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Support for Intermediate Scale Experiments should be a 
Key Strategic Element for Discovery Fusion Energy Science

• Today, there is a strategic gap in DOE/FES programming because no formal mechanism exists for 
multi-year research and operation for intermediate scale discovery fusion energy science. 

• NRC Plasma Science (2007) recognized the need for intermediate scale facilities, but NRC Fusion 
Energy Sciences Assessment (2001) presented a plan, Recommendation #4:  
“Several new centers [each $1.5M to $7.0M/yr], selected through a competitive, peer-review process and 
devoted to exploring the frontiers of fusion science, are needed for both scientific and institutional 
reasons.” (p. 4) 
“The center should enable links to various scientific disciplines ... have a plan for bringing practitioners of 
other disciplines from other institutions into the fusion community and should make the community’s 
experimental resources more widely available.” (p. 5) 

• Like a center, LDX is the first U.S. fusion science research facility built and operated as a multi-
university collaborative research project. LDX is an example, which… 

• Shows how a partnership of magnet technology experts and plasma physicists can successfully build 
our only operating research facility with superconducting coils at relatively low cost 

• Demonstrates a new plasma regime can be discovered and explored at the intermediate scale 

• Illustrates how new laboratory experiments motivate new theory and simulation, and  

• Proves intermediate scale can change the way we think about toroidal magnetic confinement. 1



Multi-University Partnership for a New Laboratory Facility

Columbia

Superconducting Magnet Division

ADVANCED SUPERCONDUCTORS 
A DIVISION OF INTERMAGNETICS GENERAL CORPORATION

IGC's Nb 3Sn Status

Eric Gregory

VLHC , Danford's Inn, Port Jefferson, LI, NY, Nov 16-18 1998

Efremov Institute

Multi-University, National Lab,  
International, Government, and Industry
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Our Nation’s Only Research Facility with Superconducting Magnets  
Built by Award-Winning Plasma Science and Fusion Magnet Technology Experts

 

 
 
 

Fig 3.  Photograph of three MIT researchers, past and present, who have received the “IEEE 
Award for Continuing and Significant Contributions to the Field of Applied 
Superconductivity” with the year of their selection:   Dr. Joseph V. Minervini, MIT 
Plasma Science and Fusion Center (2013), Dr. D. Bruce Montgomery, MIT Plasma 
Science and Fusion Center (retired) (2002) and Prof. Yukikazu Iwasa, MIT Francis 
Bitter Magnet Laboratory (2011). 

 
 
The IEEE is the world's largest technical professional society with approximately 425,000 
members in 160 countries. Through its members, the IEEE is a leading authority on areas 
ranging from aerospace, computers and telecommunications to biomedicine, electric power 
and consumer electronics. The IEEE produces 30 percent of the world's literature in the 
electrical and electronics engineering and computer science fields, and has developed more 
than 900 active industry standards. The organization also sponsors or co-sponsors more than 
1,300 international technical conferences in 80 countries each year. Additional information is 
available at www.ieee.org. Additional information about the IEEE Council on Superconductivity 
Awards and the previous recipients is available at 
http://www.ewh.ieee.org/tc/csc/awardProcess.html. 
 
 
 
 

Joe Minervini • Superconducting Magnets  
IEEE Award for Continuing and Significant Contributions to the  
Field of Applied Superconductivity (2013)

Darren Garnier • Plasma Control and Experimentation 
FPA Award for Excellence in Fusion Engineering (2009)

Philip Michael and Rick Lations • Design, Installation, Operation,  
Maintenance of LDX 
MIT Infinite Mile Award (2009)

1.2 MA half-ton levitated magnet 
Robust ± 1 mm levitation control 

3 hrs float time

Levitation is necessary to study 
Toroidal magnetic confinement 

Steady state with β ~ 1

Alex Zhukovsky • Cryogenics 
MIT Infinite Mile Award (2004)
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LDX Goal: Discover a New Regime
• Leveraging space physics to discover a new regime: 

axisymmetric, steady-state, compressibility (ω* ~ ωd), β ~ 1,  
no field-aligned currents, shear-free, bounce-averaged gyrokinetics, 
wave-particle dynamics, … 

• Magnetospheric configuration but not a “miniature magnetosphere”  
(high β stability but without polar losses and field-aligned currents) 

• Toroidal magnetic confinement, but not a “miniature fusion reactor”  
(controlled tests of transport, stability, and self-organization) 

• NRC Fusion Energy Sciences Assessment (2001):  
 
“Scientific discoveries that a decade ago would have been unthinkable 
are the fundamental drivers of program direction at all levels. Scientific 
discovery is inherently coupled with progress toward fusion.” (p. 2)  
 
“With the development of new theoretical, computational, and 
experimental capabilities, a fundamental transition away from the 
empirically dominated approach is now taking place. ... creating new 
opportunities for achieving fundamental insight into the dynamics of 
plasma from the macroscale to the microscale.” (p. 42)

Cassini (Jan 2001) Hot Electron 
Radio Emission

LDX (Jul 2005)
Hot Electron  

X-Ray Emission

Fast Particles in Space and Lab
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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  
• 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)

CHAPTER 5. MAGNETIC RECONSTRUCTIONS: RESULTS 88

Supported shot 100805045

2.45 GHz  on

6.4 GHz  on

10.5 GHz  on 10.5 GHz  off

6.4 GHz  off

2.45 GHz  off

Time [sec]

2.45 GHz  on

6.4 GHz  on

10.5 GHz  on 10.5 GHz  off

6.4 GHz  off

2.45 GHz  off

Levitated shot 100805046

Time [sec]

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

• Plasma density and electron pressure 
naturally approach “canonical” profile shape 
determined magnetic flux-tube volume, δV. 

• Density evolves at rates described by 
bounce-averaged gyrokinetic theory.

Sustained, dynamic, steady state …
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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?
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� 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
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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.

Measured “Canonical” Profiles: State of Minimum Entropy Production

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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Plasma Ring Current (3 kA)
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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?

Normalized 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

➁ Electron pressure profiles: 
M. Davis, et al., to appear PPCF (2014)

① Plasma density evolution shows turbulent self-organization: ①

➁

6



New Regime: New Experiments Motivate New Theory and Simulation

• 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)

The combination of laboratory measurements, theory and simulation have 
changed the way we think about toroidal confinement

High-β Plasma 
High-Confinement 
Steady-State

0 1 2
0

1

2

Outward
Flux

Inward
Pinch

Peaked
Density

Peaked
Temperature

0 1 2
0

1

2

Entropy Mode
Unstable

MHD Unstable

Profile “Shape”(i.e. gradient)
Sets Stability Limits

Stable

γ = 5/3

Peaked
Density

Peaked
Temperature

Gyrokinetic Simulations 
Show Self-Organization Pinch

Kobayashi, Rogers, Dorland, 
PRL (2010)

Kesner,  
POP (2000)

Nonlinear Turbulent 
Self-Organization

Linear Stability 
Profile Gradients δ(PVγ) & η 

LDX
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Priorities: Discoveries at Higher Density and Ion Heating

Next-step discoveries are significant… 

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

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

• Priorities: 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.

1016 C.T. Russell / Planetary and Space Science 49 (2001) 1005–1030

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.

578 Space Plasma Physics

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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Priorities: 25 kW → 1 MW with RF Power Already Installed for LDX
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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.
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Status: Under-utilized but still Creatively Advancing Science 
• NSF/DOE Partnership in Plasma Science: 

Collaborative Research: Understanding Turbulent 
Mixing in Laboratory Magnetospheres  

• Two experiments (LDX and CTX) $0.4M/year 

• Turbulence regulation with controlled current 
extraction (first laboratory observation of 
magnetospheric “dynamo”)  

• Transient flux-tube dynamics with Li injection:  
×3 density rise, plasma torus evolution, … 

• New partners from space physics community: 
radiation belt physics (HANE, space weather), 
multi-point diagnostic “swarms”, … 

• Seeking additional $1.5M to $2.0M/year for 
operation and exploration of dynamics at higher 
density with ion heating already on-site

Last Week at the LDX Run

Multi-university, intermediate-scale discovery fusion energy science needs support

Observing Flux Tube Dynamics

Fast Li 
Pellet Injection
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