressestheuppermirrorplasmaprimarilytoassesswhether

thecurrentsinuppermirrorplasmasignificantlye↵ectthemagneticreconstructions.Itis

foundthatoftentherearesignificantcurrentsintheuppermirrorplasmathusrequiringthe

uppermirrorplasmatobeincorporatedintoanycurrent/pressuremodel.Figure4.11shows

theuppermirrorplasmaseenonavisiblelightcamera.
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Measuring the Plasma Pressure from the Plasma Ring Current

Reconstruction Grid

J⊥ =
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B × κ
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FIG. 1. A schematic drawing of the LDX experiment. Closed
magnetic field lines are illustrated with solid black contours;
open field lines are shown with dashed black contours. The
fundamental ECRH resonance surfaces for the 2.45 GHz
source and the 6.4 GHz source are illustrated with thick
dashed lines. Locations of the azimuthal magnetic flux loops
are shown by the red dots. Locations and orientations of the
poloidal field coils are shown by the blue arrows with yellow
dots.

From ideal MHD, the equilibrium diamagnetic current
for an anisotropic pressure is

J =
B ⇥ r · p̄

B2
=

B ⇥ r · p?
B2

+
�
pk � p?

� B ⇥ 

B2
(3)

where p̄ = p?Ī + (pk � p?)bb is the pressure tensor
with Ī the identity matrix and b a unit vector along the
magnetic field (B = B b), pk and p? are the parallel
and perpendicular components of the pressure, and  =
b ·rb is the magnetic curvature. Using the vacuum field
approximation of the curvature vector,  ⇡ (r? B)/B,
the azimuthal component of the current density can be
written in cylindrical coordinates as

J� = �2⇡R
@p?
@ 

� 2⇡R
�
pk � p?

� @

@ 
(lnB) (4)

where R is the radial coordinate and  is a poloidal flux
function ( = RA�, where A� is the azimuthal compo-
nent of the magnetic vector potential).
We consider plasmas for which the pressure anisotropy

is described by the relation p? = (1+2a)pk where a is the
anisotropy parameter. Then, from parallel momentum

balance [14] the perpendicular pressure is [15]

p? = G( )

✓
B0

B

◆2a

(5)

where G( ) is a flux function and B0 is the minimum
magnetic field strength along a magnetic field line.
The flux function G( ) is defined

G ( ) =

8>>>>>><>>>>>>:

p0
⇣
 � 

fcoil
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⌘↵
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⇣
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(6)

where  0 =  (R0),  fcoil is the value of  at the levitated
dipole coil (the “F-coil”), and ↵ = 4g (| fcoil/ 0| � 1).
The coe�cients A, B, and C are defined such that G and
dG/d are continuous. The width � is a fixed value that
typically spans about a 5 cm radial distance at the mid-
plane. Figure 2 illustrates the flux function G( ) and the
e↵ect of the anisotropy parameter on the current density
distribution, respectively.
The poloidal flux function,  , is related to the az-

imuthal current by the partial di↵erential equation

�⇤ = �µoRJ�( ) (7)

where�⇤ ⌘ R2r·
� r

R2

�
, and µo is the permeability of free

space. Equation 7 is iteratively solved on a grid (see Fig.
3) to determine the plasma boundary and distribution of
plasma currents.
The current in the floating coil is initially determined

by balancing the gravitational force on the coil with the
force exerted on it by the levitation coil. At subse-
quent times (when there may be changes in the floating
coil position, the levitation coil current, or the addition
of plasma currents) the current in the superconducting
floating coil is adjusted to conserve magnetic flux.

B. �2 model fitting

Model parameters are determined by a nonlinear �2

minimization process. To determine the best fit parame-
ters the global variation of �2 in the parameter space is
first mapped with a parameter scan. Then, a downhill
simplex method is used to hone in on the best parameter
fit. Estimates of the errors in the parameter values are
made by propagating the known measurement errors via
a Monte Carlo method [16]. Figure 5 shows the results
of this minimization and error analysis for a levitated
plasma.

Plasma Ring Current

What is the plasma ring current distribution that 
fits magnetic sensor arrays?

Matt Davis, et al., “Pressure profiles of plasma confined in the field of a magnetic dipole,” to appear in PPCF, (2014). 



Measuring the Plasma Pressure from the Plasma Ring Current

In the last set of levitated and supported 
shots (100805033-51) the upper mirror 
plasma was significant

Upper mirror plasma is 
modeled as two currents, 
Im1 and Im2, that are 
evenly distributed across 
two sets of filaments.

Central mirror plasma, 
Im1, can be several kA.  
Outer mirror plasma is 
always less than a couple 
hundred amps.
 

Figure4.11:Agrayscalevisiblelightimageofaplasmashotwithmagneticfieldlinesoverlaid
inyellow,separatrixinred,andcurrentdensitycontoursinblue.Theuppermirrorplasma
currentismodeledas2currents(I

M1andI
M2)distributedoverafinitesetofpointsinthe

uppermirror.

Theuppermirrorplasmaisseperatedbythemechanicaluppercatcherintoaninner

region(insidethecatcher)andanouterregion(outsidethecatcher).Figure4.12shows

theelectroncyclotronresonanceszonesforatypicalmagneticconfigurationonLDX.The

locationsoftheresonancesindicatethattheinneruppermirrorplasmashouldonlyform

whenthe10.5GHzand/or6.4GHzpowersourcesareon(itshouldnotformwithjustthe

2.45GHzpowersource).Figures4.13(a)and4.13(b)showthattheinnerplasmaisseenon

thevisiblelightcamerawhenallpowersourcesareonbutisnotseenwhenonlythe2.45

GHzsourceison.

Instability,orsomeotherunknownevent,oftencausestheinneruppermirrorplasma

toberapidlyloss.Whenthislossoccursthereisarapidchangeinthefluxmeasuredby

fluxloop11thatcoincideswithasimultaneousdecreaseinthevisiblelightemittedfromthe
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High-β Plasma 
High-Confinement 
Steady-State

Plasma Ring Current

J⊥ =
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B × κ

B2
(P|| − P⊥)

4

FIG. 4. Overview of supported shot 100805045 (dashed lines)
and levitated shot 100805046 (solid lines). The top row shows
that the heating power profile was the same in both shots.
The second row shows that the vessel pressure was similar
on both shots. The third row shows that during levitation
the change in the magnetic flux measured by a flux loop at
the outer mid-plane (diameter 5 m) is nearly a factor of two
greater than during supported operation. The last row shows
the phase measurement of the inner most chord of the inter-
ferometer (77 cm tangency radius). The large phase change
on the inner chord during levitation shows that the electron
density is much higher and centrally peaked during levitated
operation. The thin vertical black lines mark times when the
input power changes.

located close to the innermost flux tube (R0 ⇠ 0.65 m)
which touches the floating coil in the inner radius. For
the high frequencies the mod-B resonance surface cuts
across all field lines, and appear to be e�cient in cre-
ating density in combination with low frequency (2.45
GHz) heating.

C. Elimination of Upper Mirror Currents

The plasma that forms in the mirror wells that form
on open field lines (Figs. 3 and 8) absorbs heating power
and distorts the equilibrium. We have eliminated these
currents by locating a series of rods (the “spider”) that
intercept the plasma that tends to form in this re-
gion. Table III compares levitated shots with similar

81 ±  5 cm

2.1 ±  0.2
g

FIG. 5. Monte Carlo simulation of parameter errors for levi-
tated shot 100805046. The value of the steepness parameter
is 2.1 with a standard deviation of about 0.2. The black con-
tours mark values of constant �2. The inner contour is defined
by �2 = �2

min + ��2 where �2
min = 19.4 and ��2 = 0.9.

Model Parameters Levitated Supported
Power (2.45, 6.4, 10.5 kHz) 18 kW 18 kW
Cord 2 line density† 6.4e19 m�2 2.1e19 m�2

Pressure parameter, p0 426 Pa 4430 Pa
Pressure peak location, R0 0.81 m 0.80 m
Profile steepness parameter, g 2.1 6.3
Anisotropy parameter, a†† 0.5 2.0
Upper mirror inner current, IM1 -1 A -2630 A
Upper mirror outer current, IM2 -155 A -6 A
Resulting Plasma Parameters Levitated Supported
Peak pressure 268 Pa 880 Pa
Plasma energy 250 J 196 J
Beta at pressure peak 8.6 % 27.2 %
Total plasma current 3.0 kA 2.4 kA
Plasma dipole moment 12.1 kA ·m2 7.1 kA ·m2

Global energy confinement 14 ms 11 ms

TABLE I. Pressure profile parameters and plasma parame-
ters for magnetic reconstructions of levitated shot 100805046
and supported 100805045 with multiple ECRH sources. The
global energy confinement time is the plasma energy divided
by the total microwave input power.
† Interferometer cord with tangency radius R = 0.86m
†† Parameter held fixed during �2 minimization.

ECR heating power and neutral gas pressure. Discharge
100527002 permits upper mirror currents to form whereas
in 130814045 the spider largely eliminated these currents.
We have magnetically reconstruct the equilibrium for
both of these shots. Table III shows the best fit param-
eters and calculated plasma parameters for the plasma
with and without mirror plasma. The equilibria indicates
the near elimination of mirror currents and in particular

Reconstruction Results in Very 
Good Accuracy of Pressure Profile 

P|| ⇡ P?
3 kA



“Canonical” Profile: δ(PVγ) ≈ 0Normalized entropy density factor
Levitated versus supported

Radius [m]

pV
�
/|

|p
V

�
||

Levitated (100805046), t = 8.2 sec, γ = 5/3

Supported (100805045) 
t = 9.5 sec
γ = 5/3

Figure 7.1: For levitated shot 100805046 with multiple ECRH sources on the entropy density
factor is constant with radius outside the pressure peak (at radius 81 cm). This is consistent
with a pressure profile that is marginally stable to the MHD interchange mode. For supported
shot 100805045 with multiple ECRH sources on the entropy density factor decreases with
radius outside of the pressure peak (at radius 80 cm) indicating a pressure profile that is
steeper than the MHD limit.

122

(Te ≈ 0 with >75% Trapped Electrons 94 keV )

Reconstruction combining Magnetics and X-Ray Spectroscopy

Matt Davis, et al., “Pressure profiles of plasma confined in the field of a magnetic dipole,” to appear in PPCF, (2014). 

(Te > 0.5 keV (thermal) with < 3.5% Trapped Electrons 54 keV )



Measurement of Density Profile and Turbulent Electric Field 
Gives Quantitative Verification of Bounce-Averaged Gyrokinetic Pinch

5 m

Interferometer 
Array

Measured Turbulent  
Electric Field

Measured Density  
Profile Evolution



Quantitative Verification of Inward Turbulent Pinch

(a) Side View
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Line Density Shows Strong Pinch
Only with a Levitated Dipole

3 msec

25 msec

Turbulent pinch
from measured
fluctuations

With levitated dipole, inward turbulent 
transport sets profile evolution

Thomas Birmingham, “Convection Electric Fields and the Diffusion of Trapped Magnetospheric Radiation,” JGR, 74, (1969). 
Alex Boxer, et al., “Turbulent inward pinch of plasma confined by a levitated dipole magnet," Nature Phys 6, (2010).
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Heating or Gas Modulation Demonstrates  
Robust Inward Pinch & Natural “Canonical” Profile
• Density increases with power (T ~ constant). Density profile shape is unchanged near (nδV) ~ constant. 
• Gas source moves radially outward while central density increases.

High Power

nL2

nL3
0

5

10

15
S100528019

1.0

1.2

1.4

1.6

1.8
Line Density Ratio (nL2/nL3)

0

5

10

15

20

25
ECRH Power (kW)

5.00 5.05 5.10 5.15
time (s)

5.20

Interferometer (Rad)

Low Power
0.6 0.8 1.0 1.2 1.4 1.6 1.8

Radius (m)

Density (××10 Particles/cc)12
1.0

0.8

0.6

0.4

0.2

0.0

0

10

20

30

15 kW ECRH

〈〈S〉〉
Flux-Tube Integrated
Particle Source from
Light Emission (A.U.)

25 kW ECRH

S100528019
5.100 sec
5.150 sec

High Power

nL2

nL3
0

5

10

15
S100528019

1.0

1.2

1.4

1.6

1.8
Line Density Ratio (nL2/nL3)

0

5

10

15

20

25
ECRH Power (kW)

5.00 5.05 5.10 5.15
time (s)

5.20

Interferometer (Rad)

Low Power
0.6 0.8 1.0 1.2 1.4 1.6 1.8

Radius (m)

Density (××10 Particles/cc)12
1.0

0.8

0.6

0.4

0.2

0.0

0

10

20

30

15 kW ECRH

〈〈S〉〉
Flux-Tube Integrated
Particle Source from
Light Emission (A.U.)

25 kW ECRH

S100528019
5.100 sec
5.150 sec

(nδV) ~ constant

Kesner, et al., “Stationary density profiles in the Levitated Dipole Experiment: Toward Fusion without Tritium Fuel,” PPCF, (2010). 



Laboratory measurements, explained with theory and simulation, have  
Changed the way we think about toroidal confinement

➡Sustained plasma pressure equal to 
the local magnetic pressure (β ~ 1) 
 
Garnier, POP (1999); Krasheninnikov, Catto, Hazeltine, PRL 
(1999); Simakov, Catto, Hastie, POP (2000a,b); Catto, POP 
(2001); Kesner, NF (2001); Guazzotto, Freidberg, POP (2007) 

➡ Interchange and entropy modes 
dominate plasma dynamics 
 
Kesner, POP (2000); Kesner, Hastie, POP (2002); Ricci, 
Rogers, Dorland, PRL (2006); Ricci, POP (2006); Kouznetsov, 
Friedberg POP (2007a) 

➡Turbulent self-organization maintains 
steep plasma profiles and approach 
state of minimum entropy production 
 
Tonge, Dawson, POP (2003); Pastukov, JETP Lett (2005); 
Pastukov, Plasma Phys Rep (2005); Garbet, POP (2005); 
Kouznetsov, POP (2007b); Kobayashi, PRL (2009); 
Kobayashi, Rogers, Dorland, PRL (2010); Kesner, POP (2011)

LDX

Kobayashi, Rogers, Dorland, PRL (2010) 
Gyrokinetic (GS2) simulations show turbulence drives 
particles or heat to maintain uniform entropy density
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More Discoveries at Higher Density and Ion Temperature
• Space science: high density, hot ions, and very large size 
‣ High density (ωpe >> ωce) trapping of whistler waves: “killer electrons” created by inward transport 

of particles and waves. What is the character of trapped whistlers in a laboratory magnetosphere? 

‣ High density (c/Lωpi << 1) Alfvén waves, resonances, and dynamics at high beta. How does Alfvén 
wave dynamics change turbulent mixing and energetic particle confinement? 

‣ Ring current Te ~ Ti ~ 10 - 200 keV give FLR and ion drift-orbit bifurcation. How does interchange/
flux-tube mixing change with space-relevant finite ion temperature?  

• Fusion science: high density and hot ions 
‣ Does a thermal, Ti ~ Te , plasma self-organize? 

‣ How does FLR, ion mass/isotope, and ion pressure modify the turbulent spectrum?  

‣ Do electromagnetic and Alfvén wave effects change stability at β ~ 1?  

‣ Does high power drive zonal flows and create transport barriers in a dipole plasma torus? 

‣ Does bounce-averaged gryokinetics correctly predict particle and energy confinement times?



More Discoveries at Higher Density and Ion Temperature

Next-step discoveries are significant… 

• Magnetospheric Alfvén wave dynamics at high plasma β, 
requiring shorter ion skin depth 

• FLR and isotope effects in bounce-averaged gyrokinetics 
and turbulent self-organization, requiring ion heating 

• Critical plasma physics linking space science and 
toroidal confinement

1012 C.T. Russell / Planetary and Space Science 49 (2001) 1005–1030

Fig. 8. The solar wind interaction with the Moon when the interplanetary
magnetic !eld is perpendicular to the solar wind "ow. The solar wind
is completely absorbed on streamlines that intersect the Moon, leaving a
cavity on the downstream side that !lls by ion motion along the magnetic
!eld at the ion thermal velocity. Because of the charge neutrality condition
in the plasma the electrons move with the ions. In MHD terms the region
in which the plasma is moving toward the wake is called an expansion
fan (Spreiter et al., 1970).

interplanetary magnetic !eld perpendicular to the solar wind
"ow. Not shown is the "ow-aligned case that occurs much
more rarely. In both cases the "owing plasma is absorbed
by the moon leaving an empty wake behind the Moon. In
the aligned-"ow case the plasma cannot "ow into the cavity
behind the moon but the wake does narrow to a diameter
less than that of the moon. In the case with the interplanetary
magnetic !eld perpendicular to the "ow, the plasma closes
behind the Moon at the ion thermal velocity. Since the ions
are much more massive than the electrons and since charge
neutrality requires electrons and ions to stay together in the
solar wind, ion motion governs the electrons as well.
An important aspect of this interaction is the electric !eld.

The solar wind is a "owing, magnetized plasma and hence
has an electric !eld in the frame of reference of the Moon.
Thus ions produced on one side of the moon by photoion-
ization of its tenuous atmosphere will be accelerated down
on to the surface, while on the other side ions will be re-
moved from the moon (Freeman and Ibrahim, 1975). In this
way the solar wind electric !eld both implants ions into the
lunar surface and removes them from the lunar atmosphere.
However, the currents through the body of the Moon, driven
by this electric !eld, are very, very small because of the ex-
tremely low electrical conductivity of the lunar surface. The
solar wind does cause currents in the interior of the moon
by carrying a spatially varying magnetic !eld past the moon
that the moon sees as a time varying magnetic !eld and that
induces a voltage across the moon. These currents "ow en-
tirely within the moon and do not penetrate the crust. Fi-
nally, we note that Mars’ tiny moons Phobos and Diemos
have been reported to cause disturbances in the solar wind
(Riedler et al., 1989; Dubinin et al., 1990; Sauer et al., 1998)
but since these moons orbit close to the bow shock when
they are in the solar wind it is di#cult to separate lunar from
planetary e$ects.

Fig. 9. The average con!guration of the magnetic !eld in the Mercury
magnetosphere as drawn in the noon-midnight meridian based on the
Mariner 10 "ybys. (Russell et al., 1988).

4. Mercury

To the non-specialist Mercury looks much like the Moon.
It has a cratered surface and no signi!cant atmosphere
but unlike the Moon it has a magnetic !eld that de"ects
the solar wind well above the surface. The magnetic !eld
con!guration in the noon-midnight meridian is shown in
Fig. 9 as inferred from two "ybys by Mariner 10 in 1974
and 1975. Some recon!guration of the magnetosphere was
detected on the !rst "yby and interpreted in terms of a
magnetospheric substorm as on Earth (Siscoe et al., 1975),
but, since Mercury has no signi!cant ionosphere, stresses
might be communicated much more rapidly in the Mer-
cury magnetosphere than in the terrestrial magnetosphere.
Under the assumption that Mercury’s magnetosphere was
responsive to the interplanetary magnetic !eld orienta-
tion in a manner similar to that on the Earth, Luhmann
et al. (1998) modi!ed Tsyganenko’s (1996) terrestrial mag-
netic !eld model to apply to Mercury. Fig. 10 shows the
equivalent magnetic !eld models for three IMF conditions
obtained by Luhmann et al. (1998). They then assumed that
these model !elds were immediately attained when the IMF
changed and calculated what IMF conditions would create
the magnetospheric conditions observed. Their conclusion
was that the dynamics of the Mercury magnetosphere could
be directly driven with little or no storage of energy in the
magnetic tail, unlike the terrestrial magnetosphere.
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Fig. 15. Magnetic !eld lines in the noon-midnight meridian of the jovian
magnetosphere showing the current sheet in the magnetodisk region (after
Russell et al., 1998a, b).

magnetic !eld in the noon-midnight meridian shown in
Fig. 15. As can be seen in this !gure the nose of the mag-
netosphere is sharper than that of the Earth. Just as the
aerodynamic shape of a supersonic airplane allows the bow
shock to form very close to the nose of that airplane, the
more streamlined shape of the jovian magnetopause allows
the bow shock to be formed closer to the magnetosphere
than at Earth (Stahara et al., 1989).
The existence of a variable source of mass in the inner

jovian magnetosphere provides an extra dimension to the
dynamics of the jovian magnetosphere. There is possible
control by the rate of mass addition as well as by the solar
wind and the interplanetary magnetic !eld. This mass addi-
tion could a"ect the size and the shape of the magnetosphere.
We do not yet know how variable is this mass-loading rate,
so we cannot yet estimate how important this e"ect is on the
size of the magnetosphere. If mass loading were to totally
cease we estimate that the magnetopause stando" distance
would be only about 40RJ which is similar to the smallest
stando" distances seen, but these conditions also most prob-
ably correspond to periods of higher than usual solar wind
dynamic pressure.
As we discussed above, the Earth’s magnetosphere is very

much a"ected by the strength and orientation of the inter-
planetary magnetic !eld, or more correctly, the product of
the solar wind velocity and the component of the magnetic
!eld perpendicular to the solar wind #ow. While the mag-
netic !eld strength is almost a factor of 10 smaller at Jupiter
than at the Earth, the enormous size of the magnetosphere
might compensate for this decrease. We can estimate the im-
portance of the solar wind electric !eld on a magnetosphere
by comparing the solar wind electric !eld, the product of

the magnetic !eld perpendicular to the solar wind #ow and
the solar wind speed, with the corotational electric !eld of
the planetary magnetosphere that is equal to the corotational
speed !R times the north-south component of the magnetic
!eld. Since the corotational speed increases as R and the
magnetic !eld decreases as R3 (in a dipole) the electric !eld
of a rotating dipolar magnetosphere decreases as L−2. Thus
the terrestrial corotational electric !eld is 14L−2 mV m−1

and that of Jupiter 4900L−2 mV m−1 where L is the dis-
tance in planetary radii. The solar wind electric !eld at 1
and 5:2 AU respectively is typically 3 and 0:4 mV=m. If all
of this !eld were able to penetrate the terrestrial and jovian
magnetospheres, the interplanetary and corotational !elds
would be equal at 2:1RE and 100RJ respectively. Since at
Earth only about 10% of the solar wind electric !eld “pene-
trates” the magnetosphere, the typical distance at which the
electric !elds balance is 6RE. If the same rule applied to
Jupiter the balance point would be about 300RJ. In fact, we
have reason to believe that reconnection is even less e"ective
at Jupiter than at Earth. While #ux transfer events, one man-
ifestation of magnetopause reconnection, were observed at
the jovian magnetopause they were typically smaller and less
frequent than on Earth (Walker and Russell, 1985). More-
over, the reconnection is apparently less e$cient for high
beta conditions that occur behind high Mach number shocks
(Scurry et al., 1994), and the jovian shock has a signi!-
cantly higherMach number than the terrestrial shock. Finally
and most importantly, jovian auroral phenomena behave dif-
ferently than terrestrial aurora (Clarke et al., 1996; Prange
et al., 1998). Jovian aurora rotate with Jupiter and are asso-
ciated with the inner magnetodisk portion of the magneto-
sphere. Unlike terrestrial auroras they do not cluster about
the boundary between open and closed !eld lines. It is clear
that the jovian magnetosphere works much di"erently than
the terrestrial magnetosphere.
The electric !eld associated with corotation arises be-

cause the ionosphere rotates with the atmosphere and the at-
mosphere rotates with the planet. Since electrons can move
quite freely along the magnetic !eld, the magnetic !eld lines
are equipotentials and transmit this electric !eld to the equa-
tor regions. It is, of course, possible that this electric !eld
is altered in some way. If some process “held” the #ux tube
!xed in the equatorial plane, it would either have to bend
because it was also !xed to the ionosphere, or it would
have to slip with respect to the ionosphere. If it slipped with
respect to the ionosphere, a potential drop would have to
appear across the point where the #ux tube slipped. As dis-
cussed for the Earth this velocity shear leads to intense au-
rora. Thus, to zeroth order, auroral pictures of Jupiter may
simply show us where this slippage is taking place.

7.1. Mass addition at Io

Io is the engine that drives the jovian magnetosphere and
mass addition is the fuel that powers the magnetosphere.
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atmosphere by collisions at the lo� �altitude ends of
magneticfield lines.

Radiation belts Region of high fluxes of very energetic
electrons and ions that encircles the earth in the inner
portion of the magnetosphere.

Solar wind Plasma that flows outward from the sun and
fills interplanetary space.

SPACE PLASMA PHYSICS is the study of the plas�
mas that originate from the sun and from the planets and
moons within the solar system. These plasmas occupy
interplanetary space and the magnetospheres of planets.
This article gi� es an o� erall description of the plasma pro�
cesses which control the large�scale structure and dynam�
ics of the near�earth space plasma en� ironment. This in�
cludes the formation of the solar wind and interplanetary
plasma disturbances. It also includes the interaction of the
solar wind plasma and magneticfield with the magnetic
field of the earth and how this interaction leads to the in-
teresting and dynamic space plasma environment which
exists in the vicinity of the earth. Topics include energy
transfer to and within the earth’s magnetosphere, forma-
tion of magnetospheric structure, and disturbances of the
magnetosphere–ionosphere system which constitute what
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FIGURE 1 Schematic illustration of the magnetosphere in the noon–midnight meridian plane.

has recently been termed“space weather.” Space plasma
physics also includes the interaction of the solar plasma
with other planets, the mixing of solar and planetary plas-
mas, and a wide range of wave modes associated with
plasma oscillations in space.

I. INTRODUCTION

The sun continuously emits a stream of ioni� ed particles,
which is referred to as the solar wind and is the primary
component of the plasma whichfills interplanetary space.
The average speed of this stream in the ecliptic plane is
∼���∥����������������∥��������������������������
������������������������������������������������
������������������������������� ∼����� ∼���∥������
�����������������������∥����������������������
����������������� ’s internal magnetic field is approx-
imately that of a dipole. However, the interaction of the
solar wind particles with the earth’s magnetic field com-
presses the earth’s field on the dayside and draws the field
out into a long tail on the nightside. This interaction also
confines most of the magnetic field of the earth to a re-
gion�referred�to�as�the�magnetosphere�(see�Fig.�1,�which
is a sketch of the magnetosphere in the noon–midnight
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Alfvén Wave Excitation and Spectroscopy will be 
Possible in LDX at Higher Density

Example: 200 kHz m = 2 Polar Launcher

• Alfvén Wave Spectroscopy and Resonances  
• Toroidal-Poloidal Polarization Coupling  
• Alfvén Wave interactions with Radiation Belt Particles  
• Ion Cyclotron Resonance and FLR 

Toroidal Poloidal Compressional

Launcher



25 kW → 1 MW with RF Power Already Installed for LDX
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Deuterium 

Resonances

Axisymmetric Heating  
5 MHz Deuterium ICRF (1 Ω Loading)

Jaeger, et al., Comp Phys Comm, 40, 33-64, (1986)

(Nov 2010) MIT-PSFC set into place a modern Thales 
TSW2500 short-wave transmitter and transmission line 
components received from General Atomics.

1 MW HF: 3.9 MHz – 26.1 MHz

LDX

Central Ion Heating

TSW2500

Next step LDX experiments will increase plasma density (×10) for Alfvén wave studies 
and produce peak Ti ~ 0.5 keV for turbulent transport studies.



Beyond LDX → Larger Size
➡With 250 kW of absorbed power, LDX is expected to demonstrate 

steady-state toroidal confinement at  
 
   β ~ 1,  Ti ~ Te ~ 0.5 keV,  n ~ 1019 m-3 

➡ If turbulent self-organization persists and confinement is maintained at 
large size, … 
 
We could build the world’s largest magnetically-confined plasma at 
NASA’s Space Power Facility (SPF) at Sandusky, OH  
 
Fundamental plasma physics and space technology  
 
Exploration of burning plasma physics in 30 minute Q > 1 pulses 



Space Power Facility (SPF)

30 m

Plum Brook Facility at Sandusky 
World’s Largest Vacuum Vessel (Nuclear Ready) 
Bigger than the ITER Cryostat  
Scale: LDX to 15 MA - 4 m diameter floating ring and 30 m plasma

37 m

We can build the largest plasma on Earth!



2014 Experiments:  
Transient Injection and Harnessing the Turbulent Dynamo 

• Darren Garnier: 
 
Transient flux-tube dynamics with Li injection:  
×3 density rise, plasma torus evolution, … 
 
Interest from new partners from space physics 
community: radiation belt physics (HANE, 
space weather), multi-point diagnostic 
“swarms”, … 

• Max Roberts: (APS-DPP 2014 Invited Talk) 
 
Turbulence regulation with controlled current 
extraction 
 
The first laboratory observation of 
magnetospheric “dynamo”…  
 
About 20 mW extracted from the CTX 
Laboratory Magnetosphere!

The LDX - CTX Team

Observing Flux Tube Dynamics

Fast Li 
Pellet Injection



Laboratory Magnetospheres are Unique Opportunities 
for Controlled Plasma Science Experiments

• Laboratory magnetospheres are facilities for conducting controlled tests of space-
weather models in relevant magnetic geometry and for exploring magnetospheric 
phenomena by controlling the injection of heat, particles, and perturbations 

• Laboratory magnetospheres are also facilities for conducting controlled tests of 
fusion-confinement models in a steady-state plasma torus by controlling the 
injection of heat, particles, and perturbations 

• Higher-power and larger laboratory magnetospheres will increase plasma density, 
particle energy, and intensity of “artificial radiation belt”, and allow new controlled 
tests of complex Alfvén wave interactions in the magnetosphere. 

• Very large plasmas can be produced in the laboratory, continuously, with low power 
and great flexibility.  

• Outlook: We can build/operate the largest laboratory plasma on Earth



In the last set of levitated and supported 
shots (100805033-51) the upper mirror 
plasma was significant

Upper mirror plasma is 
modeled as two currents, 
Im1 and Im2, that are 
evenly distributed across 
two sets of filaments.

Central mirror plasma, 
Im1, can be several kA.  
Outer mirror plasma is 
always less than a couple 
hundred amps.
 

High β, Steady State, Self-Organized, Very-Large Plasma Torus



Back-Up Slides
• Inward particle pinch was first observed in the laboratory by Jim Strachan and 

colleagues at the PLT device. But, in tokamaks, the inward pinch is accompanied 
with enhanced plasma energy loss. 

• Plasma confined in a dipole is described with space-weather codes, but a levitated 
dipole has no FAC/ionospheric coupling. Mixing occurs on the drift time, ρ*2 ωci, 
regulated by ion inertial currents. 

• Double-catalyzed (“tritium suppressed”) D-D(3He) fusion requires particle 
confinement less than energy confinement. This may be possible with a levitated 
dipole, allowing a transformational change in availability, safety, and cost of fusion 
energy.



Turbulent Pinch is a Fundamental Process found in Toroidal Magnetic Systems  
Including Tokamaks and Planetary Magnetospheres (but, different… )

Levitated Dipole Experiment (LDX)!
!

1.2 MA Superconducting Ring 
Steady-State 
25 kW ECRH 

1 MW ICRF (unused)

Princeton Large Torus (PLT)!
!

17 MA Copper Toroid 
1 sec pulses 

750 kW Ohmic 
75 kW LHCD 

2.5 MW NBI & 5 MW ICRF



PLT DENSITY RISE EXPERIMENT
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FIG. 3. (a) Evolution of the density profile as determined by
Thomson scattering; (b) TJr) profiles at selected times in the
density rise; (c) ne(r) profiles at selected times in the density
rise.
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FIG.4. Time evolution of the neutron emission during a
deuterium gas puff into a deuterium plasma (I) and into a
hydrogen plasma (L).

When the initial plasma and the puffing gas are both
deuterium, the neutron emission falls during the
density rise (Fig. 4) but rises afterwards to a level which
is ten times higher. The ion temperature deduced from
the charge-exchange spectrum and from neutron
emission falls by about 100 eV during the rise but
returns thereafter to its initial level (Fig. 2(b)).

The plasma current rises at a small rate throughout
the discharge (0.2 kA'ms"1). The loop voltage rises
somewhat during the density rise and thereafter falls
to about 1 volt per turn. The peak electron tempera-
ture is shown in Fig.2(b) from the 2wc e emission.
The increase in Te just before the density rise occurs
at the beginning of the sawtooth MHD activity. Some
differences between the emission and Thomson
scattering measurements may be due to the fact that
the emission resolution is about 10 cm vertical and
about 3 cm horizontal, while the Thomson scattering
profiles [ 13] are measured along a vertical chord at
R = 134 cm, with a vertical resolution of 3 cm and a
horizontal resolution of 3 mm. The profiles of Fig. 3
were made up of 24 Thomson scattering profiles
measured at ten times during the discharges and thus
form a multiple shot composite of the plasma evolution.

The role of impurities in the power balance is
relatively small. The total radiated power profile
measured by the bolometer array (Fig. 1) is relatively
flat. The central value is ~30 mW*cm~3, rising to
~50 mWcm"3 between 30 and 40 cm. Thus, the
radiated loss in the central region is < 10% of the

NUCLEAR FUSION, Vol.22, No.9 (1982) 1147

A (Historic) Density Rise Experiment on PLT 
Jim Strachan, et al., Nuc. Fusion (1982)STRACHAN et al.

dependence is opposite to that of the Ware pinch.
However, in order to make the ion energy balance
consistent with the inferred particle flows, either the
ion heat conduction must be enhanced six to seven
times during the density rise or the inward transport
has to involve primarily colder particles.

To help identify possible mechanisms responsible
for the transport, spatially resolved measurements of
the density fluctuation spectrum have been made with
2 mm microwaves. During the rise, the magnitude of
the fluctuations is observed to increase substantially.

When the density rises, the ion confinement time
decreases. However, despite the anomalies in the
particle balance, both the electron and the ion confine-
ment following the density rise increase and become
comparable to the highest PLT values.

EXPERIMENT

Unless otherwise noted, the PLT device [11] was
operated with top-bottom carbon limiters, a = 40 cm,
R = 135 cm, B = 25 kOe, I = 400 kA, and titanium-
gettered walls. The physical locations of the relevant
diagnostics are shown in Fig. 1. The gas injection
valve is near the limiter. Its injection rate is controlled
by a feedback system in which the difference between
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FIG.2. (a) Time evolution of the loop voltage, V, the line-
average density ne, and the central electron density, n^(0) during
the density rise, (b) Time evolution of the central electron
temperature from 2cjce ( ) , and from TVTS (•), with the
time evolution of the central ion temperature from neutrons
(-- ) , and from charge exchange (X) during the density rise.

COUNTER
NJECTOR

CO-INJECTOR

FIG.I. Schematic diagram of PLT, indicating the toroidal
location of the relevant diagnostics and equipment: A -
limiters; B - gas inlet, 2cjce polychrometer; C - charge-
exchange diagnostic; D - microwave scattering; E — Thomson
scattering; F — low-energy neutral analyser, movable limiter;
G — bolometer; H - hard X-ray detector; I — neutron detectors.

the measured line average density and its programmed
evolution determines the voltage on a piezoelectric
valve [12]. The response of the total system including
the gas valve conductance is ^ 5 ms.

The density was increased from ne = 2 X 1013 cm"3

to 4 X 1013 cm"3 in about 100 ms (Fig. 2(a)). The
density profile determined from Thomson scattering
remained centrally peaked during gas puffing
(Fig. 3 (a), (c)). The density profiles have a systematic
asymmetry caused by a slight misalignment between
the Thomson scattering laser and the spectrometer [13].
The data shown in Fig.3(c) are unconnected for this
and the 3-D plot averages the profiles about the centre.
The central density is delayed with respect to the line-
averaged density value (1.5 X ne) by 10-20 ms. The
density evolution is reproducible, as are the current
and voltage waveforms. However, there are occasional
changes in the MHD activity in the equilibrium before
the density rise. Before the rise, sawtooth oscillations
are often not observed, but during and after the rise
they almost always occur.
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Inward Turbulent Pinch “is necessary to 
model the experimental results” of peaked 

density from edge gas source

STRACHAN et al.

Ohmic power input of 400—500 mW'cm"3 and the
radiated power equals the Ohmic input only in the
outer regions (r > 30 cm). The influence of the
density rise is to temporarily increase the edge
radiation by ~30%. The initial plasma has
Zeff = 1.5-2 from resistivity measurement, and
Zeff = 2.0—3.0 from spectroscopy. After the density
increase, Zeff drops to 1.0 (resistivity) to 1.5 (spectro-
scopy). Thus, the influx of gas does not bring in new
impurities. The edge radiations from CIII, H^ and
similar lines do increase by factors of 3—20 during
the gas puff; however, immediately after the rise in
density, the line intensities revert back to their
previous levels [6,14). A more complete account of
the spectroscopic measurements in this type of
discharge can be found in Ref. [12].

The data shown in Figs 2 and 3 refer to an initial
deuterium plasma with a deuterium gas puff. In
order to determine the rate at which the puffing gas
arrives in the centre, two similar auxiliary experiments
have been carried out. Hydrogen has been puffed
into a deuterium plasma and deuterium into a
hydrogen plasma. The evolution of the measured para-
meters is nearly identical to that described for puffing
deuterium into a deuterium plasma. The neutron
emission for pure deuterium and for deuterium puffed
into an initial hydrogen plasma is shown in Fig. 4. The
expected centrally peaked profile of the ion tempera-
ture ensures that all the neutrons come from r/a ̂  1/4;
thus, the ion temperature dependence can be unfolded
from the emission rate, yielding the time evolution of
the central deuteron density. The result for puffing
deuterium into a hydrogen plasma is shown in Fig. 5.
The central density rise can be entirely accounted for
by particles puffed from the gas valve, since the
increase in neutron emission can be accounted for by
the deuterium reaching the plasma centre. Also, when
hydrogen is puffed into an initially deuterium dis-
charge, the neutron emission remains nearly constant.
The central deuteron density (Fig. 6) also remains
relatively constant, indicating that there is no
substantial change in the amount of initial plasma gas
recycled at the plasma edge and, as in the previous
case, no large expulsion or concentration of the
original discharge gas during the density rise.

The uncertainty in the central ion temperature
evolution makes these determinations somewhat
uncertain, since the neutron emission depends roughly
on ngT^. It should be noted from Fig. 4 that deuterium
puffing into a hydrogen plasma immediately caused
the neutron emission to rise, in spite of the falling ion
temperature. This implies that immediate penetration
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A (Historic) Density Rise Experiment on PLT 
Jim Strachan, et al., Nuc. Fusion (1982)

but gas puff intensifies turbulence and Outward Ion Energy Flux 
accompanies Inward Turbulent Particle Pinch

STRACHAN et al.
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FIG.9. Central electron power flow (r < 15 cm) for the
discharges of Figs 2 and 3. POH is the Ohmic power input,
Pei is the electron ion coupling.

200

e 150

100

50

TEi(l5cm)

~rEe(l5cm)

300 4 00 500
TIME(ms)

600 700

FIG. 10. Empirical electron and ion energy confinement
times in the central plasma region (r < 15 cm).

distribution. During the density rise, the profile
changes are rapid enough that it is necessary to
calculate the internal fields using the magnetic
diffusion equation:

A Fa 3 ( r V 1 _
3r I r 3r J '

at = o

The resistivity, 77, is a function of the measured
electron temperature and (more weakly) of BQ through
the trapped-particle correction. The current and loop
voltage are used to calculate Zeff(t) self-consistently
from the temperature measurements. If the radial
profile of Z is assumed constant, q(0) = 0.7 after the
density rise. A central accumulation of impurities,
or the absence of any trapped-particle correction to
the resistivity, can raise the estimate of q(0) to
0.9—1.0. However, the central power input is
uncertain only to about 20% because a lower current
density is roughly compensated by an increased
resistivity. Usually, q(0) is thought to be ~ 1.0,
especially with sawtooth MHD activity present.

The central electron energy confinement time, rE e ,
can be calculated from the time evolution of the
electron energy content, Ee:
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FIG. 11. Central ion power flow (r<>15 cm) for the discharges
of Figs 2 and 3.

The initial value of TEe shown in Fig. 10 is about
35 ms, which is typical of PLT confinement times at
•this density [17]. The electron confinement time
remains relatively constant throughout the density
rise but increases to 60 ms at the density maximum,
primarily because the loop voltage falls and the power
transferred to the ions goes up, leaving less power to
be lost through the electron channel.

The ion energy content triples as a result of the
density rise. The empirical ion energy flow (Fig. 11)
indicates that an increase occurs in the power input
from electron/ion collisions (Pei). If the measurement
uncertainties in both Te and Ti are taken into account,
the error in Pei after the rise is considerable. However,
we take the upper boundary of the Pei estimate to
obtain the lower bound on the ion energy confinement
time, rEi, for r < 15 cm, as shown in Fig. 10
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Enhanced Turbulent Fluctuation Intensity… … Causing Central Ion Cooling
PLT DENSITY RISE EXPERIMENT
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FIG. 20. Time evolution of the microwave signal scattered
from small-scale density fluctuations in the outer and central
plasma regions. The insert shows a typical scattered spectrum
which extends to 200 kHz.

The spectrum is shifted towards the negative frequency
side which, for this particular scattering geometry, is
that of waves with phase velocities along the electron
diamagnetic velocity. From these measurements we
estimate that the quantity <ln2l)/<n) has a value of
s(0 .5-1 .0) X 10~2 in the central region of the dis-
charge (r = 0 - 15 cm) and a value of = (2-4) X 10"2

in the outer region (r = 30—40 cm).
The time evolution of density fluctuations at two

radial locations is shown in Fig. 20 for a discharge
where the average density was raised from
1.4 X 1013 cm"3 to 2.8 X 1013 cm"3 in about 40 ms.
Figure 20 shows the quantity

1/2

S(k, co)dco

From these data, one can see that at the edge of
the plasma column the fluctuation level starts to
increase as soon as the density begins to rise and
reaches a maximum after 20 ms. At the same time,
in the central region of the plasma column, the
turbulence at first decreases to a minimum and then
returns to its original value. At this moment, the
fluctuation amplitude starts to increase rapidly
throughout the plasma column and reaches a maximum
at the end of the density rise. The ratio of the peak

over the initial amplitude is about a factor of two in
the central region and four in the outer region. The
peak amplitude increases with the rate of density rise.
The spectral shift in the electron diamagnetic direction
tends to increase in the outer region and to diminish
in the centre during the density rise.

As the plasma density stops rising, the turbulence
decreases to a new stationary level which, with respect
to the amplitude before the density rise, is almost
unchanged in the central region while it is about two
times larger (or equal to the ratio of the density
increase) in the outer region.

There is also a similarity between the time evolution
of the density fluctuations and that of hard X-ray
emission caused by runaway electrons leaving the
plasma and striking the limiter. On other PLT dis-
charges [22] the fluctuation spectrum of the hard
X-ray signal was similar to the spectrum of the density
fluctuations. During the density rise, the time
evolution of both signals is similar (Fig. 21), as is the
time evolution of the low-energy neutral outflux
(Fig. 8 (a)). The peak of the hard X-ray signal also
increases with the rate of density rise. For the
discharges used in the density rise experiments, the
runaway electron levels were too low to obtain
meaningful fluctuation spectra.

FIG.21. Time evolution of the hard X-ray emission caused by
runaway electron bombardment of the limiter.
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Comparing Inward Pinch Velocities on PLT and LDX 
Strachen, et al., Nuc. Fusion (1982) 
Boxer, et al., Nature-Physics (2010)

but inward particle pinch causes 
central ion cooling in tokamaks

Inward Pinch is 10 × Larger in LDX than PLTInward Pinch is 10-100 × Neoclassical

PLT DENSITY RISE EXPERIMENT

. (15 cm,t) =

15cro
Eirdr

15cm (Pei - dEi/dt)rdr

(3)
nno<av>ei (5)

The ion confinement time begins at about 60 ms,
decreases during the gas puff as Pei increases, but rises
back to its previous level after the density increase
has stopped.

The total energy confinement time

The neoclassical coefficients for the Ware pinch
velocity (Fig. 13 (a)) and the diffusion coefficient [7]

a
(E, rdr

(4) 10°

is dominated by the electrons but rises to 80—90 ms
at 600—650 ms in the discharge (Fig. 12). This value
is close to the highest one attained in PLT [14].

200

300 400 500
TIME(ms)

600 700

FIG. 12. Total energy confinement time for the discharges of
Figs 2 and 3.
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PARTICLE BALANCE

The electron density (ne = nj = n) is presumed to
change in time, owing to diffusion by either neo-
classical (DN C) or anomalous (DA) processes, directed
convection by either neoclassical (Ware drifts, V w )
or anomalous (VA) processes, and ionization of
neutrals by electron impact ionization (<ov>ei)
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FIG. 13. (a) Neoclassical and anomalous pinch velocities used
in particle balance; (b) Neoclassical and anomalous diffusion
coefficients used in particle balance.
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PLT DENSITY RISE EXPERIMENT

500

10 20 30
RADIUS (cm)

FIG. 17. Evolu tion of the density profile, starting from an
initial parabolic profile and evolving through a gas puff, using
the anomalous transport coefficients of Fig. 13.
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FIG. 18. Magnitude of the rate of density change caused by
the anomalous transport coefficients.

and an inward-directed velocity (Fig. 13(a)); this
competition is larger toward the plasma periphery
such that the two processes balance when the profile
is parabolic. This means that a slight flattening of
the density will allow the inward velocity term to
dominate over the diffusion, tending to restore the
parabolic profile.

Calculations with this type of anomalous process
indicate that a diffusion coefficient of about
104 cm2 • s"1 (to within a factor of about three) is
required to explain the PLT gas puffing experiments.
Most of the density increase is due to the anomalous
inward velocity, while the large diffusion coefficient
is required for a quick relaxation back to a near-
parabolic profile (Fig. 17). The anomalous contributions
to the change in density are shown in Fig. 18.

It is also difficult to explain the PLT results using
calculations with only a large anomalous diffusion
coefficient that is independent of r and no large inward-
directed velocity. The equilibrium profiles themselves
tend to be flat and the density tends to become hollow
during the density rise.

ION ENERGY BALANCE

Since the particle balance is anomalous, with inward
and outward fluxes exceeding the net particle flux by
a factor of about ten, it is interesting to examine the
neoclassical ion energy balance for the discharges in
Figs 2 and 3. The ion energy flow (dEj/dt) is balanced
according to

d E ,
e i

p + pt c *pc + pex (V)

specific relationship between the anomalous inward-
directed velocity and the anomalous diffusion [8]

2
a - r

n 3r parabolic n profiles W

Following Coppi [8], the steady-state plasma
convection is modelled as a competition between a
radially independent diffusion process (Fig. 13(b))

for which the electron ion coupling (Pej), the neo-
classical thermal conduction (Ptc)> the charge-
exchange losses (Pcx) and the re-ionization energy
gain (Pfc) are defined in Ref. [18].

The particle convection term, Ppc, is defined by

pc
I ± fr 1 kT rlr 3? [r 2 k TirJ i ± (r r/n) (8)

where the net particle flux, F, is used, which is deter-
mined through the particle balance equation

3t r 3lF ( r F ) nn <ov> .o ei (9)
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Comparing Low-Frequency Interchange-Drift Stability
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For each species and invariant energy λ, η is 
conserved along a drift path. 
Specific Entropy!

pV γ =
2
3

λs ηs
s
∑

180 FRANK TOFFOLETTO ET AL.

TABLE I
Comparison of equations of ideal MHD with those used in the RCM

Ideal MHD RCM

∂ρ
∂t + ∇ · (ρv) = 0 ( ∂

∂t + v⃗k(λk, x⃗, t) · ∇)ηk = S(ηk) − L(ηk)

( ∂
∂t + v⃗ · ∇)(ρv⃗) = j⃗ × B⃗ − ∇P j⃗k × B⃗ = ∇Pk

( ∂
∂t + v⃗ · ∇)(Pρ−5/3) = 0 P = 2

3
!

k ηk|λk |V −5/3, λk = constant

∇ · B⃗ = 0 Part of the magnetic field model.
∇ × B⃗ = µ0j⃗ Included in magnetic field, but j⃗ ̸= !

k j⃗k .

∇ × E⃗ = − ∂B⃗
∂t Included implicitly in mapping.

E⃗ + v⃗ × B⃗ = 0 E⃗ · B⃗ = 0 and E⃗⊥ + v⃗k × B⃗ = ∇W(λk,x⃗,t )
qk

guarantee that the current density carried by each species k, crossed with the mag-
netic field, balances the gradient of the partial pressure for species k, under the
assumption that the inertial terms in the momentum equation are negligible. In
the RCM, the adiabatic-compression condition takes the form of assuming that
the energy invariant λk is conserved. Magnetic field models used as input to the
classical RCM always assume ∇ · B⃗ = 0. While those input models also generally
satisfy a condition ∇ × B⃗ = µ0j⃗ , the current used in the magnetic field model is,
in general, not constrained to be equal to the sum of the RCM-computed partial
currents j⃗k; however, some RCM runs are now being performed using a magnetic
field that is consistent with RCM-computed currents (Section 5). As discussed
previously Faradays law is included in the RCM implicitly, through the time-
dependent mapping between ionosphere and magnetosphere. Like MHD, the RCM
generally assumes that there is no electric field component along the magnetic
field; however, the RCM drift equation includes the effect of gradient-curvature
drifts, which is equivalent to writing a separate Ohm’s law for each species k and
including an extra gradient/curvature term.

3. RCM Algorithms

Figure 1 outlines the essential logical structure of the RCM. This chart elaborates
the basic scheme first proposed by (Vasyliunas, 1970). The differences between
the scheme shown in Figure 1 and that given by Vasyliunas are the additional
boxes representing various model inputs and outputs as well as modifications to
include such effects as self-consistently computed ionospheric conductance. The
core of the calculation, in the center of the figure, displays the basic algorithmic
time loop. The RCM steps in time (typically with steps of 1–5 sec.), iteratively
solving Equations (4) and (12), with time-dependent inputs. Equation (4) is used to
advance the particles, using the velocity computed from Equation (1). Equation (1)
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describe adiabatically drifting isotropic particle distributions in a self-consistently computed electric
field and specified magnetic field. We review a long-standing effort at Rice University in magneto-
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1. Introduction

Earth’s inner magnetosphere is home to an interesting variety of particle popula-
tions and plasma processes. While radiation-belt particles (> 1 MeV energy) have
been elegantly described by the adiabatic theory developed in the earliest days
of the space age e.g., (Northrop, 1963), this picture can be disrupted by severe
solar-wind disturbances (Li et al., 1993). The ring current, consisting mainly of
ions and electrons in the 10–200 KeV energy range, carries a large fraction of
the total particle energy of the magnetosphere and enough current to substantially
affect the overall magnetic configuration. Coexisting in the same region of space
as the radiation belt and ring current is the plasmasphere, consisting mainly of
particles with energies < 1 eV. While the plasmasphere does not directly affect the
magnetospheric magnetic field configuration, it still contains most of the mass of
the magnetosphere. The plasmasphere exhibits a wide range of interesting plasma
phenomena which affect wave propagation, particle loss, and heating processes in
the ring current and radiation belt populations.

Because many space-based assets are located in the inner magnetosphere and
the underlying ionosphere, understanding the physical processes that control this
region of space has important space weather implications. For example, the per-
formance of geosynchronous communications spacecraft can be impaired by the
effects of surface charging and the resultant arcing in solar panels. MeV outer-
belt ‘killer electrons’ constitute another important space-weather hazard; they are
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Semi-collisional Plasmasphere and Ring Current



“Canonical” Profiles of Magnetized Plasma
• Low frequency fluctuations in strongly magnetized plasma, ωd ~ ω << ωb << ωc, conserve 

energy or Lagrangian invariants of the flow. 

• Turbulent mixing across flux tube volumes “self organizes” magnetized plasma to 
canonical profiles, which are stationary when δ(nV) ≈ 0  and  δ(PVγ) ≈ 0. 

• Space (i.e. Dipole) geometry: 
➡Birmingham, J. Geophysical Res., 1969 
➡Harel, Wolf, et al., J. Geophys. Res., 1981 
‣ Kobayashi, Rogers, and Dorland, Phys. Rev. Lett., 2010 
‣ Kesner, et al., Plasma Phys. Control. Fusion, 2010; Kesner, et al., Phys. Plasmas, 2011. 

• Tokamak geometry: 
➡Coppi, Comments Plasma Phys. Controll. Fus., 1980 
‣ Yankov, JETP Lett., 1994 and Isichenko, et al., Phys. Rev. Lett., 1995 
‣ Baker and Rosenbluth, Phys. Plasmas, 1998; Baker, Phys. Plasmas, 2002 
‣ Garbet, et al., Phys. Plasmas, 2005



Bounce-Averaged Turbulent Mixing in Laboratory  Magnetosphere

For isentropic mixing and when the low-frequency turbulent spectrum is 
sufficiently broad to drift-resonate (ω ~ mωd) with all particles, independent of 
energy and pitch-angle, then  
!
Diffusion of flux-tube particle number, nδV, …
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Turbulent Pinch in a Levitated Dipole may Make 
Possible Tritium Suppressed Fusion

• Sheffield, Zinkle, Sawan (2002-06) 

• No tritium breeding blankets 

• No 14 MeV neutrons 

• No structural materials problem 

• Requires τp/τE < 1 

• Requires 35 keV 

• Requires 10 fold confinement 
improvement 

• Requires stronger, higher-field 
superconducting magnets

CL

LSOL
L0

ΔSOL

L*

Adiabatic mixing implies	

core parameters determined by edge & 

compressibility:	


τe/τp ~ (4γ-3)Cvγ-1 > 50

(N, PδVγ) ~ constant implies peaked density and 
pressure profiles (if γ > 1)

Cv ~ (Lsol/L0)4



Turbulent Pinch in a Levitated Dipole may Make 
Possible Tritium Suppressed Fusion
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