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Physics of dipole plasma confinement 
established by early space exploration

• More than 50 years of magnetospheric 
exploration: Earth, Jupiter, Saturn, 
Uranus, and Neptune

• Confinement and stability based on 
magnetic compressibility

• Gold (1959): Plasma pressure is 
centrally peaked with                     
p ~ 1/Vγ ~ R-20/3

• Melrose (1967): Plasma density is 
centrally peaked with〈n〉~ 1/V ~ R-4

• Farley (1970): Random solar-driven 
fluctuations cause strong inward pinch 
and adiabatic heating of radiation belts V =

�
d�

B
∝ R4
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Observation of high β in outer planets prompted study 
of laboratory magnetospheric dipole

400-600 MW
DT Fusion

• Two interesting properties of 
active magnetospheres:

‣ Pressure and density 
profiles are strongly peaked 

‣ High beta: β ~ 100% in 
magnetosphere of Jupiter

• Akira Hasegawa, 1987

‣ Can the physics of 
collisionless space plasmas 
be applied to collisional 
fusion plasma confinement ?

J. Spencer
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� MHD stability from plasma 
compressibility

� Even as β > 1, interchange, not 
ballooning, limits pressure 
gradients (Garnier, PoP, 1999)

� Including rotationally-driven 
centrifugal modes, MHD 
constrains density and 
temperature profiles, and 

Dipole MHD stability sets interchange invariant profiles

V =
�

d�

BIf p1V1
γ = p2V2

γ ,  then interchange does 
not change pressure profile.
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� Entropy mode (Kesner, Hastie, PoP 
2002) changed our thinking: not simply 
MHD, but drift-kinetic fluctuations 
depend upon η

� Entropy modes occur for MHD stable 
plasmas when either the density or 
temperature profiles are not 
“stationary”, with η ~ 2/3.

� Dipole fluctuations are interchange like 

� Marginally stabile profiles
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Dipole drift-kinetic stability shows importance of 
interchange dynamics even for MHD-stable plasmas

n ∝ V −1 and p ∝ V −γ
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• Natural or “Invariant” profiles are 
stationary solutions to adiabatic 
transport equations

∂(pV γ)

∂t
=

∂

∂ψ
D

ψψ ∂(pV γ)

∂ψ
+ �H�

∂(nV )

∂t
=

∂

∂ψ
Dψψ ∂(nV )

∂ψ
+ �S�

∂

∂ψ

�
DψψV

∂n

∂ψ
+ nDψψ ∂V

∂ψ

�

dipole geometry has 
large pinch term

Kouznetsov, Freidberg, Kesner, Phys. Plasmas. (2007)

Dipole profiles dynamics show strong 
pinch from turbulent mixing
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Superconducting Levitated Dipole Experiments

2 m

LDX (MIT - USA)
Nb3Sn Dipole  1.2 MA
Inductively Charged

3 Hour Float Time          25 kW CW ECRH

5 m
• Strong superconducting dipole for 

long-pulse, quasi-steady-state 
experiments

• Large vacuum chamber for 
unequalled diagnostic access and 
large magnetic compressibility

• Upper levitation coil for robust 
axisymmetric magnetic levitation

• Lifting/catching fixture for re-
cooling, coil safety, and physics 
studies

• ECRH for high-temperature, high-
beta plasmas

Components of a Levitated Dipole 
Experiment:
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Superconducting Levitated Dipole Experiments

2 m

LDX (MIT - USA)
Nb3Sn Dipole  1.2 MA
Inductively Charged

3 Hour Float Time          25 kW CW ECRH

5 m

RT-1 (U. Tokyo - Japan)
HTS Bi-2223 Dipole  0.25 MA

Electrically Charged w/SC Switch
6 Hour Float Time        45 kW CW ECRH

2 m
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Levitated dipoles reproduce magnetospheric observations

� ECRH generates very high-beta plasmas consisting of 
centrally-peaked well-confined energetic electrons and 
warm collisional plasma…

‣ Peak local beta observed ~ 50% ( RT-1 reaches 70% )

‣ Global energy confinement times up to 60 ms.  LDX show levitated 
plasmas contain 40-70% of stored energy in collisional plasma.

� Plasma density profiles are centrally peaked caused by a 
strong inward turbulent particle pinch…

‣ Near invariant density profiles measured with multi-chord interferometer

‣ Rate of inward pinch (~ 25 ms) observed in LDX to be consistent with 
fluctuations measurements
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Supported vs. Levitated

� Removing catcher eliminates losses to supports
‣ Source region moves outward, edge probes see plasma losses

� Radial transport determines profiles for levitated plasmas

Mechanically Supported Magnetically Levitated

Probe ArrayProbe Array

S81002020S81002027

Catcher WithdrawnCatcher Inserted

Hot Dense Plasma

Cooler Less Dense Plasma
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Plasma Confined by a Supported Dipole
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� 5 kW ECRH power

� Ip ~ 1.3 kA or 150 J

� Cyclotron emission (V-
band) shows fast-
electrons

� Long, low-density 
“afterglow” with fast 
electrons 
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Plasma Confined by a Levitated  Dipole

� Reduced fast electron 
instability

� 2-3 x Diamagnetic flux

� Increased ratio of 
diamagnetism-to-
cyclotron emission 
indicates higher thermal 
pressure.

� Long, higher-density 
“afterglow” shows 
improved confinement.

� 3-5 x line density
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Energy confinement time and β values

� Plasma pressure profile measured 
with magnetic reconstruction

‣Peak plasma beta ~ 50%

� Energy confinement time 
estimated from from stored 
energy and injected RF power

‣τE magnetics ~ 60 ms.
w τE is shorter than that estimated from 

diamagnetic decay time of thermal 
component ~ 150 ms. 

� Ratio of fast to slow decay gives 
estimate of bulk plasma energy 
content

‣40-70% stored energy in bulk 
plasma
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Plasma particle pinch illuminated by levitation 
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Heating modulation demonstrates 
robust inward pinch towards invariant profile

� 10 Hz 10 kW (10.5 GHz) ECH modulation
‣ Density modulation follows power: profile shape remains unchanged near nV=constant

‣ Source moves radially outward, requiring pinch to create increased central density
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Dipole plasmas are dominated by low frequency turbulence
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Top-view visible fast camera fluctuations

r

φ

coil

� Low coherence large structures observed
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Character of low frequency turbulence

� Observed turbulence in 
magnetospheric dipole 
experiments are:
‣ Interchange like 

‣ Low frequency (0.1-10 kHz)
wnear zero in plasma frame

‣Broad k spectrum 
wpeaked at lower modes
woften with quasi-coherent low 

order modes

‣Bursty
wdistinctly non-gaussian PDFs

‣Exhibit inverse cascade of power 
from high frequency to low
wGrierson, et al. PoP 2009

� RT-1 low frequency density fluctuations

0.01 0.10 1.00 10.00
Frequency (kHz)

0.1

1.0

10.0

m = 1, 3, 5n = 1, 3, 5
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Observed turbulence consistent with simulations

� Non-linear evolution of 
MHD interchange 
instabilities lead to large 
scale convective cells

� Gyrokinetic studies of 
entropy mode also show 
broad spectrum 
‣k⊥ρs < 1

Pastukhov, Chudin, Pl Physics 27 (2001) 907.

coil

wall

r

φ

Ricci, Rogers, Dorland, PRL 97, 245001 (2006).

coil

wall

r

φ

PIC: Tonge, Leboeuf, Huang, Dawson, 10 PoP. (2003) 3475. 
Quasilinear MHD: Kuznetzov, Friedberg, Kesner PoP 2008

Reduced MHD Interchange

GS2 Drift Mode (entropy mode)
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Edge probes used to estimate diffusion operator

� Instantaneous ExB radial 
flow of 35 km/s

FIG. 1: A top-down view of LDX at the midplane. This view
shows the extent of the probe array and its relative position
to the levitated coil and the vessel walls.

A. Experimental Setup

Early data from floating probes at the LDX edge in-
dicated that low-frequency potential fluctuations occur
[5], but the probes were too distantly spaced to properly
capture the phenomenon with sufficient spatial resolu-
tion. A vertically movable probe array with tight angu-
lar spacing has been constructed to provide more spatial
information in hopes to differentiate whether the poten-
tial fluctuations are convection related or related to some
other phenomenon. The electrostatic probe array is com-
posed of twenty-four cylindrical, tungsten-tipped floating
potential Langmuir probes. The array is positioned at a
radius of one meter and sweeps out a ninety degree arc at
the bottom of the LDX vacuum vessel as shown in figure
1. This gives a probe separation of about 7 centimeters,
giving the array a resolution of 14 centimeters. This res-
olution corresponds to a detectable mode number range
of 1 to 46. The flow velocities arising from E × B drifts
can be measured by computing the electric field from the
plasma potential. The vertical height of the array is re-
motely adjustable, and can be changed during or between
shots for probe insertion scans. The probe modularity al-
lows other kinds of probes to be inserted into the array
at future date.

The potential signals from the probes are read from
the probe tips by inverting operational amplifiers with
1.1 MΩ input resistors and a 10kΩ feedback resistors.
This gives the amplifiers a gain of -0.0098, and the very
high input resistance causes the probes to float (draw al-
most no current). The signals are digitized by two 16
channel, 16-bit INCAA Computers TR10 bipolar digitiz-
ers sampling at 80kHz.

II. RESULTS

The shots analyzed are all deuterium plasmas, and the
short-time “stripey” and correlation plots are all from
periods where all heating sources are on. The phase
velocities were all calculated during periods where ev-
ery heating source was on as well. Since the potential
is measured by the probes, the azimuthal/toroidal elec-
tric field can be directly determined from the gradient
of the potential as shown in equation 1 [6]. The electric
field can be used to compute the E ×B drift velocity, as
shown in equation 2 [7] . These drifts are directly related
to convection, and measuring their magnitude shows its
strength in transporting particles to and from the core of
the plasma.

!E = −∇Φ (1)

!vE×B =
!E × !B

B2
(2)

!vplasma = R
∂θ

∂t
(3)

FIG. 2: Stripey plot showing the electric field in color and
the drift velocity as a vector field. The root of the arrows
emanates from the point where the drift occurs and the length
of the arrow shows the strength of the drift relative to the
points.

An eight millisecond period from shot 81003019 is
shown in figure 2. It is a “stripey plot,” which is con-
structed by plotting each signal from the probe array
side by side and representing the signal amplitude with
color. The stripey plot shown in Fig. 2 is similar to
most of the shots taken and displays the features set out
to examine here. Therefore, it is the only one reported.
The magnetic field is about 360 Gauss at the probe tips
and this yields a computed average radial E × B drift
velocity over the plotted period of -0.11 mm/s. The in-
stantaneous velocity, however, ranges from 34.7 km/s to
-20.8 km/s, depending on position and time. The sound
speed for cold ions and for 25 eV electrons as measured
on a swept Langmuir probe is cs = c

√

Te/mic2 ∼= 35 km
s

[8]. The E ×B drift velocities have a near-zero mean are
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FIG. 5: The plasma rotational velocity plotted against the
vessel neutral pressure. There is a maximum at 5µTorr
where the plasma density is greatest. Phase velocity decreases
with neutral pressure when the plasma density is constant (
> 5µTorr). Below 5µTorr, the plasma density is not constant
with neutral pressure, and the velocity/pressure relationship
is unclear.

FIG. 6: Plasma density vs. neutral pressure. Measured with
the microwave interferometer on LDX. The plasma density
levels out at 5 µTorr for deuterium plasmas.[9]

sure above 5µTorr, but there is another trend at lower
pressures. The velocities lower than 5µTorr decrease and
then increase again at lower pressures. This may be be-
cause the plasma density is not constant below 5µTorr,
as seen in figure 6, and may give rise to a more com-
plicated relation between neutral pressure and phase ve-
locity. Above 5µTorr, the plasma density seems to be
relatively constant, and the velocities decrease with neu-
tral pressure as expected.

The auto and cross-correlations of the probe signals
characterize the spatial and temporal dynamics of the
structures at the edge of the plasma. The probe array
samples a slice of these structures, and if the slice has
very long correlation lengths and times, we can deduce
that the system is not turbulent since a static structure
stays intact for many rotational lifetimes. A “velocity”
can be determined from the correlation length and time
that can be compared to the phase velocity of individual

FIG. 7: The cross-correlation of probe channel 2 with all other
probe channels at 6 seconds in shot 81003019. All heating
sources are on at this time, and the plasma phase velocity is 16
m

s
. The auto-correlation of channel 2 (the largest blue curve)

shows the time it takes for a signal to decorrelate (go from 1
to < .2) is about 15 data points or 190 µs. The correlation
length can be seen by the number of probe lengths away the
signal takes to decorrelate. Here it is about 8 probe lengths, or
54 cm. The second “bump” around 31 lag points corresponds
to one rotation around the vessel and is very poorly correlated
to the original signal.

waves.

If the correlation velocity is greater than the phase
velocity, the structures in the plasma decorrelate faster
than a rotational lifetime and the structure can be re-
garded as transient. If the correlation velocity is much
slower than the phase velocity, the structure can con-
versely be regarded as static. As shown in figure 7, a
typical correlation lengths and times in LDX are 52 cm
and 150 µs, respectively. This corresponds to to a corre-
lation velocity of 347 km

s
, which is much faster than the

phase velocity of 16 km
s

at this time. Therefore, the edge
of LDX is turbulent since the structures present are very
transient and change configuration much faster than the
bulk flow.

Figure 8 shows the floating potential and electric field
values over the course of shots 81002020 and 81002027,
respectively. Shot 81002020 had the floating coil fully lev-
itated, and shot 81002027 had the floating coil physically
supported. Results by Garnier, et al. have shown that
levitation causes the density profile in LDX to peak in
the core revealing an inward pinch [9]. The particle loss
to the supports is fast since the plasma stays “hollow,”
or with a density drop off in the center, during supported
mode. The sonic (collisional) loss time to the coil goes
like L(Bmin/Bmax)/Cs, where L is the radial distance at
the midplane. This time is about 100-200 µs near coil
and 2.5 ms at L = 1.6 m. This is fast enough so that
radial turbulent pinch cannot overcome the field-aligned
losses.

This indicates that, although both plasmas exhibit
similar edge turbulence, in the supported case the loss
to the supports dominates over the pinch. This is an
interesting result because without these measurements
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FIG. 5: The plasma rotational velocity plotted against the
vessel neutral pressure. There is a maximum at 5µTorr
where the plasma density is greatest. Phase velocity decreases
with neutral pressure when the plasma density is constant (
> 5µTorr). Below 5µTorr, the plasma density is not constant
with neutral pressure, and the velocity/pressure relationship
is unclear.

FIG. 6: Plasma density vs. neutral pressure. Measured with
the microwave interferometer on LDX. The plasma density
levels out at 5 µTorr for deuterium plasmas.[9]
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pressures. The velocities lower than 5µTorr decrease and
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characterize the spatial and temporal dynamics of the
structures at the edge of the plasma. The probe array
samples a slice of these structures, and if the slice has
very long correlation lengths and times, we can deduce
that the system is not turbulent since a static structure
stays intact for many rotational lifetimes. A “velocity”
can be determined from the correlation length and time
that can be compared to the phase velocity of individual
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to < .2) is about 15 data points or 190 µs. The correlation
length can be seen by the number of probe lengths away the
signal takes to decorrelate. Here it is about 8 probe lengths, or
54 cm. The second “bump” around 31 lag points corresponds
to one rotation around the vessel and is very poorly correlated
to the original signal.
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than a rotational lifetime and the structure can be re-
garded as transient. If the correlation velocity is much
slower than the phase velocity, the structure can con-
versely be regarded as static. As shown in figure 7, a
typical correlation lengths and times in LDX are 52 cm
and 150 µs, respectively. This corresponds to to a corre-
lation velocity of 347 km

s
, which is much faster than the

phase velocity of 16 km
s

at this time. Therefore, the edge
of LDX is turbulent since the structures present are very
transient and change configuration much faster than the
bulk flow.

Figure 8 shows the floating potential and electric field
values over the course of shots 81002020 and 81002027,
respectively. Shot 81002020 had the floating coil fully lev-
itated, and shot 81002027 had the floating coil physically
supported. Results by Garnier, et al. have shown that
levitation causes the density profile in LDX to peak in
the core revealing an inward pinch [9]. The particle loss
to the supports is fast since the plasma stays “hollow,”
or with a density drop off in the center, during supported
mode. The sonic (collisional) loss time to the coil goes
like L(Bmin/Bmax)/Cs, where L is the radial distance at
the midplane. This time is about 100-200 µs near coil
and 2.5 ms at L = 1.6 m. This is fast enough so that
radial turbulent pinch cannot overcome the field-aligned
losses.

This indicates that, although both plasmas exhibit
similar edge turbulence, in the supported case the loss
to the supports dominates over the pinch. This is an
interesting result because without these measurements
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� With a levitated dipole, thermal 
plasma profiles are established 
quickly, well before energetic 
electrons.

� Within 0.15 sec, thermal plasma 
energy reaches 100 J.

� Density profile is established in 
the first 20 msec.

� Turbulence is responsible for 
inward particle pinch with 
centrally-peeked density profiles

Thermal Plasma Profiles Established Quickly

Boxer, Nature-Physics (2010)
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Measured low frequency fluctuation intensity and spectrum 
reproduces observed turbulent pinch
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where �S� is the net particle source within the flux-tube, and the diffusion
coefficient is D = R2�E2

ϕ�τcor in units of (V · sec)2/sec.
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� Within 0.15 sec, thermal 
plasma energy reaches 
100 J with 11 kW of ECRH.

� With measured edge 
temperature (14 eV), 
measured density profile, 
and measured thermal 
stored energy…

� Stationary pressure and 
temperature profiles 
characterize the inward 
particle pinch

Turbulent Pinch Maintains Centrally-Peaked Temperature 

Boxer, Nature-Physics 
(2010)
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Gyrokinetic (GS2) simulations show turbulence drives 
particles or heat to maintain uniform entropy density:

Turbulence drives plasma to very steep profiles and 
creates strong inward particle pinch in dipole geometry

Kobayashi, Rogers, Dorland, PRL (2010)
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Tokamaks (with magnetic shear): n ~ V ~ 1/q 
Lagrangian Transport 
Description with Preserved 
Adiabatic Invariants leads to 
profiles with equal number 
of particles per flux tube

� Baker and Rosenbluth (1998), Baker (2002)

� DIII-D L-mode density profiles
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Controlling pVγ profile improves energy confinement

� Pastukhov and Chudin
‣Reduced MHD simulation of 

tokamak turbulence

� Improvement in confinement 
due to control of entropy 
profile
‣Case b has S = pVγ flat

� Consistent with experimental 
result of off-axis ECH heating 
experiments on T-10 and 
ASDEX

Pastukhov et al. Plasma Phys. Control. Fusion 53 (2011) 054015

Plasma Phys. Control. Fusion 53 (2011) 054015 V P Pastukhov et al

10 20 30
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

b

d

a

S 0 [d
.u

.]

r [cm]
0 10 20 30

0.0

0.5

1.0

1.5

2.0

r [cm] 

d

b
a

 P
0 [d

.u
.]

Figure 5. Radial profiles of entropy function S0(r) and plasma pressure p0(r) at the moment
t = 400 in regimes (a), (b) and (d).

maintain the pressure profile near the turbulently relaxed state (see figure 5). The switching
of 60% of the ECH power to the edge seems to be sufficiently optimal, because a further
increase in this power to 70% or higher leads to a flattening of the pressure profile in the
central region and prevents further increase in τE , despite the almost complete suppression of
central turbulence. Regime (b) can be classified as a nonstandard L–H transition without the
formation of an external transport barrier. Curve (d) shows that τE under central ECH heating
decreases appreciably in comparison with the basic regime (a). In the case of small volume of
the region q < 1, the direct influence of sawtooth oscillations on τE is not strong and causes
only minor short drops in τE .

Figure 5 shows the radial profiles of the entropy function S0(r) and plasma pressure p0(r)

at time t = 400. In all regimes the pressure profiles at r < 10 cm are calculated using (11).
Only standard ohmic heating Qst = QOH exists in regimes (a) and (b) in the region q < 1,
whereas QIK, which imitates the internal kink, and central ECH heating (Qst = QOH + QECH)
additionally exist in the region q < 1 in regime (d). The entropy profiles in the convective
region 10 cm < r < 30 cm in all of the regimes are close to the turbulent-relaxed (equipartition)
state S0(r) = const, which can be considered as a condition of ‘pressure profile consistency’
(criterion for a ‘canonical’ profile) in our model. We recall that the correlation of pressure
profile in regime (a) with the pressure profile measured in T-10 experiment is illustrated by
figure 2. The highest level of the entropy function and its maximal closeness to the canonical
profileS0(r) = const are reached in regime (b). The pressure profile in regime (d) is represented
immediately before the development of the internal kink. As a result of the central ECH, this
profile is highly peaked near r = 0, but the total thermal plasma energy in this regime is
lower than in regimes (a) and (b). Similar to the experiments, turbulence maintains and
quickly recovers the pressure profile consistency after fast transients in all regimes of plasma
confinement and heating.

4. Summary

A relatively simple adiabatically reduced fluid-like dynamical model is proposed to simulate
the low-frequency turbulence and the resulting nondiffusive transverse plasma transport in the
hot core region of tokamaks. The results of simulations have shown rather good qualitative and
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Figure 4. Evolution of plasma energy confinement time τE in regimes (a), (b) and (d).

In the core region (lines 1 and 2 in figure 3(b)), the anomaly factor Fa decreases even below
1 immediately after the redistribution of the ECH power and remains at low level later, while
at the edge (at r3 > rh2) value Fa is maintained at a level comparable to the level in regime
(a) (compare the lines 3 in figures 3(a) and (b)). Figure 3(c) illustrates regime (c), in which
the ECH power is turned on at rh1 = 12.5 cm at the moment t = 100 and then is turned off at
the moment t = 300. Similar to regime (b), the fast reduction (enhancement) in Fa is seen at
all radii after the corresponding ECH power changes. After the fast changes in Fa the plasma
heating (cooling) processes in both scenarios proceed with characteristic times comparable to
τE and with almost unchanged normalized pressure profiles. Such behavior of heat transport
is similar to that observed in T-10 experiments with ECH turn on/off. The reduction in Fa in
regime (b) is consistent with the reduction in heat flux in ASDEX Upgrade experiments with
a redistribution of the ECH power (see figure 3 in [26]). T-10 also has appropriate gyrotrons
to realize regime (b).

Figure 3(d) illustrates the nonlocal response of fluctuations and transport processes in the
region q > 1 to the presence of sawtooth oscillations in the region q < 1. In this regime
ECH is localized in region r < 4 cm near the magnetic axis. In accordance with (11) internal
kink results in pressure flattening and forms a steep pressure drop near the q = 1 surface
that causes fast local enhancement of the diffusive (background) thermal flux through this
surface. Evolutions of potential " and entropy S fluctuations in regimes (d) and (a) are very
similar, except for the oscillations of the average fluctuations S at the frequency of sawtooth
oscillations in regime (d). At the same time, the anomaly factor Fa in regime (d) exhibits sharp
bursts (an almost doubling of Fa for a time of about 1 ms). Bursts appear immediately after the
flattening of the pressure profile in the region q < 1 and indicate that convection automatically
rearranges to provide the fast transfer of heat pulse through the region q > 1 to the edge. This
result is in agreement with numerous observations at tokamaks in the presence of sawtooth
oscillations.

Figure 4 shows the evolution of the plasma energy confinement time τE in the three regimes
(a), (b) and (d). Line (b) shows that τE increases appreciably after the switching of 60% of the
ECH power to the surface rh2 = 25 cm and exceeds τE in regime (a) by 25% at t = 400. This
result is slightly surprising for the traditional diffusion transport theory, but it is sufficiently
natural for the discussed turbulent model, because the anomaly factor is significantly reduced
in regime (b) in a wide radial range, whereas the turbulence level remains high enough to
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Summary

� The magnetospheric levitated dipole bridges space and 
laboratory magnetic confinement

‣ Large flux expansion allows steep profiles to be formed with turbulent transport

� Superconducting levitated dipoles achieve stable, high-beta, 
well-confined, plasmas

‣ Error field corrected, optimized RT-1 plasmas show peak local  ~ 70%.

‣ Global energy confinement time ~ 60 ms.  LDX shows 40-70% of stored energy in 
“warm” collisional electron population

� “Natural” invariant density profiles self-generate in a laboratory 
dipole confined plasmas

‣ LDX and RT-1 demonstrate peak profiles near nV = constant, driven by low-
frequency fluctuations

‣ Stored energy is consistent with expectations, demonstrating good confinement 
and “stationary” profiles in LDX
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The Levitated Dipole Experiment (LDX)
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