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Akira Hasegawa invited to Voyager 2’s encounter with Uranus  
January  24, 1986

12 Hour Flyby 

10 Newly Discovered Moons 
Large, Tilted Magnetosphere 

Long, Twisted Magnetotail 
Substorm Injection  

Inward diffusion and convection 
Energetic Particles 

Centrally-peaked Profiles 
Plasma - Moon Interactions 

…

Ed Stone, JGR 92, 14,873 (1987) Akira Hasegawa (Alfvén Prize 2011) 
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Inward Transport of Energetic Particles

Chen, et al., JGR 92, 15,315 (1987) 
Low-Energy-Charged Particles (LECP)

Protons: 10 keV – 150 MeV 
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Inward Transport Creates Centrally-Peaked Pressure

Chen, et al., JGR 92, 15,315 (1987) 
Low-Energy-Charged Particles (LECP)

Protons: 10 keV – 150 MeV 
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Inward transport of magnetospheric 
plasma compresses and heats…



Convection of Thermal Plasma Creates Regions with  
Constant Flux-Tube Content and Invariant Temperature

Selesnick and McNutt, JGR 92, 15,249 (1987) 
Plasma Science Experiment (PLS)  

Ions and Electrons: 10 eV – 5.9 keV 

Constant Invariant (TV2/3)
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Magnetospheres are Nature’s Laboratories for Magnetic Confinement Physics 
Voyager 2 Encounters: Jupiter (1979), Saturn (1981), Uranus (1986), Neptune (1989)

Stone, JGR 92, 14,873 (1987)  
Stone and Miner, Science, 246, 1417 (1989)

Observations of magnetospheric radial transport and stability… 

! Inward transport of energetic particles preserve (!, J) 
creating centrally-peaked pressure 

! Interchange motion of thermal plasma preserves flux-tube 
content (n V) and invariant temperature (T V2/3) creating 
centrally peaked profiles

! Marginally stable profiles #(P V5/3) ~ 0  at high beta, ! $ 1

Stone and Lane, Science, 206, 925 (1979)  
Stone, JGR 88, 8639 (1983)

Akira Hasegawa (Alfvén Prize 2011) 



• Levitate a small, high-current superconducting 
current ring within a very large vacuum vessel 

• Inject heating power and a source of plasma 
particles at outer edge (SOL) 

• Somehow drive low-frequency fluctuations 
that create radial transport, preserve (µ, J), 
and sustain “centrally-peaked” profiles at 
marginal stability 

• Achieve high beta, β ≥ 1, steady-state, and 
link space and fusion studies

Akira Hasegawa, Comments on Plasma Physics and Controlled Fusion 11, 147 (1987)

Does magnetospheric physics apply to magnetic 
confinement in the laboratory?   



Levitated Dipole Experiment (LDX)

Laboratory Magnetospheres

1.8 m
2 m

3.6 m
Ring Trap 1 (RT-1)

(1.2 MA ⋅ 0.41 MA m2 ⋅ 550 kJ ⋅ 565 kg) 
Nb3Sn ⋅ 3 Hours Float Time 

24 kW ECRH

(0.25 MA ⋅ 0.17 MA m2 ⋅ 22 kJ ⋅ 112 kg) 
Bi-2223 ⋅ 6 Hours Float Time 

50 kW ECRH



High ", Steady State, Self-Organized, Very-Large Plasma Torus, Steady State, Self-Organized, Very-Large Plasma Torus, Steady State, Self-Organized, Very-Large Plasma Torus
LDX (MIT/Columbia)

RT-1 (U Tokyo)



• Levitation is robust and reliable 

Very good access for diagnostics, plasma heating and fueling.  

• Simple, axisymmetric torus with no field-aligned currents 

Classical particle orbits with comparable passing and  
trapped dynamics . 

Good confinement of heat, density, energetic particles. 

Very high local plasma pressure, β > 1  

• Radial transport processes relevant to space and to many  
toroidal confinement devices. 

• Quasilinear drift-kinetics & nonlinear gyro-kinetics are good models for 
understanding turbulent radial transport in the laboratory magnetosphere.

During the past decade, LDX and RT-1 have shown the physics of 
magnetospheric radial transport and stability does apply to the laboratory



Comparing Laboratory and Planetary Magnetospheres

Low-frequency (# ~ m#d)

High-frequency (# ~ n#c)

Internally driven interchange/entropy instabilities

Externally-driven by solar wind

Externally-driven by applied !wave power

Internally-driven by plasma chorus

Ionosphere?
No*

Yes
Very large and 

Unlike any other laboratory plasma; with &d ~ &* (Very very gigantic magnetized plasma!)



Nonlinear Wave Physics
➡ Turbulent inward pinch: low-frequency interchange/entropy mode turbulence, electrostatic 

particle transport in semi-collisional plasma P⊥~ P||, turbulent relaxation to “stationary” 
centrally-peaked profiles, inverse cascade, chaotic global mode dynamics, … 

• Record high local β > 1 with “artificial radiation belt” (energetic electrons) and exploring 
electromagnetic turbulence, collisionless transport, anisotropic pressure  P⊥> P||, … 

• Ongoing/Unsolved problems linking space/laboratory magnetospheric physics: regulation 
of turbulence with “artificial ionosphere”, spectrum control and mode-mode coupling, Alfvén 
wave dynamics in a turbulent magnetosphere, finite ion temperature, Ti  ~ Te, FLR, APEX/
PAX, large high-density high-beta magnetized plasma, …



Low-Frequency Electrostatic Turbulent Pinch
(Turbulent “Self-Organization” creates the highly peaked profiles envisioned by Hasegawa.)
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Thomas Birmingham, “Convection Electric Fields and the Diffusion of Trapped Magnetospheric Radiation,” JGR, 74, (1969).
Kesner, Garnier, and Mauel, "Fluctuation driven transport and stationary profiles," Phys Plasmas, 18, 050703 (2011).

Garbet, et al., “Turbulent fluxes and entropy production rate,” Phys Plasmas, 12, 082511 (2006).
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Self-Organized Mixing: Dye Stirred in Glass



Solar wind drives radial diffusion in planetary magnetospheres, but in the lab…
Central heating excites instability that drives Centrally-Peaked Pressure and 

Density as the Final State of Turbulent Self-Organization

Alexie Kouznetsov (PhD MIT/Freidberg), et al, “Quasilinear theory of interchange modes in a closed field line configuration,” Phys Plasmas, 14, 102501 (2007)
John Tonge  (PhD UCLA/Dawson), et al., “Kinetic simulations of the stability of a plasma confined by the magnetic field of a current rod,” Phys Plasmas 10, 3475 (2003).

Edge Particle 
Source

Central Energy 
Source

Edge Particle 
Source

Quasilinear MHD Interchange Turbulence
Outward

Inward

Central Energy 
Source



Measurements:  
Density Profile with Interferometry 

Fluctuations with Probes and Cameras 
Pressure/Ring Current with Magnetics

5 m

Interferometer 
Array



• 18 kW injected electron cyclotron waves  

• Plasma energy 250 J (3 kA ring current) 

• Peak % ~ 10% (>100% achieved in RT-1)

• Hydrogen gas density 4'1010 cm-3

• Peak plasma density 1012 cm-3

• Peak〈Te〉> 0.5 keV (thermal; Te >> Ti) 

• Energetic electrons〈E〉~ 50 keV 

• Density proportional to injected power 

• Sustained, dynamic, “steady state”

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
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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.

S100805046

Example Plasma Experiment
18 kW ECRH

Actively Controlled 
Neutral Pressure

Flux from Plasma 
Ring Current

Plasma Line 
Density
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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||

Accurate Reconstruction of the Plasma Pressure from the Plasma Ring Current 
Requires Internal Magnetic Sensors
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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
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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
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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]
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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.

External Magnetic Field 
and Flux Sensors

Matt Davis, et al., "Pressure profiles of plasmas confined in the field of a magnetic dipole," PPCF 56, 095021 (2014).

Internal Magnetic 
Flux Sensors



Levitated Coil: Broad Isotropic Pressure Profile
Supported Coil: Narrow Anisotropic Pressure Profile

Plasma Phys. Control. Fusion 56 (2014) 095021 M S Davis et al

Pressure: Supported (100805045)Pressure: Levitated (100805046)

Current: Supported (100805045)Current: Levitated (100805046)

Figure 6. Pressure and current density contours for a supported (100805045) and a levitated (100805046) shot. In the top figures the
pressure is shown with green contours indicating higher pressure and black contours indicating lower pressure (the same pressure contours
levels are plotted for levitated and supported operation). The bottom figures show the current density with solid blue indicating high positive
current density, solid black low positive current density, dotted black low negative current density, and dotted yellow high negative current
density (the same current density contour levels are plotted in levitated and supported operation). The red contour marks the separatrix.
During levitation the pressure and current density profiles are broader with lower maximum values.

inner radius. For the high frequencies the mod-B resonance
surface cuts across all field lines, and appear to be efficient in
creating density in combination with low frequency (2.45 GHz)
heating.

3.3. Elimination of upper mirror currents

The plasma that forms in the mirror wells on open field lines
between the floating coil and the levitation coil (see figures 2
and 8) absorbs heating power and distorts the equilibrium.
Indeed, we only became aware of the presence of mirror-
trapped plasma on open field lines as a consequence of the
equilibrium reconstructions and after observations of visible
light emission from careful videography. We eliminated
the currents from mirror-trapped plasma in LDX by locating
a series of rods (the ‘spider’) that intercept the plasma
that tends to form in this region. Without the ‘spider’,

the best fit equilibria required the presence of diamagnetic
currents from mirror-trapped plasma. After the ‘spider’
was installed, the best fit equilibria had very small or zero
diamagnetic currents from electrons mirror-trapped on open
field lines. Furthermore, after the ‘spider’ was installed,
plasma light from the mirror-trapped, open field-line region
became unobservable. We saw no evidence of surface heating
from the ‘spider’, and there was no build-up of electron
pressure that might enhance microwave absorption.

Table 3 compares levitated shots with similar ECR heating
power and neutral gas pressure. Discharge 100527002 permits
upper mirror currents to form whereas in 130814045 the
spider largely eliminates these currents. We have magnetically
reconstructed the equilibrium for both of these shots. Table 3
shows the best fit parameters and calculated plasma parameters
for the plasma with and without mirror plasma. The equilibria

6

P" ~ P||
Levitated

Pressure

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.
 

Figure 4.11: A grayscale visible light image of a plasma shot with magnetic field lines overlaid
in yellow, separatrix in red, and current density contours in blue. The upper mirror plasma
current is modeled as 2 currents (I

M1 and I
M2) distributed over a finite set of points in the

upper mirror.

The upper mirror plasma is seperated by the mechanical upper catcher into an inner

region (inside the catcher) and an outer region (outside the catcher). Figure 4.12 shows

the electron cyclotron resonances zones for a typical magnetic configuration on LDX. The

locations of the resonances indicate that the inner upper mirror plasma should only form

when the 10.5 GHz and/or 6.4 GHz power sources are on (it should not form with just the

2.45 GHz power source). Figures 4.13(a) and 4.13(b) show that the inner plasma is seen on

the visible light camera when all power sources are on but is not seen when only the 2.45

GHz source is on.

Instability, or some other unknown event, often causes the inner upper mirror plasma

to be rapidly loss. When this loss occurs there is a rapid change in the flux measured by

flux loop 11 that coincides with a simultaneous decrease in the visible light emitted from the

67

Plasma Ring Current (3 kA)

Levitated

Plasma Energy (270J)



Levitated Coil: Broad Isotropic Pressure Profile
Supported Coil: Narrow Anisotropic Pressure Profile   

• Supported: 

• High peak beta, % ~ 40% 

! No thermal confinement

• Ideal MHD unstable

• Levitated: 

• Peak beta, % ~ 10% 

• Broad profile and very good 
thermal confinement 

• Marginally stable #(PV5/3) $ 0
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Supported 
($ ~ 40%, Eh ~ 100 keV)

Levitated 
($ ~ 10%, Eh ~ 50 keV)

Entropy Density (PV5/3)

Supported: No Thermal Confinement 
(only energetic trapped electrons) Plasma Phys. Control. Fusion 56 (2014) 095021 M S Davis et al

Pressure: Supported (100805045)Pressure: Levitated (100805046)

Current: Supported (100805045)Current: Levitated (100805046)

Figure 6. Pressure and current density contours for a supported (100805045) and a levitated (100805046) shot. In the top figures the
pressure is shown with green contours indicating higher pressure and black contours indicating lower pressure (the same pressure contours
levels are plotted for levitated and supported operation). The bottom figures show the current density with solid blue indicating high positive
current density, solid black low positive current density, dotted black low negative current density, and dotted yellow high negative current
density (the same current density contour levels are plotted in levitated and supported operation). The red contour marks the separatrix.
During levitation the pressure and current density profiles are broader with lower maximum values.

inner radius. For the high frequencies the mod-B resonance
surface cuts across all field lines, and appear to be efficient in
creating density in combination with low frequency (2.45 GHz)
heating.

3.3. Elimination of upper mirror currents

The plasma that forms in the mirror wells on open field lines
between the floating coil and the levitation coil (see figures 2
and 8) absorbs heating power and distorts the equilibrium.
Indeed, we only became aware of the presence of mirror-
trapped plasma on open field lines as a consequence of the
equilibrium reconstructions and after observations of visible
light emission from careful videography. We eliminated
the currents from mirror-trapped plasma in LDX by locating
a series of rods (the ‘spider’) that intercept the plasma
that tends to form in this region. Without the ‘spider’,

the best fit equilibria required the presence of diamagnetic
currents from mirror-trapped plasma. After the ‘spider’
was installed, the best fit equilibria had very small or zero
diamagnetic currents from electrons mirror-trapped on open
field lines. Furthermore, after the ‘spider’ was installed,
plasma light from the mirror-trapped, open field-line region
became unobservable. We saw no evidence of surface heating
from the ‘spider’, and there was no build-up of electron
pressure that might enhance microwave absorption.

Table 3 compares levitated shots with similar ECR heating
power and neutral gas pressure. Discharge 100527002 permits
upper mirror currents to form whereas in 130814045 the
spider largely eliminates these currents. We have magnetically
reconstructed the equilibrium for both of these shots. Table 3
shows the best fit parameters and calculated plasma parameters
for the plasma with and without mirror plasma. The equilibria
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RT-1: % > 100%
!!

(Equal Plasma Energy ~ 270J and Ring Current ~ 3kA)



Multichannel Microwave Interferometer
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The Radial Diffusion Coefficient is Measured by Ensemble 
Correlation of the Measured Radial E×B Velocity

D = lim
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Alex Boxer, et al., “Turbulent inward pinch of plasma confined by a levitated dipole magnet,” Nat Phys 6, 207 (2010).
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Edge Transport is “Bursty”: Outward Warm Filaments and Inward Cool Filaments

Probe Array: 
Floating Potential, Eφ 
Ion Saturation Current 

Radial E×B Flux
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Jen Ellsworth, Characterization of Low-Frequency Density Fluctuations in Dipole-Confined Laboratory Plasmas, PhD MIT (2010).  
Grierson, et al., "Transport Induced by Large Scale Convective Structures in a Dipole-Confined Plasma," PRL 105, 205004 (2010).



Edge Transport is “Bursty”: Outward Warm Filaments and Inward Cool Filaments

Probe Array: 
Floating Potential, Eφ 
Ion Saturation Current 

Radial E×B Flux
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Jen Ellsworth, Characterization of Low-Frequency Density Fluctuations in Dipole-Confined Laboratory Plasmas, PhD MIT (2010).  
Grierson, et al., "Transport Induced by Large Scale Convective Structures in a Dipole-Confined Plasma," PRL 105, 205004 (2010).



Surprising “Universal” Turbulence Statistics of the Plasma Torus 
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The meaning of the F!m" series is clear; it is the series
of the measured fluxes over a time scale that is m times
longer than the original time scale. In the time range in
which the fluctuations are self-similar, the PDF, P!G", of
the fluxes scales as

P!G!m"" ! mH21g
µ

G!m" 2 #G$
mH21

∂

, (2)

where g is a universal function and #G$ is the averaged
flux. This relation results from the assumption of self-
similarity and the condition that the value of the integrated
probability over all G!m" is 1. Equation (2) is a strong
constraint on the distribution of fluxes. However, the
self-similarity of the fluctuations and fluxes does not
provide any information on the functional form of g. We
must determine g from a dynamical theory or from the
experimental measurements.
From the analysis of experimental data, we have found

that the PDF of fluxes is self-similar over a wide range
of time scale. In Fig. 1, we have plotted the standard
deviation s!m" for each of the F!m" series derived from
the induced particle flux data obtained from a discharge
in the W7-AS device. The self-similarity ranges are
the regions in m in which s!m" ~ mH21. For a range
of time scales around the fluctuation decorrelation time,
1 # t # 30 ms, the fluxes seem to be self-similar with a
self-similarity parameter close to 1, H ! 0.85. We will
refer to this range of time scales as the fluctuation range.
However, this range of time scales is relatively short and
s!m" may not be just a simple power function. Therefore,
it is not possible to claim strict self-similarity in this
range of scales. The situation is clearly different for time
scales longer than 60 ms, the mesoscale range. In this
case, the self-similarity range is well defined at least over
three decades and the self-similarity parameter H ! 0.58.

FIG. 1. Standard deviation for each of the series F!m" derived
from the induced particle flux as a function of m. The data are
from discharge number 35427 in the W7-AS device.

The precise value of the self-similarity parameter varies
with the confinement device and plasma conditions, but
their range of variation is narrow. This self-similarity
range corresponds to the one discussed in Ref. [2] for the
density and electrostatic potential fluctuations. Here, we
use as fluctuation decorrelation time the value of the time
lag at which the autocorrelation function has decreased by
e21. For W7-AS plasma edge data, this value is about
10 ms. The mesoscale range is defined as the time scales
between 5 times the decorrelation time and the particle
confinement time.
In this paper, we use plasma edge fluctuation measure-

ments only from the W7-AS device [6]. The reason is
that we need both three-point probe measurements and
long time records. These constraints preclude the use of
much of the fluctuation data available. To have long time
records within the plasma edge region, it also implies the
use of data mostly around and within the shear flow layer.
Because of this, the averaged value of the self-similarity
parameter is about 0.6. For these data sets, we have calcu-
lated the PDF of the fluxes over the two time scale ranges.
The original time records are about 100 000 points with a
sampling rate of 1 MHz. In the calculation of the PDFs,
we change the time resolution by factors of 2. In this way,
the largest scale that we can investigate is up to 1.024 ms.
We cannot go to time resolution above this value because
there are not enough points left after averaging to calcu-
late a PDF. For these data, we can separate the time scales
into two ranges: the ones in 1 # m # 32 as the fluctua-
tion range, and the time scales in 64 # m # 1024 as the
mesoscale range (Fig. 1). Although a true self-similarity
of fluctuations and fluxes is questionable in the fluctuation
range, we have used the rescaling of the PDF, Eq. (2), to
illustrate its functional form in this range (Fig. 2). The
rescaled PDFs calculated in the mesoscale self-similarity
range are shown in Fig. 3. Because the averaged flux has

FIG. 2. Probability distribution function of the turbulence-
induced fluxes for time scales in the range 1 , m , 32. The
data are from discharge number 35427 in W7-AS.
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Turbulent Fluctuations Propagate in Electron Drift Direction 
(during edge gas fueling)

R"
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Floating Potential () > ± 100 V)

" + m "d ~ 2 , m 700 Hz 
m = 1, 2, 3, 4, 5, 6, …  

Inverse mode structure cascade, chaotic mode dynamics, …

|E)| ~ 55 V/m (RMS)       -c ~ 16 !sec

Jen Ellsworth, Characterization of Low-Frequency Density Fluctuations in Dipole-Confined Laboratory Plasmas, PhD MIT (2010). 
Grierson, Worstell, and Mauel, "Global and local characterization of turbulent and chaotic structures in a dipole-confined plasma," Phys Plasmas 16, 055902 (2009).
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Interchange/Entropy Mode Turbulence Questions

• What are the spatial structures, *(),"), of the eigenmodes? 

• Growth rates and toroidal rotation frequencies? 

• What determines the turbulent spectrum and fluctuation cascade? 

• What is the magnitude & direction (i.e. “pinch”) of plasma transport? 

• How does everything above change with plasma profiles?



Interchange/Entropy Mode Physics
• Kesner, Phys Plasmas, 7, 3887 (2000) (Linear drift-kinetics)

• Ricci, Rogers, Dorland, and Barnes, Phys Plasmas, 13, 062102 (2006) 
(Linear gyro-fluid)

• Kobayashi, Rogers, and Dorland, Phys Rev Lett, 105, 235004 (2010) 
(Nonlinear gyro-kinetics)

! Bounce-averaged equations with drift-resonant closure: 

• Rosenbluth, “Low-Frequency Limit of Interchange Instability,” Phys Fluids
11, 869 (1968). 

• Beer and Hammett, “Bounce averaged trapped electron fluid equations 
for plasma turbulence,” Phys Plasmas, 3, 4018 (1996).



Interchange/Entropy Mode Physics
• "!J" = 0.  (without FAC)

Ion (inertial) polarization current balances perturbed diamagnetic current; only 
one key dimensionless parameter: .* / .s/L << 1 

• & ~ &d << &b. 
Bounce-averaged kinetics; transport mediated by drift-resonance 

• 20〈1"〉2(PT/e)/2).
Magnetic drift causes collisionless “curvature heat flux”; imparting real toroidal 
phase velocity to entropy mode 

• Drift profile parameters (unique): 
#(n(V) ~ &n*/&d - 1  and  #(P(V0) ~ &p*/&d - 0  and  3 = &p*/&n - 1 

• Beer-Hammett bounce-integrated drift-resonant closure should allow 
(relatively simple?) reduced dimensional whole plasma nonlinear modeling.
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Interchange/Entropy Mode Physics
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ñ�V =
I

dl

B

ZZZ
d3v F̃ ( )

P̃ �V =
2

3

I
dl

B

ZZZ
d3v E F̃ ( )

R̃�V =
4

15

I
dl

B

ZZZ
d3v E2 F̃ ( )

S̃�V =
8

105

I
dl

B

ZZZ
d3v E3 F̃ ( )

... = ...

0

BB@

! �m!̄d 0 0 · · ·
0 ! ��m!̄d 0 · · ·
0 0 ! �(2� � 1)m!̄d · · ·
... ... ... ... . . .

1

CCA ·

0

BBBB@
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Global Entropy Mode Structure 
Depends on Drift Parameter η
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Whole Plasma Imaging of Interchange/Entropy Mode Structure 
Rotating Global Modes, Chaotic Amplitudes and Phases, Inverse Cascade
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Global Quasilinear Flux with Drift-Kinetic Closure reproduces GS2 Gyro-Kinetics S̃ ⇡ �i
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Chapter 1: Introduction

Figure 1.19: (left) GS2 results, (right) result from gyrokinetic quasi-linear theory at
⌘ = 2 as a function of d.

High-! !Stable!

Low-! ! High-! !

-! Gyrokinetic Quasi-linear Theory !

Comparison with quasi-linear theory !

-! Quasi-linear theory is consistent with GS2 simulations !Figure 1.20: (left) GS2 results, (right) result from gyrokinetic quasi-linear theory at
d = 3.2 as a function of ⌘.

that in the low-⌘ branch, the particle flux is positive, that the transport decreases

toward ⌘ = 2/3 ⇠ 0.67, reaching the stable region (the green shaded region), and

that the entropy mode emerges again at ⌘ & 1 with pinched (negative) particle flux

in the high-⌘ branch, similar to the GS2 results shown in the figure on the left side

of Fig. 1.20. We find that the quasi-linear theory is qualitatively in good agreement

with linear and nonlinear GS2 simulations.
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Solar wind drives radial diffusion in planetary magnetospheres, but in the lab…
Central heating excites instability that drives Centrally-Peaked Pressure and 

Density as the Final State of Turbulent Self-Organization

Alexie Kouznetsov (PhD MIT/Freidberg), et al, “Quasilinear theory of interchange modes in a closed field line configuration,” Phys Plasmas, 14, 102501 (2007)
John Tonge  (PhD UCLA/Dawson), et al., “Kinetic simulations of the stability of a plasma confined by the magnetic field of a current rod,” Phys Plasmas 10, 3475 (2003).
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Rate of Inward Turbulent Pinch Agrees with Measured Diffusion Coefficient 
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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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Li Pellet  
Injector

Li Pellet 

After Li Pellet 

High Speed Pellet Injection Cools Core & Creates Internal Fueling
and Reverses the Direction of Particle Diffusion

Darren Garnier 
(Columbia/MIT)



(a) Photograph of LDX with Li Pellet Injector (b) Graphic Showing Li Pellet Trajectory

Li Pellet 
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Cameras
Li Pellet 
Trajectory

t1 = 6.0235 s

t2 = 6.0305 s

Li Pellet Injection Provides Internal Particle Source and Cools Plasma Core

,5 Peak Density 
,3 Electrons 
÷3 Energy 19 ms records pellet traveling at 175 m/s  

1 mm3
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Drift Parameter 3 < 2/3 “Reverses” with Pellet Injection
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“Cool Core”/Li Pellet Fueling Reverses Direction of Particle Flux
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When Te >> Ti, Linear Theory Shows Entropy Mode Reverses Direction with 3
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When Te >> Ti, Linear Theory Shows Entropy Mode Reverses Direction with 3
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When Te >> Ti, Linear Theory Shows Entropy Mode Reverses Direction with 3
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Dispersion Measurements during Pellet Injection agree with Linear Theory 
Entropy Modes Reverse Direction with Reversal of Particle Flux

Before Pellet Injection

During Pellet Injection

During Pellet InjectionBefore Pellet Injection

ω/2π ~ m 700 Hz
ω/2π ~ m (-500) Hz

η < 2/3η > 2/3

Ensemble-Averaged Entropy Mode Dispersion 

Isat

Φ

Potential Fluctuations Reverse Direction



Physics
✓ Turbulent inward pinch: low-frequency electrostatic interchange/entropy mode turbulence, 

causes particle and/or temperature “pinch” and turbulent relaxation to centrally-peaked 
profiles. (Also: inverse cascade, chaotic global mode dynamics, bursty flows, …) 

➡Record high local β > 1 with “artificial radiation belt” (energetic electrons) and exploring 
electromagnetic turbulence, collisionless transport, anisotropic pressure  P⊥> P||, … 

• Ongoing/Unsolved problems and opportunities linking space/laboratory magnetospheric 
physics: regulation of turbulence with “artificial ionosphere”, spectrum control and mode-
mode coupling, Alfvén wave dynamics in a turbulent magnetosphere, large high-density high-
beta magnetized plasma, finite ion temperature, Ti  ~ Te, FLR, APEX/PAX, …



Stable Toroidal Plasmas at Very High Local % are Characteristics of the 
Giant Magnetospheres and Predicted for the Laboratory Magnetosphere 

Garnier, Kesner, and Mauel, “Magnetohydrodynamic stability in a levitated dipole,” Phys Plasmas 6, 3431 (1999). 
Shiraishi, Ohsaki, and Yoshida, “Relaxation of a quasisymmetric rotating plasma: A model of Jupiter’s magnetosphere,” Phys Plasmas 12, 092901 (2005)

Jovian Extended Magnetodisk

 Local $ = 10  



RT-1 has Three Regimes of High-% Operation depending upon 
Background Neutral Density and ECRH Power

P" >> P||

P" ~ P||

P" >  P||~

X-Ray Spectroscopy

Nishiura, et al., "Improved beta (local beta >1) and density in electron cyclotron resonance heating on the RT-1 magnetosphere plasma," Nuc Fus 55, 053019 (2015). 
Saitoh, et al., "Observation of a new high-% and high-density state of a magnetospheric plasma in RT-1," Phys Plasmas 21, 082511 (2014).



With electron heating (ECRH) high β creates an 
“Artificial Radiation Belt” and Electromagnetic Turbulence

• HEI instabilities are drift-resonant (ω ~ mωdh ~ 1 MHz) 
with have global mode structures (at low plasma density) 

• Transport preserves phase-space density F(µ, J) 

• Nonlinear frequency chirping due to “buoyant” phase-
space holes 

• At high β, very strong magnetic fluctuations reaching 
Alfvén and ion cyclotron frequencies 

• Transport, echoes, variability, secondary instabilities, 
resemble magnetospheric radiation belt dynamics.

0.79 0.791 0.792 0.793 0.794

0.790 0.791 0.792 0.793 0.794
time (s)

0

1

2

3

4

5

6

Fr
eq

ue
nc

y
(M

H
z)

± 80 V

Chaotic
Radial

Transport

Nonlinear
Frequency
Sweeping

Edge Potential Fluctuations

400

200

0

D
riftR

esonantEnergy
(keV)

CHAPTER 4. THE HIGH BETA HEI INSTABILITY 50

Figure 4-1: Floating potential and Mirnov signals of the drift-resonant
instability on di↵erent time scales. (A) A long time
scale shows a high beta instability burst during heating.
Zooming in, (B), reveals the non-sinusoidal waveforms and
phase.
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• Levitation is robust and reliable with very good 
access for diagnostics, plasma heating and fueling. 

• Simple, axisymmetric torus with no field-aligned 
currents with classical particle orbits and good 
confinement of heat, density, and energetic particles, 
APEX/PAX, … 

• Unique radial transport processes relevant to 
space and to many toroidal confinement devices: up-
gradient pinch, inverse cascade, bursty interchange 
filaments, minimum entropy production … 

Nonlinear drift/gyrokinetics appears to provide a 
good model for predicting radial transport driven 
by interchange/entropy instabilities

The Axisymmetric Plasma Torus is a New Paradigm for the Laboratory 
Study of Steady-State and High-Beta Plasma



Hasegawa’s 1987 Question: Does magnetospheric physics 
apply to fusion magnetic confinement in the laboratory?

✓ LDX, RT-1, theory and simulation do not show any 
limitations preventing the scaling of stable high-β equilibria 
to larger size.   

➡ However, the answer to Hasegawa’s question, we need 
laboratory tests with high power heating, high plasma 
density, and larger size.  
 
But, with only a small superconducting magnetic, confined 
and collisionless magnetized plasma can be built at any 
size …

15 m dia 
15 MA Levitated Coil

3.6 m dia 
1.2 MA Levitated Coil

1.8 m dia 
0.25 MA Levitated Coil

ρ/L = ρ* << 1

c/Lωpi = λ* << 1



Space Power Facility (SPF)
Plum Brook Facility at Sandusky 
World’s Largest Vacuum Vessel

Example: Large space chamber could be filled with 
a laboratory magnetosphere creating

the largest magnetized plasma on Earth
30 m






