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New Results

• Fast-electron, gyrokinetic interchange instability creates 
inward-propagating “phase-space holes” (bubbles) 
and a chorus of rising tones. (Maslovsky, PRL, 2003)

• Slow, MHD-like centrifugal interchange instability creates 
broad convection cells that have the same global 
structure as the fast-electron mode. (Levitt, PRL, 2005)

★ With a “nearly levitated” dipole, neutral gas 
programming stabilizes the fast-electron interchange 
mode and creates the first high-beta plasma 
trapped in a laboratory dipole. (Garnier, DPP, 2005)
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Outline
• The Earth’s radiation belts and ring current

• Fast-electron interchange instability in CTX

• Slow, centrifugal interchange instability in CTX

• Creating high-beta plasmas in LDX

๏ Not today: Dipole fusion. Global particle convection and good 
high-beta confinement may make possible D-D(3He) fusion.





“Artificial Radiation Belts”

Van Allen kissing Explorer 4 “good 
bye” before it’s launch to measure 
the artificial radiation belt produced 
by the Argus explosions (1958).

(Explosions continued through 1963. By 1968, belts finally returned to “natural” state.)



What are the 
Radiation Belts?

• Two zones: 

‣ Inner proton and electron 
belt L ~ 1.5

‣ Outer zone, L > 4, electrons. 
Highly variable intensity.

• Highly penetrating energetic 
trapped electrons and protons. 

• Radiation belt particles 
penetrate 0.6 mm of Al!

• Low beta, low fractional 
density, nh/n < 10-4.

Particles/sec/cm2 
Range > 22 mil Al

1 rad/min

25 rad/min

ISS



Where do they come from?

Anomalous Cosmic Rays

Cosmic Ray Albedo Neutron Decay



Where do they come from?

Outer zone “killer” 
electrons driven by 

solar wind variability

Geoffrey Reeves, GRL, 1998 

Coronal Hole toward Earth



Where do they come from?

Outer zone “killer” 
electrons driven by 

solar wind variability

Explorer 26
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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!



Low-Frequency Dynamics is One-Dimensional
(1D, k⊥ρ ≪ 1, Gyrokinetics!)

A. Chan,  L. Chen, R. White, GRL (1989)
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Adiabatic Radial Dynamics
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Linear Response…
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Perturbed ψ Caused by Global Fluctuations of 
Geomagnetic Cavity (Easily Measured!)
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Quasilinear Radial Diffusion
(Farley, Tomassian, Walt)

20
 M

eV
/B

135 MeV/B

F(
µ,
ψ

)

No Diffusion With (Inward!) Diffusion



Cluster II
(Launched 16 July 2000)



Cluster II Wideband Plasma Wave 
Investigation (Don Gurnett, …)



Curlometer
(Vallat, et al., Annales Geophys, 2005)
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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)



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)



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



Tromsø, Norway
July 2005



Birkeland and assistant Olav Devik with his 
Largest chamber and terrella (1913)

The first laboratory plasma physicist!



200 Kroner (~ $30) Issued by Norway in 1994

Back side shows a map of the north polar regions, where Birkeland established a 
network of auroral observatories, and the location of the “Birkeland currents” as 
depicted in 1908.



CTX Plasma Torus 
“Artificial Radiation Belt” 

with ECRH
“Artificial Gravity” 

with 
Radial Current



Rad Belt Dynamics Characterized by Adiabatic Invariants: 

Gyration (µ), Bounce (J), and Drift (ψ)

3 kHz1 Hz

10 mHz

For outer zone e- 
(~ 0.5 MeV)…

With strong B and large size,
three motions separate!

6 GHz
60 MHz

600 kHz

For electrons in lab 
experiments…



Observing Interchange Modes

• Artificial Radiation Belt

‣ “Fast” gyrokinetic interchange

‣                              ,  ωdh/2π ~ 0.1 - 1.0 MHz

• Artificial Gravity

‣ “Slow” centrifugal interchange

‣                         ,  ωg/2π ~ 0.2 - 1.0 kHzγg ∼
√

ωciωg

γh ∼
√

ωciωdhα



Collisionless Terrella Experiment (CTX)

CHAPTER 3. COLLISIONLESS TERRELLA EXPERIMENT 23

1 m

!Wave Power
CL

Cyclotron
Resonance

67 cm

Biasing Array

Probe #5

Probe #1

Probe #4

Probe #3

Probe #2

Mach Probe #1

Mach Probe
#2

Figure 3.2: Schematic of CTX. A general layout shows The vacuum vessel, magnetic topology,

microwave resonance location, diagnostics and new installations to the device to be discussed

in Sec. 3.3.

High-field, 0.2 MA-turn
Water-cooled

Magnet



Creating an “Artificial Radiation Belt”

• Low-pressure microwave 
discharge in hydrogen 
(2.45 GHz, 1 kW)

• Energetic electrons (5 – 40 keV) 
produced at fundamental 
cyclotron resonance:  
an “artificial radiation belt”

• Electrons are strongly magnetized 
(ρ/L ≪ 1) and “collisionless”. 
Equatorial drift time ~ 1 µs.

• Intense fluctuations appear when 
gas pressure is adjusted to 
maximize electron pressure 



Hot Electron (Fast) Interchange Instability

± 100 V



Multiple Low-m Modes & Frequency Sweeping

38 CHAPTER 4. HOT ELECTRON INTERCHANGE INSTABILITY IN CTX
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Figure 4.4: Azimuthal mode structure of the observed fluctuations. (1) magnitude of the

correlation, (2) azimuthal phase of the correlation, and (3) floating potential fluctuations.

m = 3

m = 2

m = 1

• Chaotic drift-resonant 
transport measured during 
dense spectral content. 
(Warren, PRL, 1995)

• Quasi-coherent frequency-
sweeping indicates 
collisionless wave-
particle dynamics.

• Multiple probe correlation 
measurements determines 
global mode structure.

±
10

0 
V



Bursting “Phase-Space” with Low-Power RF
(Maslovsky, PRL, 2003)

Related work:  Heeter, Fasoli, Sharapov, PRL (2000)



Jovian Rotation Drives Io Mass 
Outward ~1 ton/sec

Eruption
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Creating “Artificial Gravity” through 
Rapid Plasma “Co-Rotation”

• Floating potential scales with 
radius as Φ ~ R-1 (negative bias)

• Corresponds to rigid rotation 
in a dipole, ωe/2π = 18 kHz

• Potential profile consistent with 
radial current proportional to the 
field-line integrated Pedersen 
(ion-neutral) conductivity:
     
       I ≈ 8π M ωe(R) Σp(R)  

• Σp(R) is constant if density 

profile, n ~ R-6, exceeds 
centrifugal instability threshold.

CHAPTER 5. CENTRIFUGALLY DRIVEN INSTABILITIES IN CTX 63

Figure 5.2: Radial scan of the floating potential with and without the presence of the external

bias.

ure 5.2 are presented in Figure 5.3. We use only the non-limited points from Figure 5.2 in

these calculations. The potential fits a 1/r profile, giving a 1/r2 electric field, a linear veloc-

ity profile and a constant frequency, ie. rigid body rotation. These results will be matched

closely with both experimental observation from fluctuations propagating in the E×B frame

in the next section and from equilibrium calculations in Section 5.3.

Figure 5.4 shows the Langmuir probe profile measured on the equatorial plane. Although

the bias does cause the sign of the current drawn by the Langmuir probe to switch sign,

as seen in Figure 5.1, it is possible to still measure ion saturation current at certain outer

locations within the plasma. Ion saturation current is shown normalized between one moving

Langmuir probe and one stationary probe. Ion saturation current is related linearly to density

through the relation Iisat ≈ 0.61eN0A
√

Te/mi, where A is the surface area of the probe, N0

is the unperturbed plasma density, Te is the electron temperature, mi is the ion mass and e is

the elementary charge. Profiles of Iisat are compared in the presence of the external bias and

without, and show overlapping profiles. We also plot the marginally stable density profile for

interchange instabilities in a dipole geometry, which will be discussed in the next chapter,

CHAPTER 5. CENTRIFUGALLY DRIVEN INSTABILITIES IN CTX 65
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Figure 5.4: Normalized ion saturation radial profile between one movable Langmuir probe

and one stationary probe for the biased and unbiased case. The solid black lines show the

marginally stable profile from interchange linear theory, n ∝ r−4.

simply to demonstrate that the measured profiles are sufficiently steep to drive interchanges.

In fact, the profile appears much steeper at this location. Due to the Te dependence it is

impossible to know the profile exactly without doing full Langmuir characteristics at each

probe location.

To monitor the density profile closer to the core of the plasma, soft x-ray measurements

were taken, since material probes destructively interfere with the plasma. An array of

three diodes focused on the inner, central and outer plasma regions respectively, measure a

flattening of the density profile at the inner plasma region in the presence of the bias relative

to the case without the bias. This observation is shown in Figure 5.5, and is also consistent

with interchange motion, which should cause diffusion of hot inner plasma and, therefore,

density profile flattening. The probe measurements in Figure 5.4 don’t show this since they

are near the plasma edge.

The power provided in spinning up the plasma is measured from the voltage and current

monitors on the DC bias power supply. The dependence of supplied power on external bias

is shown in Figure 5.6. Plots for several different values of background neutral fill pressure
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Centrifugal (Slow) Interchange Excited by 
Rapid Plasma Rotation

(Levitt, PRL, 2005)

(Seconds not msec)

(kHz not MHz)

Applied Radial Voltage



At Lower Density, Centrifugal Instability 
Modulated by Hot Electron Interchange Bursts
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Modeling Interchange

✓ Interchange mode structure (relatively easy)

✓ Adiabatic nonlinear dynamics 

• Transport, dissipation, confinement (not easy)



Interchange Mixing in Dipole: Route to 
“Electrostatic Self-Organization”

! “Inward” Adiabatic Heating

‣ Ring current intensification

‣ Storm-time belt formation

! “Outward” Transport/Profile 
Consistency

‣ Planetary winds (Centrifugal)

‣ Magnetic confinement

! “Phase-Space” Structure

‣ Drift-echos (injections)

‣ Holes (bubbles)

‣ Frequency sweeping

‣ Centrally-peaked profiles

Plasma

“Electrostatic”
Convection

Nonlinear 
Physics

Dipole 
B

Energy

Energy

!

!
!



Flux-Tube Integrated Dynamics
Gyrokinetic Electrons and Cold Ion Fluid Coupled through 

2D Electric Fields

Electrons (F ∝ neV) Ions (N ∝ niV)

Electric Potential
(Constant along B-line & small dissipation)
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Self-Consistent, Nonlinear, Flux-Tube Integrated, 
Simulation Reproduces Dipole Interchange Dynamics

✓ Global mode structure

✓ Frequency sweeping

✓ Mode amplitude

✓ RF scattering effects

✓ Combined centrifugal (slow) 
& gyrokinetic (fast) effects

➡ Initial value; no sources



Gyrokinetic Interchange Creates Persistent 
Phase-Space Structures

• Low energy (slower) electrons resonantly interact before 
(faster) high energy electrons.

• Field-line integrated phase-space spatial structures have energy 
dependence since drift frequency ∝ energy.

• Oscillations persist at drift resonance of high energy electron 
pressure peak. 

µB ~ 1.5 keV µB ~ 5.0 keV µB ~ 7.5 keV
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Physical Picture of 
Frequency Sweeping Suppression

1.0 MHz

Location of a ~100 V phase-
space “hole” at 1.0 MHz. 
ω = m ωd(µ,L)

304 MHz704 MHz

RF cyclotron resonant fields 
applied are localized at the 
outer flux surfaces - locations 
where phase-space “holes” are 
initiated

RF mixing along µ causes the 
phase-space “holes” to fill/
untrap and suppress frequency 
sweeping

(L)



Nonlinear Simulation Reproduces 
Measured Frequency Sweeping Suppression
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this induces global chaos. The energetic electrons (heated by the 2.45 GHz microwaves

and localized near the equatorial position where B = 875 G) are expelled radially by the

HEI bursts while preserving µ and J [19, 20]. As the electrons move outward, no further

cyclotron resonance is possible because of the magnetic mirror effect. The collisionless, out-

ward radial transport therefore creates an energetic electron “disk” at the dipole’s equator

that limits resonance with the 2.45 GHz microwaves. Frequency sweeping is only observed

after the outward expansion of the energetic electrons when the radially-broadened energetic

electron “disk” can support phase-space “holes” that do not experience RF scattering from

the B = 875 G cyclotron resonance.

We have modified a nonlinear, self-consistent numerical simulation in order to interpret

the observed frequency sweeping suppression. This simulation is described fully elsewhere[12,

13] and reproduces the observed frequency sweeping. The simulation explicitly solves for the

evolution of cold ion and energetic electron number densities and the electrostatic potential,

Φ, on the (ψ, ϕ) plane. (ψ, ϕ) are simultaneously the canonical coordinates of the electrons’

guiding-center drift Hamiltonian (i.e. the electron phase-space) and the magnetic coordinates

of the dipole, B = ∇ψ×∇ϕ [21]. Plasma E×B drifts, ion polarization drifts, and energetic

electron magnetic drifts determine particle dynamics, and Poisson’s equation in magnetic

coordinates determines the nonlinear evolution of the potential.

Cyclotron resonance due to the applied microwave and RF fields is modeled as causing

diffusion of energetic electrons in µ-space according to:

∂

∂t
F (µ, ψ, ϕ, t) = D(ψ, t)

∂2

∂µ2
(F − F ∗) (1)

where D is the magnitude of simulated diffusion, and F ∗(µ) is a reference distribution

function that is defined so that ECRH diffusion leaves unchanged the initial electron energy

distribution while redistributing the distribution on any flux tube containing phase-space

“holes.” The magnitude of diffusion is related to the effective collisionality specified in Berk’s

formulation (Ref. [6] Eq. 14) by ν3
eff = 9D(ψ) (cB/eψ)2; however, νeff is not uniform across

phase-space in our model. To simplify comparison with Ref. [6], we define 〈νeff〉 to be the

flux average of νeff (ψ). The radial variation of D(ψ) depends upon the frequency of the

applied microwave or RF fields. We model D(ψ) to be largest at the equatorial cyclotron

resonance and to vanish for flux surfaces differing by factors exceeding ±10% to ±25%. By

modeling the initial radial profile of the trapped electrons to represent (within experimental

7

~ 50 W~ 14 W



Relative Strength of Centrifugal and Curvature 
Drives Determine Mode Structure



Centrifugal (Slow) Interchange with Rigid Rotation
Computed in Rotating Frame

Unstable Growth and Saturation from Noise

5% Hot Electron Fraction

20% Hot Electron Fraction
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Phase Measurements Show “Spiral” Mode 
Structure of Centrifugal Mode
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Dipole Interchange Modes have 
Broad Radial StructuresCHAPTER 4. CURVATURE DRIVEN INSTABILITIES IN CTX 57
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Figure 4.11: Comparison of radial mode structure computed from the nonlinear simulation

(solid lines) with the observed profiles of the normalized correlation amplitudes for m = 1,

2, and 3 as well as the solutions to Equation 4.12.

Hot Electron InterchangeCentrifugal Interchange

(2D Poisson’s Equation: Computed mode structure shown with solid lines.)



LDX: A New Confinement Experiment

Large 5m Diameter Vessel: 
Very Large Plasma (x4 CTX)

Three Superconducting 
Magnets: Long Pulse 
Plasmas

Multiple-Frequency 
Microwave Heating: 
High Temperature Electrons 
& Profile Control 

Better Diagnostics:   
Still more to do…!!

MIT-Columbia University



Big Plasma “Ring Current” Observed!

• Plasma currents reconstructed from 
least-squares best fit to magnetic 
diagnostics (and inductive coupling to 
superconducting coil.)

• For a given pressure profile shape, 
diagmagnetic current is proportional 
to stored energy. (Dessler-Parker-Sckopke)

• Plasma current up to 4 kA ~ 300 J! 
(Global energy confinement τE ~ 50 ms)

• Motion of ring current radius indicates 
profile evolution 
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Three Regimes in LDX…

• Intense, quasi-continuous hot-electron 
interchange pulsations. Visible image 
shows inward fast-electron transport.

• High-beta (~10%), higher-density. 
Quasi-steady state. Bright “halo” 
surrounds fast-electrons.

• “Afterglow” lasting several seconds. 
No heating; lower density. Fast-
electrons visible as neutrals penetrate.
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Continuous “Bursty” Fluctuations During Low-Density

• Low-Density Regime characterized by 
(negative) bursts of energetic electrons.
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Isolated Relaxation Events 
During High Beta Regime and During Afterglow

• At high β, periodic “relaxation” 
events occur a few times per second. 
Outward motion of ring currrent. 
(Also, x-ray and µwave bursts !)

• Depending upon neutral fueling and 
heating power, relaxation events can 
be small or fully disrupt high-beta 
regime.

• HEI can appear in (nearly?) all cases

• LDX is the first to observe the HEI in  
a high-beta dipole plasma!
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All Events Characterized by Frequency Sweeping
(E. Ortiz)



Where is the High-β Plasma?
Visible



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

J. Ellsworth



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

X-Ray Inversion
(2.45 GHz only)

ECRH Res

Light Inversion
(Afterglow)
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Where is the Ring Current?
(I. Karim)

• 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
+

B × κ

B2
(P|| − P⊥)



Family of Profiles with Same χ2

• More than 1 m separation between 
plasma current and magnetic detectors. 

• Profiles with same plasma dipole 
moments, fit magnetics equally well.

• New, nearby magnetic sensors to be 
installed.

➡ Where is the pressure peak? 
Answer: at ECRH Resonance

0.6 0.8 1 1.2 1.4 1.6 1.8 2

-15000

-10000

-5000

0

5000

10000

15000

20000
Plasma Current !A"m^2#

0.6 0.8 1 1.2 1.4 1.6 1.8 2

50

100

150

200

250

300
Plasma Pressure !Pa#

0.6 0.8 1 1.2 1.4 1.6 1.8 2

0.02

0.04

0.06

0.08

0.1
Plasma Β

χ2 Peak P Ip (kA)

10.4 0.70 3.2

10.6 0.77 3.1

10.7 0.80 2.9

50318014



Summary
• Dipoles provide magnetic confinement for hot plasma in nature 

and in the laboratory.  

• The dipole has a unique field structure for study of confined 
plasma: unmatched diagnostic access, well-characterized magnetic 
geometry, and fascinating (and musical) wave-particle interactions. 

• Two types of global interchange instabilities excited/modeled:

‣ Hot electron interchange (fast) modes illustrate collisionless 
gryokinetic dynamics with “phase-space” mixing and “bubbles”.

‣ Centrifugal interchange (slow) modes illustrate MHD mass 
flows and convective mixing.

• The world’s first high-beta dipole-confined plasma has been 
created in LDX. LDX offers a new facility to study high-beta 
instability, “electrostatic self-organization”, controlled convection, 
energy and particle confinement, …


