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Abstract
Magnetic levitation of the LDX superconducting dipole causes significant changes 
in the measured diamagnetic flux and what appears to be fascinating temporal 
evolution of plasma diamagnetic current. This poster describes the reconstruction 
of plasma current and plasma pressure profiles from external measurements of 
the equilibrium magnetic field, which vary substantially as a function of time. 
Previous free-boundary reconstructions of plasma equilibrium [1] showed the 
plasma to be anisotropic and highly peeked at the location of the cyclotron 
resonance of the microwave heating sources. Reconstructions of the peaked 
plasma pressures confined by a levitated dipole incorporate the small axial motion 
of the dipole (+/- 5 mm), time varying levitation coil currents, eddy currents 
flowing in the vacuum vessel, constant magnetic flux linking the superconductor, 
and new flux loops located near the hot plasma in order to closely couple to 
plasma current and dipole current variations.

[1] I. Karim, et al., “Equilibrium reconstruction of anisotropic pressure profile in 
the levitated dipole experiment.” J. Fusion Energy, 26 (2007) 99.
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Key Points
• During magnetic levitation, vertical motion of the 

superconducting dipole, changes in the levitation 
control coil current, and induced eddy currents 
couple to magnetic diagnostics.

• We “self-calibrate” the magnetics using levitation 
current ramps and pre-programmed “jogs” of dipole’s 
vertical position.

• Using data from the calibration shots, the induced 
eddy currents are calculated (and digitally “removed”) 
by inverting coupled linear ODEs. This allows…

• Use of previous magnetic reconstruction methods. 
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Magnetic Detectors
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Reconstruction
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Outline
(1)Previous magnetic reconstruction results from 

LDX and space

(2) “Self calibration” using levitation control and 
dipole position ramps

(3) How much current in the superconducting 
dipole? Measurement using weight

(4) Estimating the diamagnetic plasma current

(5) Initial plasma pressure reconstruction. Best fit 
pressure is isotropic during levitation!
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(1) Previous Results
• High beta plasmas created like those 

found in magnetosphere

• Anisotropic

• Required x-ray imaging to determine 
peak pressure

• Ring current ∼ Plasma Stored Energy
(Wp ≈ 170 (J/kA) Ip)
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Ring Current:
Trapped, High-β Protons (15-250 keV)

• Greatly intensified during geomagnetic 
storms

• Ti ~ 7Te and P⊥ ~ 1.5 P||

• Monthly storms: ~5 MA. (LDX: 3-4 kA)
10 MA storms few times a year. 

• Current centered near L ~ 4-5Re; 
∆L ~ 2.6Re wide and ∆z ~ 1.6Re; 
Not axisymmetric.

• Curlometer during storms:
 JRC ~ 25 nA/m2 (Cluster II, 2005)

AMPTE/CCE-CHEM Measurements
Averaged over 2 years

(De Michelis, Daglis, Consolini, JGR, 1999)
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Dst and the 
Dessler-Parker-Sckopke Relation 

(Burton, McPherron, Russell, JGR, 1975)

Solar Wind Pressure

Solar Wind Convection Field

5 MA
Dst

1-5 Days

• Disturbed Storm Time 
Index (Dst):

∆BH = (µ0/2) × IRC/Rrc 
measured near equator 
plus Earth’s induction fields!
(LDX:  ∆IF ≈ – 0.25 Irc)

• Dessler-Parker-Sckopke:

Energy = 0.54 GJ/A × IRC 
(LDX:  0.12 J/A)
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Centrally-Peaked Proton Pressure
(Even with Plasma Sheet, Outer-Edge,  Source!)

AMPTE/CCE-CHEM Measurements
“Quiet Conditions” IRC ~ 1 MA

(De Michelis, Daglis, Consolini, JGR, 1999)

P ~ L-3.3

beta
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Where is the Ring Current?
(I. Karim, 2007)

• 8 flux loops

• 9 normal-B sensors

• 9 tangential-B sensors

• Constant flux constraint on 
superconducting dipole 

• Isotropic now (P⊥ > P|| in future)

• 26 measurements; 
3 unknowns: (p0, ψ0, g) …
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TABLE I: Magnetics reconstruction assuming
p(ψ) =∝ pe0(ψ − ψfcoil)

α(ψ/ψ0)
4g.

Shot number (5/13/05) 11 29

F-coil Current (kA·T) 772 926

ECRH at 2.45 GHz (kW) 3 3

ECRH at 6.4 GHz (kW) 3 3

Core line average density (m−3) 5.6×1016 3.3×1016

Neutral pressure (torr) 4.8× 10−7 3.4× 10−7

Edge temperature (eV) 10 10

Edge Density (m−3) 1.1×1016 6.2×1015

Hot electron energy JLE

Time of equilibrium (s) 3.8 5.8

Adiabatic parameter, g 2.7 3.0

Power Law parameter, α 1.7 3.0

Net Plasma Current (A) 3164 4229

Reduction of F-coil current (A·T) 836 1067

Dipole Moment (A · m2) 2870 4223

Peak Pressure (Pa) 214 224

neh for Teh=100 keV (m−3) 1.4×1016 1.4×1016

Mean beta, 〈β〉 (%) 1.5 1.8

Peak beta, βmax (%) 10.6 13.5

pmax location, R0 (m) 0.72 0.77

Current centroid (m) 0.93 0.97

Stored Energy (J) 233 341

hot electron pressure to form a “halo”.)
Table 1 lists the equilibrium parameters from the

reconstruction of two discharges during the high-beta
regime, heated with the same power of multiple-
frequency microwaves, but differing in the total current
within the floating coil. For these reconstructions, the
pressure peak was assumed to be located at the funda-
mental cyclotron resonance of the 2.45 GHz microwaves.
The model pressure profile for these reconstructions had
the form

p(ψ) = p0

(
ψ − ψfcoil

ψ0 − ψfcoil

)α (
ψ

ψ0

)4g

, (2)

where α = 4g(|ψfcoil/ψ0|− 1), and ψ0 is the value of the
poloidal flux at the pressure peak. Far from the limiter
location on the floating coil, |ψ| " |ψfcoil|, the pressure
profile scales as p(r) ∼ r−4g yielding δ(pV g) ≈ 0. When
the floating coil current was 0.926 MA·T, the best fit
equilibrium had a peak beta of βmax ∼ 14%, a volume-
average 〈β〉 ∼ 1.8%, and a stored energy of 341 J. No-
tice, in both cases the profile parameter, g, significantly
exceeds γ = 5/3, indicating that the HEI is not subject
to the δ(pV γ) < 0 (MHD) constraint.

X-ray pulse height analysis indicates that that Teh ∼
100 keV and in combination with the peak pressure de-
termined from magnetics this implies that neh ∼ 2 −
3 × 1016 m−3. The cut-off density for 2.45 GHz heating

(ωpe/2π = 2.45×109 s−1) is 7.4×1016 m−3 and if the to-
tal plasma density were near the cutoff value the hot elec-
tron fraction would be ∼0.2. At 100 keV the hot electron
drift frequency in the plasma core is fdh ≈ 400− 1000 n
kHz with n the toroidal mode number.

Two Langmuir probes, which enter the plasma on the
outer midplane and from an upper port respectively,
were utilized to measure edge temperatures and den-
sities. The edge density, nsol was typically found to
be nsol ∼ 1 × 1016 m−3 and electron temperature was
Tsol ∼ 10 eV indicating a pressure psol ∼ 0.03 Pa. The
density along a midplane cord was also measured using a
60 GHz microwave interferometer. These measurements
give a line-averaged density of between ∼ 3 × 1015 and
∼ 3× 1016 m−3.

We conclude that during the first stage of operation,
LDX has identified three discharge “regimes” having
unique physics properties and has achieved a peak equa-
torial plasma beta above 10%. We have identified the
beta-limiting instability driven by a large fractional den-
sity of energetic trapped electrons as the hot electron
interchange mode.

This work was supported by the US DoE.
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B ×∇P⊥

B2
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B × κ
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(P|| − P⊥)
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“Best Fit” Anisotropic 
Equilibrium: 

Supported Dipole
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2.45 and 6.4 resonance.

Out[352]//TableForm=

Parameter Fit Value Fit Value Fit Value

Χ2 15.1592 14.3351 14.5942

Ip 3817.59 3516.76 3356.57

∆If #941.977 #794.85 #738.437
p 0 1 2

P!perp"#P!$$" 1 3 5

R!peak" 0.716667 0.716667 0.716667

Γ 1.66667 2.40741 2.40741

Γ#!5#3" 1. 1.44444 1.44444

Press!Rpeak" 112.614 459.7 594.78

J Centroid 1.1976 1.19639 1.23389

Moment !A m2" 6152.34 5207.42 5251.09

Max Perp Β 0.137991 0.206572 0.267272

Perp Β!Rpeak" 0.0218796 0.0893144 0.115559

Avg Perp Β 0.070594 0.0354153 0.0383653

Plasma Volume 28.7984 28.7984 28.7984

Energy !J" 297.15 329.847 306.234

E#Ip !J#kA" 77.8369 93.7928 91.2342

“Record” High Beta Discharge

High !!

Steep 
Gradient!
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Where is the High-β Plasma?
X-Ray
E > 40 keV

J. Ellsworth
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Abel Inversion (Equatorial) Show Profiles 
Highly Peaked Near 2.45 GHz Resonance

X-Ray Inversion
(2.45 GHz only)

ECRH Res

Light Inversion
(Afterglow)

ECRH Res
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High β Anisotropic Pressure Produced 
when Dipole is Mechanically Supported

Journal of Fusion Energy, Vol. 26, Nos. 1/2, June 2007 ( 2007)

The effect of anisotropic pressure is also evident in
these contour pictures. The pressure contours do not
coincide with the flux contours, and the pressure
becomes more localized to the midplane as it becomes
more anisotropic.

Plasmas with the highest values of Ip and b are
created by combining both 2.45 and 6.4 GHz heating
frequencies. However, the X-ray images do not show a
clear pressure peak in this case, and we suspect that
the pressure profile may not be as well represented by
the model profile defined above. The sum of the mean-
square deviations between the best-fit model profile
and the magnetic measurements doubles as compared
with single-frequency heating, and this may be due to
the presence of two pressure peaks, one at each
resonance location. If Rpeak is assumed to be midway
between the resonances and p = 2, then 5 kW of
heating creates a best-fit plasma (shot 50513029) with
Ip = 3.5 kA, DId ¼ "0:8 kA,Wp = 330 J, g= 2.8,
peak perpendicular pressure of 750 Pa, and maximum
local beta of b ¼ ð2b? þ bjjÞ=3 ¼ 21%. If Rpeak

moves outward and closer to the 2.45 GHz resonance
by 5 cm, the best-fit gives b= 23%;moving it inward
by 4 cm towards the 6.4 GHz resonance results in the
best-fit of b = 18%. Figure 2 shows the contours of
the best-fit pressure and current profiles for the
highest hbi discharge.

SUMMARY AND DISCUSSION

High b, anisotropic pressure profiles have been
produced in LDX by application of up to 5 kW of
dual-frequency ECRH. The magnetic sensors are

Fig. 2. Reconstructed high-beta equilibrium resulting from 5 kW
heating with 2.45 and 6.4 GHz microwaves. With P?=Pjj ¼ 5,
the diamagnetic current was 3.3 kA with a peak local beta
exceeding 20%.

Fig. 1. Contours of the reconstructed pressure profiles superim-
posed onto the X-ray images measured during (top) 2.45 GHz
heating and (bottom) 6.4 GHz heating.

Fig. 3. Contours of v2 for best-fit equilibria for the equilibrium
shown in Fig. 2. Solid lines show the 50% and 25% confidence
levels that would result with the addition of three new flux loops
near the axis. Dotted lines show the same confidence levels with
the existing 26 magnetic detectors.

101Anisotropic Pressure Profile in the Levitated Dipole Experiment
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Newly Installed Internal Flux Loops 
Couple Better to Plasma Currents
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(2) “Self Calibration”

• With a levitated dipole, flux loops respond 
to control fields 

• Control coil only: mutuals and induced 
eddy currents

• Dipole vertical displacement: mutuals
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Typical Levitation
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• External flux loop

• Internal flux loop

• ≈ 10 kA⋅turn 
variation of 
levitation control

• ≈ 4 mm motion of 
1.1 MA⋅turn dipole

HEI Burst

Question: What is the plasma 
contribution to magnetic signals?

Plasma Current Causes
Dipole to Rise
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Response from 
Levitation Control Coil
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• Response from steady 
levitation current 
determines mutual 
inductance

• Response during constant 
current-ramp drives a 
constant eddy current

No plasma; No dipole.
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Induced Eddy 
Currents

• Constant control current ramp 
drives a constant eddy current

• We need to find the mutual 
between eddy current and 
detector & the wall eddy 
decay time, τW

• The ratio of eddy current 
pick-up, MEIE, to dIL/dt is 
equal to τwMEKLE
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Eddy Decay 
Time (τw)

• Take the numerical derivative 
of (MEIE)

• Find the ratio of this derivative 
to the eddy-drive shown below. 

• τw ≈ 71 msec for Flux Loop #5.

dMEIE

dt
=

1
τw

[
−(MEIE)− (τwKLME)

dIL

dt

]
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Dipole Vertical 
“Jog”

• Without plasma, program a 
vertical displacement of dipole.

• After subtracting direct response 
from control coil, determine the 
response due to δz. 

• For Flux Loop #5, 0.011 mV⋅s/mm
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No plasma; Yes dipole.
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Measured Coupling Coefficients

Flux Num ML 
(µH)

KLME 
(µH)

τw 
(ms)

Gz 
(mV⋅s/mm)

1 48.4 42.0 21.7 -51.4

2 42.1 36.9 23.3 -59.8

3 35.4 33.5 26.4 -78.7

4 12.5 11.9 58.2 -30.5

5 9.41 8.37 71.3 -9.97

6 11.3 10.8 60.5 -30.2

7 1.64 1.11 148.5 85.9

8 1.15 1.02 118.8 79.9

9 0.584 0.406 167.3 56.8

10 (5 turns) 334.5 177.8 14.9 -245.4

11 (10 turns) 79.5 66.8 14.2 -1307

13 (30 turns) 14.4 10.2 25.7 -13,960

14 (50 turns) 5.94 5.79 25.1 -11,710
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(3) How Much Dipole Current?

• Dipole current must be known for equilibrium 
reconstruction. We “measure” dipole current 
using gravitational force balance.

• Measured weight of dipole is 565 kg

• Control current required for levitation is

• Measured dipole position (z ≡ 0) gives dipole 
current of 1.116 MA⋅turn
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F-Coil Charge
mF g = −dMFL

dz
(IF (0)−MFLIlev/LF )Ilev

1.559 kA w M = 565 kg 1.558 kA w M = 565 kg

1.116 MA⋅turns Charge
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(4) How Much Plasma Current?

• Compute the direct and 
induced contributions 
from control coil and 
dipole displacement

• Least-squares best fit 
to find plasma dipole 
moment and location of 
diamagnetic current 
profile
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Higher Power ECRH and Levitation 
Produces Peak β ~ 35%

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 

!(pV") = 0 (with p the plasma pressure, 

! 

V= dl /B"  is the differential flux tube 

volume, and " = 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 #=dln 

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

to both drift  waves and MHD modes, is thus 

where:

p ∝ V γ and
n ∝ V −1.

1! !                           IC/P4-12
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FIG. 1. Schematic of LDX device showing  

electron cyclotron resonance zones configuration.
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(4) How Much Plasma 
Current?

• Control-coil pickup is 
large for coils located 
nearby, at top of vessel

• High-power levitated 
discharges have large 
diamagnetic currents…

• Ip ≈ 9 kA, 3×larger 
than previous!!

• Plasma stored energy 
more than 1 kJ
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(5) Plasma Equilibrium with 
Levitated Dipole

• First reconstructions with levitated dipole show 
best fit profiles are isotropic

• Plasma volume is 40% smaller (less stored energy)

• Best fit isotropic profile is broad for full heating 
power example: 10 GHz + 6.4 GHz + 2.45 GHz
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Example Reconstruction
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Isotropic Pressure !p ! 0"

Parameter Fit Value

Χ2 6.33824
Ip "6581.13
∆If 1368.44
p 0
P!perp"#P!$$" 1
R!peak" 0.75
Γ 1.25
Γ#!5#3" 0.75
Press!Rpeak" 139.12
J Centroid 1.18396

Moment !A m2" "9808.07
Max Perp Β 0.415474
Perp Β!Rpeak" 0.0237723
Avg Perp Β 0.147046
Plasma Volume 11.4694
Energy !J" 736.583
E#Ip !J#kA" "111.923

2 4 6 8 10

!0.010

!0.008

!0.006

!0.004

!0.002

All Magnetics t " 7.

Peak Pressure at
Innermost Closed 

Field Line
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Best Fits
w/Anisotropy

Parameter Fit Value Fit Value Fit Value

Χ2 6.33824 10.6887 11.8343
Ip "6581.13 "6372.26 "6408.54
∆If 1368.44 1453.31 1477.22
p 0 1 2
P!perp"#P!$$" 1 3 5
R!peak" 0.75 0.75 0.75
Γ 1.25 3.75 4.58333
Γ#!5#3" 0.75 2.25 2.75
Press!Rpeak" 139.12 989.039 1697.85
J Centroid 1.18396 1.14247 1.12411

Moment !A m2" "9808.07 "8343.91 "7992.52

Max Perp Β 0.415474 0.271267 0.416496
Perp Β!Rpeak" 0.0237723 0.169003 0.290122
Avg Perp Β 0.147046 0.0451995 0.0349198
Plasma Volume 11.4694 11.4694 11.4694
Energy !J" 736.583 651.66 669.293
E#Ip !J#kA" "111.923 "102.265 "104.438
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Remaining “To Do” List
• Finalize free-boundary equilibrium calculations. 

(Initial results finished...)

• Compare equilibria during supported and non-
supported operation. Plasma pressure appears 
isotropic during levitation!

• Complete eddy-current structure modeling to 
improve accuracy

• Incorporate additional external and internal 
magnetic probes.

32Saturday, November 15, 2008



Summary
• Magnetic reconstruction of the plasma current 

during dipole levitation requires subtraction of 
direct and induced pick-up from control coils 
and dipole position.

• A “self-calibration” procedure using pre-
programmed control currents is used to 
measure the coupling coefficients

• Plasma currents are measured to exceed 9 kA, 
representing stored energy greater than 1 kJ!!
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