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“Plasma Diffusion in Magnetic Fields”

Outline

• Gaseous diffusion vs. magnetized plasma diffusion

• B. B. Kadomtsev, Plasma Turbulence, 1965

• T. Birmingham, JGR, 1969

• First observation of strong turbulent pinch in laboratory
(Please be patient: shown on last slide!)
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Gaseous Diffusion
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Magnetized Plasma Diffusion
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Boris Kadomstev
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[Early on] there was no agreement whatsoever between 
the theory of magnetic confinement and experiment: in 
defiance of the idealized theoretical models of a calm 
inhomogeneous plasma in a magnetic field, real plasma 
always exhibited strong oscillations. It was difficult even 
to imagine how one could approach this fervid substance 
with explanations. It was then that the extraordinary 
physical intuition and imaginative thinking of B B 
Kadomtsev came to the fore. Very important … were the 
explanations given by B B Kadomtsev to the experiments 
on plasma instability in a glow discharge placed in an 
external magnetic field and to the experiments of M S 
Ioffe and colleagues concerned with detection of trough 
instability and the resulting loss of plasma. These two 
works by B B Kadomtsev became milestones in the 
theory of controlled fusion, since they refuted the 
prevailing belief in the universality and inevitability of 
Bohm diffusion that shattered the hopes for a feasible 
thermonuclear reactor. B B Kadomtsev's works 
instilled faith in the possibility of gaining control over 
the processes in plasma.

“In memory of Boris Borisovich Kadomtsev,” Physics  
Uspekhi 41, 1155 (1998), by E P Velikhov, V L Ginzburg, 
A V Gaponov-Grekhov, AM Dykhne, L V Keldysh, Yu L 
Klimontovich, V I Kogan, MB Menski|, L P Pitaevski|, V 
E Fortov, N A Chernoplekov, V D Shafranov.
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Magnetized Plasma Torus
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Increasing B
Hoh and Lehnert, 1960

Bostick and Levine, 1955
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Electric Fluctuations (!)

Bostick and Levine, 1955
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Kadomstev’s Analysis (1965)
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Linear Instability
Kadomstev’s Analysis (1965)
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Nonlinear Transport
Kadomstev’s Analysis (1965)

Plasma physics works!!!
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Rad Belt Dynamics Characterized by Adiabatic Invariants: 
Gyration (µ), Bounce (J), and Drift (ψ)

3 kHz

1 Hz

10 mHz

For outer zone e- 

(~ 0.5 MeV)…

With strong B and large size,
three motions separate!
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Perturbed ψ Caused by Global Fluctuations of 
Geomagnetic Cavity (Easily Measured!)
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Collisionless Random 
Electric Convection

α = magnetic flux, ψ
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CTX

CTX: Measurements of Fluctuating 
N(!,ϕ,t) and " (!,ϕ,t)
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Interchange Particle Diffusion
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Flux tube 
particle number

T. Birmingham, JGR (1969)
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Dipole Magnetic Flux Tubes (Rings!)

• Flux tube volume:
‣ #V =  $ ds/B % R4

• Natural profiles:
‣ n #V = constant
‣ P #V& = constant
‣ Density and pressure profiles 

are strongly peaked!

! Density, pressure, and temperature 
at edge and at core are not equal.

Dipole
B % 1/R3

#V % R4

“Naturally Peaked” Profiles in LDX:

δVedge/δVcore ≈ 50
ncore/nedge ≈ 50
Pcore/Pedge ≈ 680
Tcore/Tedge ≈ 14
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Turbulent Particle Pinch
(Magnetic geometry linked with particle transport)
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LDX:
D ≈ 0.047 Weber2/s

V (pinch) ~ 45 m/s (core) and 400 m/s (edge)

Look!
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Levitated Dipole Experiment
MIT-Columbia University

1.1 MA  565 kg
Nb3Sn
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Lifting, Launching, Levitation, Experiments, Catching

J. Belcher
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Levitated Dipole Plasma Experiments
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(a) Side View

Catcher
Raised

Upper Hybrid
Resonances

Open
Field-Lines

Cyclotron
Resonances

(b) Top View

Catcher
Lowered

Closed
Field-Lines

4 Channel
Interferometer

Density Profile with/
without Levitation

• Procedure: 
‣ Adjust levitation coil to 

produce equivalent magnetic 
geometry 

‣ Investigate multiple-
frequency ECRH heating

• Observe: Evolution of density 
profile with 4 channel 
interferometer

• Compare: Density profile 
evolution with supported and 
levitated dipole

Catcher
Raised

Catcher
Lowered

Alex Boxer, MIT PhD, (2008)
24



(a) Side View

Catcher
Raised

Upper Hybrid
Resonances

Open
Field-Lines

Cyclotron
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(b) Top View

Catcher
Lowered

Closed
Field-Lines

4 Channel
Interferometer

Multi-Cord Interferometer Shows Strong 
Density Peaking During Levitation
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Inversion of Chord Measurements
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(likely cause: parallel losses)

Hollow Number Profile!
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Inversion of Chord Measurements
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Naturally Peaked Profiles Established Rapidly
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Naturally Peaked Profiles Established Rapidly

• Initially (~ 4 msec), density 
rises equally for supported 
and levitated discharges

• Only when levitated, central 
density continues to increase

• Natural profiles are created 
in 15-25 msec
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Turbulent Particle Pinch
(linking magnetic geometry and particle transport)

∂N

∂t
= �S� +

∂

∂ψ
D

∂N

∂ψ

LDX:
D ≈ 0.047 Weber2/s

V (pinch) ~ 45 m/s (core) and 400 m/s (edge)

Look!

This is Big
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Floating Potential Probe Array

24 Probes @ 1 m Radius

Ryan BergmannRick
Lations

• Edge floating 
potential 
oscillations

• 4 deg spacing @ 
1 m radius

• 24 probes

• Very long data 
records for 
excellent 
statistics!!
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Summary
• The mechanics of magnetic levitation is proven reliable.

• Levitation eliminates parallel particle losses and creates strong 
peaking of central density and an inward turbulent pinch.

• The strength of the inward pinch is equal to that predicted by 
the measured electric field fluctuations at edge electric field.

• LDX has demonstrated the formation of natural density profiles 
in a laboratory dipole plasma and the applicability of space 
physics to fusion science.

• Increased stored energy consistent with adiabatic profiles: 
a necessary physics requirement for dipole fusion.
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