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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) 



F(µ, J, ψ)

Inward Transport of Energetic Particles

Chen, et al., JGR 92, 15,315 (1987) 
Low-Energy-Charged Particles (LECP) 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Inward Transport Creates Centrally-Peaked Pressure

Chen, et al., JGR 92, 15,315 (1987) 
Low-Energy-Charged Particles (LECP) 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Inward transport of magnetospheric 
plasma compresses and heats…



Lower Energy (thermal) Plasma has Centrally-Peaked Temperature and Density

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

Ions and Electrons: 10 eV – 5.9 keV 

Centrally Peaked n
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~ 1 keV Protons

= R/Ru

inbound outbound



Interchange Motion 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)

Constant Flux-Tube (nV)

   ~ 1 keV Protons              

V =
Z

ds

B
/ L4

V =
Z

dl

B
/ L4

V ⇠ L4 results in hni ⇠
1

L4
, hT i ⇠

1

L8/3
, P ⇠

1

L20/3

Flux-tube Volume = 

= R/Ru

⌘ ⌘ hniV ⇡ constant

� ⌘ hEiV 3/4
 ⇡ constant

hP iV 5/3
 ⇡ constant

⌘ ⌘ nV ⇡ constant

� ⌘ TV 2/3 ⇡ constant

hP iV 5/3 ⇡ constant

⌘ ⌘ hniV ⇡ constant

� ⌘ hEiV 3/4
 ⇡ constant

hP iV 5/3
 ⇡ constant

⌘ ⌘ nV ⇡ constant

� ⌘ TV 2/3 ⇡ constant

hP iV 5/3 ⇡ constant

�(nV ) ⇡ 0

�(TV 2/3) ⇡ 0

�(PV 5/3) ⇡ 0

�(nV ) ⇡ 0

�(TV 2/3) ⇡ 0

P /
1

V 5/3
⇠

1

L20/3



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 (µ, 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 Δ(P V5/3) ~ 0  at high beta, β ≥ 1

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



• 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?   



• Levitation creates a large confinement volume with 
plasma regulated by turbulent radial transport. 

• Density profiles are always centrally peaked, and particle 
transport can be either inward or outward depending upon 
the location of the particle source. 

• Interchange and entropy instabilities cause low-
frequency fluctuations, and  
 
Turbulent “self-organization” creates regions of nearly 
uniform flux-tube content (n V) and entropy density (P V5/3). 

• High local beta, β ~ 1, in steady state, can be achieved 
provided drift-resonant fast particle instabilities are stabilized.

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



• 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. 

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

• Nonlinear gyrokinetics is a good model for understanding  
radial transport driven by interchange and entropy mode turbulence.

LDX and RT-1 have also shown the laboratory magnetosphere is a simple and 
versatile configuration for fundamental study of toroidal magnetic confinement



Thomas Roberts, "Local Regulation of Interchange Turbulence in a Dipole-Confined 
Plasma Torus using Current Injection Feedback", Ph.D. Columbia University, (2015). 

Matthew Worstell, "Symmetry Breaking and the Inverse Energy Cascade in a Plasma", 
Ph.D. Columbia University (2013). 

Matt Davis, "Pressure profiles of plasmas confined in the field of a dipole magnet", Ph.D. 
Columbia (2013). 

Sumire Kobayashi, "Gyrokinetic Simulations of Closed Field Line Systems", Ph.D. 
Dartmouth (2010). 

Antoin Cerfon, "Analytic calculations of MHD equilibria and of MHD stability boundaries in 
fusion plasmas", Ph.D. MIT (2010). 

Yoshihisa Yano, “Experimental analysis of he magnetic field structure on the high-beta 
plasmas in the magnetospheric plasma device,” 2010, PhD, U. Tokyo 

Jennifer Ellsworth, "Characterization of Low-frequency Density Fluctuations in Dipole-
confined Laboratory Plasmas", Ph.D., MIT, (2010). 

Brian Grierson, "Interchange Turbulence in a Dipole-Confined Plasma," Ph.D. Columbia 
(2009). 

Alex Boxer, "Interchange Stationary Profiles in the Levitated Dipole Experiment (LDX)", 
Ph.D., MIT, (2008). 

Alexie Kouznetsov, "Theoretical prediction of τau_E and β in a large aspect ratio LDX", 
Ph.D., MIT (2007). 

Eugenio Ortiz, "Observation of Hot Electron Interchange Instability in a High Beta Dipole 
Confined Plasma", Ph.D. Columbia (2007). 

Ishtak Karim, "Equilibrium and Stability Studies of Plasmas in a Dipole Magnetic Fields 
Using Magnetic Measurements", Ph.D., MIT, (2007). 

Natalia Krasheninnikova, "Effects of hot electrons on the stability of a closed field line 
plasma," Ph.D. MIT (2006). 

Haruhiko Saitoh, "Experimental Study on the Confinement of Electron Plasma and 
Formation of Flow of Neutral Plasma in an Internal Conductor System", Ph.D., Univ. Tokyo 
(2005). 

Ben Levitt, "Global Mode Analysis of Centrifugal and Curvature Driven Interchange 
Instabilities," Ph.D. Columbia (2004). 

Dmitry Maslovsky, "Suppression of Nonlinear Frequency Sweeping of Resonant 
Interchange Modes in a Magnetic Dipole with Applied Radio Frequency Fields," Ph.D. 
Columbia (2003). 

John Tonge, "Particle Simulations of Instabilities in Space and Astrophysical Plasmas", 
Ph.D. UCLA (2002). 

Andrei Simakov, "Plasma stability in a dipole magnetic field", Ph.D. MIT (2001). 

Harry Warren, "Observation of Chaotic Particle Transport Driven by Drift-Resonant 
Fluctuations in the Collisionless Terrella Experiment," Ph.D. Columbia (1994). 

and 10 M.S. Dissertations

19 PhD Dissertations



Thomas Roberts, "Local Regulation of Interchange Turbulence in a Dipole-Confined 
Plasma Torus using Current Injection Feedback", Ph.D. Columbia University, (2015). 

Matthew Worstell, "Symmetry Breaking and the Inverse Energy Cascade in a Plasma", 
Ph.D. Columbia University (2013). 

Matt Davis, "Pressure profiles of plasmas confined in the field of a dipole magnet", Ph.D. 
Columbia (2013). 

Sumire Kobayashi, "Gyrokinetic Simulations of Closed Field Line Systems", Ph.D. 
Dartmouth (2010). 

Antoin Cerfon, "Analytic calculations of MHD equilibria and of MHD stability boundaries in 
fusion plasmas", Ph.D. MIT (2010). 

Yoshihisa Yano, “Experimental analysis of he magnetic field structure on the high-beta 
plasmas in the magnetospheric plasma device,” 2010, PhD, U. Tokyo 

Jennifer Ellsworth, "Characterization of Low-frequency Density Fluctuations in Dipole-
confined Laboratory Plasmas", Ph.D., MIT, (2010). 

Brian Grierson, "Interchange Turbulence in a Dipole-Confined Plasma," Ph.D. Columbia 
(2009). 

Alex Boxer, "Interchange Stationary Profiles in the Levitated Dipole Experiment (LDX)", 
Ph.D., MIT, (2008). 

Alexie Kouznetsov, "Theoretical prediction of τau_E and β in a large aspect ratio LDX", 
Ph.D., MIT (2007). 

Eugenio Ortiz, "Observation of Hot Electron Interchange Instability in a High Beta Dipole 
Confined Plasma", Ph.D. Columbia (2007). 

Ishtak Karim, "Equilibrium and Stability Studies of Plasmas in a Dipole Magnetic Fields 
Using Magnetic Measurements", Ph.D., MIT, (2007). 

Natalia Krasheninnikova, "Effects of hot electrons on the stability of a closed field line 
plasma," Ph.D. MIT (2006). 

Haruhiko Saitoh, "Experimental Study on the Confinement of Electron Plasma and 
Formation of Flow of Neutral Plasma in an Internal Conductor System", Ph.D., Univ. Tokyo 
(2005). 

Ben Levitt, "Global Mode Analysis of Centrifugal and Curvature Driven Interchange 
Instabilities," Ph.D. Columbia (2004). 

Dmitry Maslovsky, "Suppression of Nonlinear Frequency Sweeping of Resonant 
Interchange Modes in a Magnetic Dipole with Applied Radio Frequency Fields," Ph.D. 
Columbia (2003). 

John Tonge, "Particle Simulations of Instabilities in Space and Astrophysical Plasmas", 
Ph.D. UCLA (2002). 

Andrei Simakov, "Plasma stability in a dipole magnetic field", Ph.D. MIT (2001). 

Harry Warren, "Observation of Chaotic Particle Transport Driven by Drift-Resonant 
Fluctuations in the Collisionless Terrella Experiment," Ph.D. Columbia (1994). 

and 10 M.S. Dissertations

19 PhD Dissertations

Drift-Resonant Radial Transport

Harry Warren
(1994)

� ⇡ 0.18� (mWb�1, Peak-local)

@F

@ 

�����
(µ,J)

⇡ 0

P? /
B

V
⇠

1

L7

P|| /
1

L2V
⇠

1

L6

@F

@ 

�����
(µ,J)

⇡ 0



Thomas Roberts, "Local Regulation of Interchange Turbulence in a Dipole-Confined 
Plasma Torus using Current Injection Feedback", Ph.D. Columbia University, (2015). 

Matthew Worstell, "Symmetry Breaking and the Inverse Energy Cascade in a Plasma", 
Ph.D. Columbia University (2013). 

Matt Davis, "Pressure profiles of plasmas confined in the field of a dipole magnet", Ph.D. 
Columbia (2013). 

Sumire Kobayashi, "Gyrokinetic Simulations of Closed Field Line Systems", Ph.D. 
Dartmouth (2010). 

Antoin Cerfon, "Analytic calculations of MHD equilibria and of MHD stability boundaries in 
fusion plasmas", Ph.D. MIT (2010). 

Yoshihisa Yano, “Experimental analysis of he magnetic field structure on the high-beta 
plasmas in the magnetospheric plasma device,” 2010, PhD, U. Tokyo 

Jennifer Ellsworth, "Characterization of Low-frequency Density Fluctuations in Dipole-
confined Laboratory Plasmas", Ph.D., MIT, (2010). 

Brian Grierson, "Interchange Turbulence in a Dipole-Confined Plasma," Ph.D. Columbia 
(2009). 

Alex Boxer, "Interchange Stationary Profiles in the Levitated Dipole Experiment (LDX)", 
Ph.D., MIT, (2008). 

Alexie Kouznetsov, "Theoretical prediction of τau_E and β in a large aspect ratio LDX", 
Ph.D., MIT (2007). 

Eugenio Ortiz, "Observation of Hot Electron Interchange Instability in a High Beta Dipole 
Confined Plasma", Ph.D. Columbia (2007). 

Ishtak Karim, "Equilibrium and Stability Studies of Plasmas in a Dipole Magnetic Fields 
Using Magnetic Measurements", Ph.D., MIT, (2007). 

Natalia Krasheninnikova, "Effects of hot electrons on the stability of a closed field line 
plasma," Ph.D. MIT (2006). 

Haruhiko Saitoh, "Experimental Study on the Confinement of Electron Plasma and 
Formation of Flow of Neutral Plasma in an Internal Conductor System", Ph.D., Univ. Tokyo 
(2005). 

Ben Levitt, "Global Mode Analysis of Centrifugal and Curvature Driven Interchange 
Instabilities," Ph.D. Columbia (2004). 

Dmitry Maslovsky, "Suppression of Nonlinear Frequency Sweeping of Resonant 
Interchange Modes in a Magnetic Dipole with Applied Radio Frequency Fields," Ph.D. 
Columbia (2003). 

John Tonge, "Particle Simulations of Instabilities in Space and Astrophysical Plasmas", 
Ph.D. UCLA (2002). 

Andrei Simakov, "Plasma stability in a dipole magnetic field", Ph.D. MIT (2001). 

Harry Warren, "Observation of Chaotic Particle Transport Driven by Drift-Resonant 
Fluctuations in the Collisionless Terrella Experiment," Ph.D. Columbia (1994). 

and 10 M.S. Dissertations

19 PhD Dissertations

Turbulent Interchange Transport

Brian
Grierson

(2009)

0.128 0.130 0.132 0.134
 

-2

0

2

m
=

3

-5

0

5

m
=

2

Temporal Mode Functions

-5

0

5

m
=

1

  

Convective Structures Dynamics
8 ms

m = 1

m = 2

m = 3



Outline
• Two laboratory magnetospheres: LDX and RT-1, having large flux-tube expansion 

• Particle transport and turbulent relaxation to centrally-peaked profiles (LDX) 

• Matt Davis (PhD Columbia) and Alex Boxer (PhD MIT) 

• Understanding entropy mode turbulence near marginal stability (GS2) 

• Sumire Kobayashi (PhD Dartmouth/Rogers) 

• Achieving record high local β by stabilizing fast electron interchange instability (RT-1) 

• Yoshihisa Yano (PhD Univ Tokyo/Yoshida) 

• Opportunities and on-going research linking Space and Laboratory Magnetospheric 
Confinement
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Levitated Dipole Experiment (LDX)

Two 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



Levitated Dipole Experiment (LDX)

Laboratory Magnetospheres: Designed for Maximum Flux Tube Expansion

1.8 m
2 m

3.6 m
Ring Trap 1 (RT-1)
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Large Flux Tube Expansion Maximizes Plasma’s 
Stable Pressure Gradient

Rosenbluth and Longmire, “Stability of plasmas confined by magnetic fields,” Ann Phys, 1, 120 (1957) 
Gold, “Motions in the magnetosphere of the Earth,” JGR, 64 1219 (1959) 
Garnier, et al., “Magnetohydrodynamic stability in a levitated dipole,” PoP, 6, 3431 (1999). 
Krasheninnikov, et al., “Magnetic dipole equilibrium solution at finite plasma pressure,” PRL, 82, 2689 (1999)

Ideal MHD interchange instability limits plasma pressure gradient 
relative to the rate of flux-tube expansion…
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Magnetosphere: Magnetopause plasma sustained by solar wind 
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and steep pressure gradients are MHD stable, even as β >> 1.
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Figure 9: (a) Experiment on ring current effects with vertical screen. Note that the east side of the screen 
is illuminated, while a current of trapped electrons would illuminate the west side (see dicussion in text). 
(b) The bright illuminations on the screen along the magnetic field were interpreted as due to field digned 
current?. 

in the same way as decribed by Birkeland. This theory has far-reaching consequences, since it 
underscores that  the  electric current systems in the Earth's atmosphere are directly coupled to 
current systems in the interplanetary space. Moreover, the quotation above shows that Birkeland 
realized that an ionosphere exists, at  least in connection with aurora. The ionosphere was discovered 
by E. V. Appleton in 1925. 

In support of this interpretation Birkeland calculated the magnetic field perturbations from var- 
ious current pattern of this kind, and obtained very convincing agreement with observed patterns. 
Unfortunately, these results were overlooked by the space physics community for more than half a 
century, with the result that incorrect theories of ionospheric currents and magnetic storms prevailed 
until results £rom satellites confirmed the existence of currents along the magnetic field in 1973 [16]. 
These currents are now generally called "Birkeland currents". 

The cyclo-median storms appear as a large current vortex with the center on relatively low 
lattitudes. Today they -are attributed to high energy photons from solar flares causing turrents due 
to changes in ionospheric conductivity due to increased ionization. Birkeland observed similar current 
structures with very high energy cathode rays in his terrella-experiments, and St0rmer was able to 
explain these results by calculating the orbits of such particles (Fig. 11). 

As for many of the orbit calculations, the energy of the trajectories calculated were very much 

The Early Great Terrella Experiments Explored the  
Magnetospheric/Ionospheric Current Structure and the “Auroral Hypothesis” 

Danielsson and Lindberg (1964)

Birkeland (1903)

Rypdal and Brundtland, J. Phys. IV France 07, C4-113 (1997).



Hubble (Dec 9, 2000)

Magnetospheric Dynamo:  
100 TW Auroral Power 

Regulates Interchange Motion

The Laboratory Magnetosphere Explores Stability and Transport 
Without Field-Aligned Currents and Without the Magnetospheric Dynamo  

Jupiter
e- e-

Hill and Vasyliünas, "Jovian auroral signature of Io's corotational wake," JGR, 107, 1464 (2002).



Comparing Laboratory and Planetary Magnetospheres

Low-frequency (ω ~ mωd)

High-frequency (ω ~ nωc)

Internally driven interchange instabilities

Externally-driven by solar wind

Externally-driven by applied µwave power

Internally-driven by plasma chorus

Ionosphere?
No*

Yes
Very large and 

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



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

RT-1 (U Tokyo)



Ring Trap 1 (RT-1)

2m

Laser Z-Detector

Plasma and Fusion Research: Regular Articles Volume 4, 020 (2009)

3. Design Specification and Perfor-
mance of Each Component

3.1 High-temperature superconductor tape
The specifications of the internal coil are listed in Ta-

ble 2, and a schematic drawing is shown in Fig. 4. Here we
employed an Ag-sheathed Bi-2223 tape manufactured by
pressurized sintering. Table 3 shows the characteristics of
the Bi-2223 tape, where the critical current is in the range
of 100-120 A at 77 K, s.f., 1 µV/cm, and the length of each
tape is ∼400 m. Since the residual resistance is quite im-
portant for the persistent current mode, we have paid much
attention to the n-value of the Bi-2223 tape, where n-value

Table 2 Specifications of the floating HTS coil.

HTS tape Ag-sheathed Bi-2223 tape
Coil radius Rc = 0.25 m
Winding method Single pancake
Stack number 12 pancakes
Magnetomotive force Im.f. = 250 kA
Coil current Ic = 115.6 A
Coil inductance Lc = 3.3 H
Stored energy Wenergy = 22 kJ
Coil weight 110 kg
Operation temperature 20-40 K
Maximum magnetic field B⊥ = 1.12 T B// = 1.57 T

Fig. 4 Cross section of the floating coil.

Table 3 Characteristics of the HTS conductor.

Tape size thickness, 0.23 ± 0.03 mm;
width, 4.2-4.6 mm

Critical current > 100 A at 77 K, s.f. 10−6 V/cm
n-index > 18 (10−9-10−6 V/cm)
Silver ratio 1.5
Tensile strength > 100 MPa

is defined by V = Vc(I/Ic)n, and the residual resistance
has been measured up to a range of 10−9 V/cm. In addi-
tion, deterioration of the n-value in the winding process is
a concern. The n-value has been measured for all twelve
single pancake coils, and it was confirmed that the residual
resistances were less than 10−9 V/cm for each coil.

A double pancake is produced by connecting two sin-
gle pancakes with a silver plate at the inner side of the coil.
Six pairs of double pancake coils are stacked in RT-1 and
connected at the outer side of the coil. We paid attention to
minimize the magnetic field produced by these connection
lines, because an error field would induce deterioration of
the magnetic field for the plasma confinement and rotation
of the floating coil in the toroidal direction. As a result, by
properly distributing the connection lines in the toroidal di-
rection, the maximum magnetic field error on the surface
of the internal coil is suppressed to less than 0.2% of the
dominant dipole field [17].

As shown in Fig. 4, the HTS coil is covered with a
thermal shield made of copper, and the HTS coil and ther-
mal shield are wrapped in super-insulation. The HTS coil
is directly supported through the vacuum vessel of the in-
ternal coil, by paying attention to not only enhance me-
chanical strength but also reduce the thermal load [18].

The maximum magnetic field perpendicular (parallel)
to the Bi-2223 tape is 1.12 T (1.57 T). This results in dete-
rioration of the critical current of the HTS tape, while oper-
ation at a reduced temperature (e.g., ∼30 K at most) might
increase the critical current. By taking these two effects
into account, the critical current of the HTS coil in RT-1 is
estimated to be 223 A. Because the operation current is set
to 115.6 A, the load rate of the HTS coil is 52%.

3.2 Cooling system
Three G-M cryocoolers with ∼50 W in total at 20 K

are prepared, and a helium circulation compressor supplies
cooled helium gas with a mass flow rate of 2 g/s to the HTS
coil through the transfer tube. The helium gas is pressur-
ized to 5 atmospheres.

A demountable transfer tube system is developed. In
the Mini-RT device, an organic seal of Kel-F was em-
ployed, and careful connection of the check valve was re-
quired. In RT-1, a VCR connection with a metal gasket is
employed. The VCR connection is operated from outside
of the vacuum vessel with a double Wilson sealed struc-
ture [18].

3.3 Excitation scenario and PCS
As shown in Fig. 4, a PCS made of a YBCO thin film

on a sapphire substrate is attached on the outer surface of
the HTS coil; the characteristics of this PCS are listed in
Table 4. By elevating the temperature of this YBCO thin
film to 100 K, an electric resistance of 0.67Ω is generated,
resulting in the switch-off condition. This YBCO thin film
is cooled by thermal conduction through the HTS coil, be-

020-5

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

0.63 T

Tech Note: 
PCS (YBCO) 

Persistent Current Switch



Launching/Catching Superconducting Ring



2 m

Launcher/Catcher

Electron 
Cyclotron 
Waves

Levitated Dipole Experiment (LDX)

Laser Z-Detector

DTG – 4/10/05 – 15

Floating Coil Cross-Section

CAPTION

1. Much work

2. Some here.

3. Not entirely

trivial.

4. Painful

5. Sailboats

6. And easy one.

7. Don’t get me

started

8. Blah

9. Blah

10. Blah

11. Not done yet..

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

×20 Larger Magnet Energy 
×20 Larger Plasma Volume 

CL

2.13 T



Tech Note:  
Routine and Reliable Levitation with Upper “Attractive” Levitation Coil 

Excellent Control (± 4mm) even with High β Plasma Ring Current

Confinement Improvement with Magnetic Levitation 

of Superconducting Dipole

D.T. Garnier 1), A.C. Boxer 2), J.L. Ellsworth 2), J. Kesner 2), M.E. Mauel 1)

1) Department of Applied Physics, Columbia University, New York, NY 10027, USA

2) PSFC, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

e-mail contact of main author: dg276@columbia.edu

Abstract.  We report the first production of high beta plasma confined in a fully levitated laboratory dipole using 
neutral gas fueling and electron cyclotron resonance heating.  The pressure results primarily from a population of 
energetic trapped electrons that is sustained for many seconds of microwave heating provided sufficient neutral 
gas is supplied to the plasma. As compared to previous studies in which the internal coil was supported, 
levitation results in improved particle confinement that allows higher-density, high-beta discharges to be 
maintained at significantly reduced gas fueling.  Elimination of parallel losses coupled with reduced gas leads to 
improved energy confinement and a dramatic change in the density profile.  Improved particle confinement 
assures stability of the hot electron component at reduced pressure. By eliminating supports used in previous 
studies, cross-field transport becomes the main loss channel for both the hot and the background species. 
Interchange stationary density profiles, corresponding to an equal number of particles per flux tube, are 
commonly observed in levitated plasmas.  

1. Introduction

The dipole confinement concept [1, 2] was motivated by  spacecraft observations of planetary 

magnetospheres that show centrally-peaked plasma pressure profiles forming naturally  when 

the solar wind drives plasma circulation and heating. Unlike most other approaches to 

magnetic confinement in which stability requires average good curvature and magnetic shear, 

MHD stability in a dipole derives from plasma compressibility  [3–5]. At marginal stability 

δ(pVγ) = 0 (with p the plasma pressure, 

€ 

V= dl /B∫  is the differential flux tube 

volume, and γ = 5/3), and an adiabatic 

exchange of flux tubes does not  modify the 

pressure profile nor degrade energy 

confinement. Non-linear studies indicate that 

large-scale convective cells will form when 

the MHD stability  limit is weakly  violated, 

which results in the circulation of plasma 

between the hot core and the cooler edge 

region [6]. Studies have also predicted that 

the confined plasma can be stable to low 

frequency (drift wave) modes when η=dln 

Te/d ln ne>2/3 [7]. The marginally  stable case 

to both drift  waves and MHD modes, is thus 

where:

p � V � and
n � V �1.
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Figure 3.11: Response of the levitation system to a high beta plasma. The signal

of the F-coil position is shown in the upper window and the signals of IL and a

diamagnetic current are shown in the lower window. A rise time of the diamagnetic

signal is less than 50 ms in this discharge.
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magnetism in the case shown in Fig. 3.11.

Levitation coil current decreases under feedback control for high β plasma.
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• Two laboratory magnetospheres: LDX and RT-1, having large flux-tube expansion 

• Particle transport and turbulent relaxation to centrally-peaked profiles (LDX) 

• Matt Davis (PhD Columbia) and Alex Boxer (PhD MIT) 

• Understanding entropy mode turbulence near marginal stability (GS2) 

• Sumire Kobayashi (PhD Dartmouth/Rogers) 

• Achieving record high local β by stabilizing fast electron interchange instability (RT-1) 

• Yoshihisa Yano (PhD Univ Tokyo/Yoshida) 

• Opportunities and on-going research linking Space and Laboratory Magnetospheric 
Confinement



Solar wind drives radial diffusion in planetary magnetospheres.  
In the laboratory, Central heating excites instability, and Centrally-Peaked 

Pressure and Density are 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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Entropy Modes have changed the way we think about 
Turbulent Self-Organization 

Sumire Kobayashi, Rogers, and Dorland, “Particle Pinch in Gyrokinetic Simulations of Closed Field-Line Systems,” PRL, 105, 235004 (2010). 
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)

Entropy mode transport depends upon the relative gradients of density and 
temperature profiles, and η determines the direction of particles flux… 

‣ When η > 2/3 (a “warm core”), particles pinch inward & temperature outward. 

‣ When η < 2/3 (a “cool core”), particles outward & temperature pinches inward.

The MHD interchange mode limits pressure gradients, but entropy modes drive turbulent 
“self-organization” even when MHD interchange is stable.  
 
Entropy Modes regulate density and temperature gradients, driving η → 2/3.
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Measurement of Pressure and Density Turbulent Self-Organization in LDX 
Matt Davis (PhD Columbia) and Alex Boxer (PhD MIT)
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Example Plasma Discharges: Supported vs. Levitated Coil

Matt Davis, et al., "Pressure profiles of plasmas confined in the field of a magnetic dipole," PPCF 56, 095021 (2014).
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4

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

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

C. Elimination of Upper Mirror Currents

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

81 ±  5 cm

2.1 ±  0.2

g

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

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

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

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

Global energy confinement 14 ms 11 ms

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

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

Reconstruction Results in Very Good 
Accuracy of Pressure Profile 

P⊥ ~ P||

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

J⊥ =
B ×∇P⊥

B2
+

B × κ

B2
(P|| − P⊥)

2
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FIG. 1. A schematic drawing of the LDX experiment. Closed
magnetic field lines are illustrated with solid black contours;
open field lines are shown with dashed black contours. The
fundamental ECRH resonance surfaces for the 2.45 GHz
source and the 6.4 GHz source are illustrated with thick
dashed lines. Locations of the azimuthal magnetic flux loops
are shown by the red dots. Locations and orientations of the
poloidal field coils are shown by the blue arrows with yellow
dots.

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

J =
B ⇥ r · p̄

B2
=

B ⇥ r · p?
B2

+
�
pk � p?

� B ⇥ 

B2
(3)

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

J� = �2⇡R
@p?
@ 

� 2⇡R
�
pk � p?

� @

@ 
(lnB) (4)

where R is the radial coordinate and  is a poloidal flux
function ( = RA�, where A� is the azimuthal compo-
nent of the magnetic vector potential).

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

balance [14] the perpendicular pressure is [15]

p? = G( )

✓
B0

B

◆2a

(5)

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

The flux function G( ) is defined

G ( ) =

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

p0
⇣
 � 

fcoil

 0� 
fcoil

⌘↵
,  >  0 + � 

A 2 + B + C ,  0 + � �  >  0 � � 

p0
⇣
 
 0

⌘4g
,    0 � � 

(6)

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

The poloidal flux function,  , is related to the az-
imuthal current by the partial di↵erential equation

�⇤ = �µoRJ�( ) (7)

where�⇤ ⌘ R2r·
� r

R2

�
, and µo is the permeability of free

space. Equation 7 is iteratively solved on a grid (see Fig.
3) to determine the plasma boundary and distribution of
plasma currents.

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

B. �2 model fitting

Model parameters are determined by a nonlinear �2

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

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   

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)

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

Levitated

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

• Supported: 

• High peak beta, β ~ 40% 

• No thermal confinement 

• Ideal MHD unstable 

• Levitated: 

• Peak beta, β ~ 10% 

• Broad profile shows good 
thermal confinement 

• Marginally stable Δ(PV5/3) ≥ 0
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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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11 kW/100 J ⇒ η ≈ 1.2Edge fueling and central ECRH creates a “warm core” with η > 2/3

• 11 kW ECRH creates thermal plasma energy:  Wth ≈ 100 J. 

• Measured edge Te ≈ 15 eV, density profile, and stored energy, 
imply central Te ~ 500 eV 

• “Warm core” with η > 2/3 ~ 1.2 

• ρ* ~ 0.02,   ωd/2π ≈ 0.8 kHz 

• Semi-collisional thermal electrons:  2π νe/ωb ~ 0.006 
(Thermal electrons bounce > 100 times in a collision time.)

Alex Boxer, et al., “Turbulent inward pinch of plasma confined by a levitated dipole magnet,” Nat Phys 6, 207 (2010). 
Matt Davis, et al., "Pressure profiles of plasmas confined in the field of a magnetic dipole," PPCF 56, 095021 (2014).

Example thermal profile: Short-pulse heating before 
appearance of energetic electrons…

Levitation

 η = Δ(lnT) / Δ(ln n) ≈ 1.2 

Warm Core: Δ(nV) > 0 and Δ(TV2/3) < 0



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

D = lim
t!1

Z t

0
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Z t
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 ̇(t) = RE'(t) = r · E⇥B

Edge Probe Array 
Measures Radial 

E×B Velocity

Ryan Bergmann 
(MIT)

Alex Boxer, et al., “Turbulent inward pinch of plasma confined by a levitated dipole magnet,” Nat Phys 6, 207 (2010).
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Turbulent Fluctuations Propagate in Electron Drift Direction 
(during edge gas fueling)

RΔ
φ 

= 1
.5 

m

Floating Potential (Φ > ± 100 V)

ω ≈ m ωd ~ 2 π m 700 Hz 
m = 1, 2, 3, 4, 5, 6, …  

Inverse mode structure cascade, chaotic mode dynamics, …

|Eφ| ~ 55 V/m (RMS)       τc ~ 16 µsec

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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Rate of Inward Diffusion Agrees using Measured Interchange 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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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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“Bursty” Inward/Outward Filaments

Ou
tw

ar
d 

In
wa

rd
 

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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Vr ~ Cs/10

Toroidal Average Flux (Δφ ~ 22 Deg)

REφ ~ ΔΦ/Δφ Radial Flux ~ (Eφ/B) × Isat
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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).



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)
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Li-Pellet Injection Increases Central Density (×5), Cools Core 
Temperature, and Decreases η < 2/3

η > 2/3 (“warm core”/edge fueling)  becomes  η < 2/3 (“cool core”/pellet fueling) 
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“Cool Core”/Li Pellet Fueling Reverses Direction of Particle Flux
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Outline
• Two laboratory magnetospheres: LDX and RT-1, having large flux-tube expansion 

• Particle transport and turbulent relaxation to centrally-peaked profiles (LDX) 

• Matt Davis (PhD Columbia) and Alex Boxer (PhD MIT) 

• Understanding entropy mode turbulence near marginal stability (GS2) 

• Sumire Kobayashi (PhD Dartmouth/Rogers) 

• Achieving record high local β by stabilizing fast electron interchange instability (RT-1) 

• Yoshihisa Yano (PhD Univ Tokyo/Yoshida) 

• Opportunities and on-going research linking Space and Laboratory Magnetospheric 
Confinement
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(a) Dipole Interchange-Entropy Modes (b) Tokamak ITG-TEM Modes

η < 2/3

η > 2/3

stable stable

ITG

TEM

ITG & TEM

MHD Interchange Unstable

ω < 0

Physics Tools Used to Understand Magnetic Confinement in Tokamaks can be 
Applied to the Laboratory Magnetosphere

Weak gradients: ωp* ~ ωd 

Stable by compressibility and  
field line tension

Steep gradients: ωp* >> ωd 

Stable by average good curvature and  
magnetic shear

X. Garbet, Comptes Rendus Physique 7, 573 (2006)From Ricci, et al., Phys Plasma, 13, 062102 (2006)
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Chapter 1: Introduction

!!!!!!!"#$%&'()!*$+&!,-.!

!!!!!!!/()!*$+&!,-.!

!!!!!!!0+'1%#$!,-.!

Figure 1.16: Particle and heat flux in Zpinch limit for ⌘ = 4.5, d = 3.2, and T
e

/T
i

=
10.

1.10 High-⌘ branch

1.10.1 Zpinch limit: “pinched particle flux”

Now we turn into the high-⌘ branch. Fig. 6.3 shows particle and heat flux as a

function of time in the Zpinch limit. The solid blue, the dashed red, and the dashed-

dotted green lines indicate the electron heat flux, ion heat flux and the particle flux,

respectively. In this case, the magnitude of the ion heat flux is much lower than the

electron heat flux because T
i

is much lower than T
e

(T
i

/T
e

= 10). Interestingly, in

this branch, the particle flux is negative, which means that the plasma particles are

transported up against the density gradient. This phenomena is called particle pinch.

When T
i

6= T
e

, the heat flux of the lower temperature species is weakly pinched as

well.
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Gyrokinetic Simulations of Closed Field Line Systems 
Sumire Kobayashi (PhD Dartmouth)

Sumire Kobayashi, Rogers, and Dorland, “Particle Pinch in Gyrokinetic Simulations of Closed Field-Line Systems,” PRL, 105, 235004 (2010). 
Sumire Kobayashi, Rogers, and Dorland, “Gyrokinetic Simulations of Turbulent Transport in a Ring Dipole Plasma,” PRL 103, 055003 (2009).

• 5D Gyrokinetic (GS2) simulations and quasilinear 
theory of entropy mode turbulence consistent with 
observations. 

• “Warm Core”, η > 2/3, creates inward particle pinch 
and outward heat transport. 

• “Cool Core”, η < 2/3, creates outward particle pinch 
and inward heat flux. 

• Furthermore: Nonlinear simulations show zonal flows, 
with significant transport reduction, appear at low 
collisionality.
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Chapter 1: Introduction

Plasma Turbulence and Transport  !
In a Ring Dipole System!

Sumire Kobayashi and B. N. Rogers!
Dartmouth College!
W. Dorland  !

University of Maryland, College Park !

Figure 1. Entropy Mode growth rate 
calculated by GS2 for several density 
gradients.  Red: fprim=20, Green: 
fprim=15, Yellow: fprim=10, Blue: 
fprim=8, where fprim= a*/N dN/dr.  
vnewk=0. !

 INTRODUCTION 

SUMMARY 

Gyrokinetic GS2 simulations of plasma turbulence and particle and 
heat transport in a dipole magnetic field geometry created by a ring 
current are presented. These simulations are relevant to the levitated 
dipole experiment (LDX) at MIT, and also have potential applications 
to magnetospheric dipole fields.  In addition to ideal interchange and 
ballooning modes, a non-MHD mode known as the entropy mode is 
present in this system.  The entropy mode has a scale length smaller 
than ideal modes (eg, k!"i ~ 1) but comparable growth rates. We 
explore the physics of turbulent transport generated by entropy 
modes. !

!! - We are exploring the physics of turbulent transport 
generated by entropy modes !

!! - There are enormous variations in the nonlinear dynamics as a 
function of the density, tenperature gradients and the plasma 
collisionality !

!! - This variation is explained in part by the damping and stability 
properties of spontaneously formed zonal flows in the system 
as was the case for Z-pinch                                                                           "

REFERENCES!

-! 3D Flux Tube Simulation !
-!  We choose the flux tube 
located at 0.4 *ring radius !
-! Electrostatic!
-! Ti=Te!

-! Includes some kinetic effects !
(FLR, Landau damping, trapped 
particles) !
-! valid for all orders of k!"i, k!"e!
-! "i << L, !
-! k|| << k! !
-! # << $ci  !

Kesner et al, Nuclear Fusion, Vol 41, No 3, IAEA, 2001. "

Ricci et al, Physics of Plasmas, DOI: 10.1063/1.2205830, 2006."

Ricci et al, Phys Rev Letters, December 15, 2006."
Simakov et al, Physics of Plasmas, Vol. 8, Number 10, October 2001."

Simakov et al, Physics of Plasmas, Vol. 9, Number 1, January 2002."

GS2 SIMULATIONS 

Figure 3. Electrostatic Potential for !
a)!vnewk (ion) = 0.00001 for t = 150, 300, 1100!
b) vnewk (ion) = 0.1 for t = 0, 55, 279!

Linear Growth Rate!

-! Ideal Interchange Mode !
 (MHD ) !

Nonlinear Simulations!

-!Study turbulent transport generated by a entropy mode !
(Focus on parameter regimes where ideal mode stable)!

-! different Collisionality and Density and Temperature Gradients  !

-!Higher Zonal Flow for lower collisionality and lower density gradients!
-!Strong Zonal flow reduces heat and particle flux as in Zpinch case!

-Convergence Study (for number of energy grids, Fourier modes)!
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[Ricci et al 2006]!

Figure 2. Particle and Electron Heat flux vs d (= Ln/R for zpinch) for !
vnewk (ion) = 0.1 (Green), vnewk = 0.001 (Blue), and vnewk = 0.00001 (red).!
Note, T’= 0.!

b)!

Figure 5. Particle and Heat flux vs eta (Ln/LT) with !
vnewk = 0.00001, fprim=15 (close to MHD stability boundary ).  !
a)!ion heat flux (red), electron heat flux (blue). !
b)!ion and electron particle flux (red).  !

Linear phase !
(entropy mode)!

a)!

Note, the flux approaches to zero as !
eta (= dlnT/dlnN) ~ 2/3 !
- consistent with the theory for the entropy mode.!

Nonlinear !
Saturated turbulence!

Onset of Nonlinear 
phase!

Figure 4. Typical Particle Flux v.s. Time plot 
showing linear and nonlinear saturation 
phases.!
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Figure 1.8: Electrostatic potential generated by entropy modes for d = 1.34, ⌘ = 0,
and ⌫ = 0.15 for the dipolar flux tube.

exponentially due to the exponential growth of the modes. When the amplitude of

the modes becomes large, the KH instability is triggered (t ⇠ 230), and modes reach a

saturated level at the later nonlinear phase. From now on, when we mention particle

and/or heat flux, we refer to these nonlinear saturated flux levels.

1.9 Low-⌘ branch

1.9.1 Simulations with only density gradient N 0 (⌘ = 0)

First, we compare the results of particle flux at two di↵erent locations discussed

earlier in the low-⌘ branch. In particular, we focus on the ⌘ = 0 case, in which plasma

pressure gradient consists only of density gradient (N 0 6= 0) while the temperature is

constant (T 0 = 0). Fig. 1.10 shows particle flux as a function of d. The the density

gradient and the free energy of the system increase with d. The simulations with

three di↵erent collisionalities are represented by three colored curves. The highest

collisional cases are shown in the green curves, having 100 times higher collisionality

14



• “Warm Core”, η > 2/3, creates inward 
particle pinch and outward heat 
transport. 

• “Cool Core”, η < 2/3, creates outward 
particle pinch and inward heat flux.

GS2 show Entropy Modes Drive Turbulent “Self-Organization”  
even when MHD Interchange is Stable

Sumire Kobayashi, Rogers, and Dorland, “Particle Pinch in Gyrokinetic Simulations of Closed Field-Line Systems,” PRL, 105, 235004 (2010). 
Sumire Kobayashi, Rogers, and Dorland, “Gyrokinetic Simulations of Turbulent Transport in a Ring Dipole Plasma,” PRL 103, 055003 (2009).
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High-! !Stable!

Low-! ! High-! !

-! Gyrokinetic Quasi-linear Theory !

Comparison with quasi-linear theory !

-! Quasi-linear theory is consistent with GS2 simulations !

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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When Te >> Ti, Linear Theory Shows Entropy Mode Reverses Direction with η

Ricci, et al., "Gyrokinetic linear theory of the entropy mode in a Z pinch," 13, 062102 (2006).
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When Te >> Ti, Linear Theory Shows Entropy Mode Reverses Direction with η

Ricci, et al., "Gyrokinetic linear theory of the entropy mode in a Z pinch," 13, 062102 (2006).
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When Te >> Ti, Linear Theory Shows Entropy Mode Reverses Direction with η

Ricci, et al., "Gyrokinetic linear theory of the entropy mode in a Z pinch," 13, 062102 (2006).
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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



Outline
• Two laboratory magnetospheres: LDX and RT-1, having large flux-tube expansion 

• Particle transport and turbulent relaxation to centrally-peaked profiles (LDX) 

• Matt Davis (PhD Columbia) and Alex Boxer (PhD MIT) 

• Understanding entropy mode turbulence near marginal stability (GS2) 

• Sumire Kobayashi (PhD Dartmouth/Rogers) 

• Achieving record high local β by stabilizing fast electron interchange instability (RT-1) 

• Yoshihisa Yano (PhD Univ Tokyo/Yoshida) 

• Opportunities and on-going research linking Space and Laboratory Magnetospheric 
Confinement



Stable Toroidal Plasmas at Very High Local β 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 β = 10  



Measuring Record Peak β ~ 1 with Internal Hall Probe in RT-1 
(Yoshihisa Yano, PhD Univ Tokyo)

J⊥ =
B ×∇P⊥

B2
+

B × κ

B2
(P|| − P⊥)

4.2. Typical Discharges 59

2.45GHz

8.2GHz

1.6�m plasma

Interferometry
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Transmitter

Figure 4.2: Top view of the microwaves and interferometry system. The waveguide

of the 2.45 GHz microwave is seeing the F-coil from midplane and the waveguide of

the 8.2 GHz microwave is seeing it obliquely from above.
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Figure 4.3: Drawing of the magnetic surfaces and the vertical position of the flux

loops.
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Figure 6.18: The arrangement of the new Hall probe system and the magnetic

surfaces.
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Figure 6.19: The photograph of the interior of the probe. Fourteen Hall elements

are mounted. Hall elements are electrically shielded by stainless steel (SUS304).

Equilibrium Profile Reconstruction

Internal Hall Probe for Accurate 
Ring Current Profile Reconstruction

Dessler-Parker-Sckopke Relationship: 
Earth’s Magnetosphere Energy = 0.54 GJ/A × IRC  

LDX’s Plasma Energy = 0.12 J/A × IRC 

Plasma Ring Current ~ Energy ~ Peak Beta

6.4. Diamagnetic Field below the Plasma 105

Hall�elements�are�here

Thermal�shield
(Alumina)

Figure 6.20: The photograph of the exterior of the probe. The probe is thermally

protected by a ceramic pipe.
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Figure 6.21: The photograph of the Hall probe which is installed in the vacuum

chamber.

Hall Sensors



Measuring Record Peak β ~ 1 with Internal Hall Probe in RT-1 
(Yoshihisa Yano, PhD Univ Tokyo)
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Equilibrium Profile Reconstruction

80% Peak β 
5 mWb

Internal Hall Sensors25 kW 8.2 GHz 
19 kW 2.45 GHz

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-β and high-density state of a magnetospheric plasma in RT-1," Phys Plasmas 21, 082511 (2014). 

Saitoh, et al., "High-β plasma formation and observation of peaked density profile in RT-," Nuc Fus 51, 063034 (2011).

� ⇡ 0.18� (mWb�1, Peak-local)



Hot Electron Interchange (HEI) Instability Must be Stabilized to Achieve High β 
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Achieving High β with ECRH Requires Stabilization of Hot Electron Interchange Mode and  
Creates a stable “Artificial Radiation Belt”

• ECRH always generates energetic electrons 

• Hot Electron Interchange (HEI) modes appear with both 
supported and levitated magnets whenever the plasma 
density is too low. 

• HEI instabilities are drift-resonant (ω ~ mωdh ~ 1 MHz), 
have global structures, with nonlinear frequency chirping. 

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

• Can be stabilize with dense, colder plasma:

(Six PhD Dissertations: Harry Warren, Maslovsky, Levitt, Krasheninnikova, Grierson, Ortiz)

�
d lnnhot
d lnV

> 1+
m2

?
24

!dh

!ci

nion
nhot| {z }

Cold Density Stabilization

± 100 V



RT-1 Achieved Record Peak β > 1 with 50 kW ECRH 8.2 GHz Heating

 β > 1 

Higher µWave frequency makes higher density accessible. 
 Higher µWave power creates higher peak local β.

50 kW 8.2 GHz ECRH

Higher Power and Higher Density



RT-1 has Three Regimes of High-β 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-β and high-density state of a magnetospheric plasma in RT-1," Phys Plasmas 21, 082511 (2014).



Outline
• Two laboratory magnetospheres: LDX and RT-1, having large flux-tube expansion 

• Particle transport and turbulent relaxation to centrally-peaked profiles (LDX) 

• Matt Davis (PhD Columbia) and Alex Boxer (PhD MIT) 

• Understanding entropy mode turbulence near marginal stability (GS2) 

• Sumire Kobayashi (PhD Dartmouth/Rogers) 

• Achieving record high local β by stabilizing fast electron interchange instability (RT-1) 

• Yoshihisa Yano (PhD Univ Tokyo/Yoshida) 

• Opportunities and on-going research linking Space and Laboratory Magnetospheric 
Confinement



• 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. 

• Fascinating radial transport processes relevant to space 
and to many toroidal confinement devices: up-gradient pinch, 
zonal flows, bursty interchange filaments, avalanches … 

Nonlinear gyrokinetics provides a good model for 
predicting radial transport driven by interchange and entropy 
instabilities

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



Answering Hasegawa’s 1987 question:  
Magnetospheric physics does apply to magnetic confinement in the laboratory

✓ LDX, RT-1, theory and simulation show no limits scaling to 
stable high-β equilibria to larger size.   

➡ Turbulent self-organization and centrally-peaked profiles 
appear to be robust and (should?) persist to large size, … 
 
With only a small superconducting magnetic, we could 
create and study very large confined plasma for … 

➡ Fundamental plasma physics 

➡ Space science and technology 

➡ Magnetic plasma confinement science
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



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

A Large Space Chamber Could be Filled with a 
Laboratory Magnetosphere creating a  

National Space Plasma Science and Technology Center

30 m




