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filling the gas. The toroidal plasma has a major radius of 45
cm and a minor radius of 15 cm. The position of the
filament is adjusted to tailor the profiles. The results
reported here were obtained with the filament located at a
major radius of 45 cm. The data was acquired at different
radial and azimuthal locations using an eight-channel
CAMAC based data acquisition system. The data was
analyzed using standard FFT techniques.
[5] In the laboratory experiment, gravity is simulated

with a centrifugal force while the plasma density gradients
are maintained by a filament. The Rayleigh-Taylor insta-
bility occurs when g and rn are oppositely directed and
both are perpendicular to the magnetic field. Table 1 shows
the parameters of the two systems.
[6] As a diagnostic, we use electric field (or potential)

and density fluctuation measurements made in two of the
situations. In Figure 2 we present density and electric field
spectra from the rocket data after Hysell et al. [1994].
[7] The density fluctuation spectrum displays a character-

istic break that has been observed now on six rocket flights.
The change in spectral form occurs near a wavelength of

50 m, roughly 12 times the ion gyroradius, and strongly
suggests a change in the physics. The electric field spectrum
hardly changes at all. This is made apparent by taking the
ratio of dE2 to (dn/n)2 as shown in Figure 3.
[8] An abrupt shift from a horizontal curve to one rising as

k2 is clear. For the long wavelength (small k) regime it seems
dE and (dn/n) have the same k dependence. This is expected
for flute-mode waves. We know from rocket data that these
waves steepen, leading to the k!2 type spectrum. We have no
waveform data from the laboratory experiment. Since E =
!ikdf, it is also clear that df and dn/n have the same k
dependence for large k. The former is predicted by the
Rayleigh-Taylor instability theory and hence gives us con-
fidence in the observations. The high k result, k values above
the breakpoint k2, has several possible explanations. One
possibility is that these fluctuations are due to drift waves
since for them the Boltzman relationship holds, namely,

dn
n
" qedf
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However, classical diffusion also proceeds in such a way
that the density and potential structures have the same

Figure 1. Zero order density and potential profiles in the
toroidal plasma machine. The ‘‘minor radius’’ might more
properly be termed ‘‘x axis.’’

Figure 2. Electron density and electric field spectra measured during the downleg of 29.028 on 30 July
1990. The altitude range covers % 20 km near 350 km altitude.

Table 1. Systems Comparisons

Parameters F region Laboratory

Plasma density, m!3 1011 1017

Electron temperature, ev 0.098 4
Electron thermal speed, m s!1 1.3 & 105 8.6 & 105

Ion temperature, ev 0.098 0.23
Ion thermal speed, m s!1 756 723
Magnetic field, T 0.3 & 10!4 0.08
Mean molecular weight 16 40
Ion gyroradius, m 4.2 .0038
Ion gyrofrequency, rad s!1 179 1.9 & 105

Ion-neutral collision frequency, Hz 1 6000
Electron gyrofrequency, rad s!1 5.27 & 106 1.41 & 1010

Electron gyroradius, m 0.025 7.5 & 10!5

Electron-neutral collision frequency, Hz 200 8.4 & 106

(10 ' 9) (dimensionless) .0056 & 103 3.2 & 10!2

(13 ' 11) (dimensionless) 3.8 & 10!5 6 & 10!4

geff, m s!2 9 1450
De?, m

2 s!1 0.125 0.05
Di?, m

2 s!1 17.6 0.078
Di11, m

2 s!1 1.14 & 106 174
L (zero order gradient scale length), m 15000 0.2
l (ion mean free path), m 756 0.15
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F-Layer Spread

• Gravitational Rayleigh-Taylor instabilities are well-
studied examples of turbulent interchange 
dynamics. 

• Notes: (i) Large scales, (ii) Rayleigh-Taylor regime 
& Drift-wave regime 

• Refs:  
• Kelly, The Earth’s Ionosphere, (Academic, 1989). 
• Kelly, Franz, Prasad, J. Geophys. Res., 107, 

1432 (2002).
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FIG. 2. Contour plots of the time evolution of the ECE

profile in shot 54018: (a) Electron temperature profile (the
contour step size is 300 eV); (b) perturbation of ECE signal;
(c) chord-integrated soft-x-ray emission profile (horizontal
view).
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3 cm. The soft x rays are detected with a vertical viewing
camera (twenty detectors) and a horizontal viewing cam-
era (sixty detectors) [7]. In order to find mode structure,
it is useful to view the perturbation profile, Fig. 2(b).
Here, the ECE (perturbation) f(t) is defined as

t t+T/2
f(t) =f(t) —— f(t)dt,T ~~—T/2

where f(t) is the ECE signal, and T is 70 ps [a one-cycle
period of the (3,2) mode]. The contour plot of the per-
turbation amplitude provides a visual representation of
the instabilities and facilitates identification of the loca-
tion and relative spatial intensity of the oscillations [8].
The slow degradation in P~ begins at t =3.7 s with the

growth of an (m, n) =(3,2) mode. The (3,2) mode has
only a weak eNect on confinement. About 80 ms later
(at t =3.7799 s), a fast drop in the central electron tem-
perature occurs. Hereafter, we will reference times
from t =3.7795 s, defining h, t =t —3.7795 s. A second,
higher-frequency mode starts to grow at h,T=0.14 ms.
This second mode is located near the radius of the (3,2)
mode. After the onset of the higher frequency mode, the
MHD activity expands inward. At ht =0.3 ms, a strong

Eo 0
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FIG. 3. Comparison of observed soft-x-ray signals and the

signals simulated by the model source function: (a) The ob-
served soft-x-ray signals from the horizontal camera, and the
simulated wave forms from the horizontal camera by the
(m, n) (7,6) model, where the solid line represents experimen-
tal signal and the dotted line represents model simulation; (b)
the observed soft-x-ray signals from the vertical camera, and
the simulated wave forms from the vertical camera by the (7,6)
model; (c) maximum peak-to-peak amplitude of the fluctuation
between 3.77977 and 3.77984 s, where the shaded area is the
base fluctuation level which is sampled between 3.7796 and
3.77965 s; (d) maximum peak-to-peak amplitude of the fluc-
tuation of model simulation; (e) "wave packet" model source
function at time "A"; (f) "wave packet" model source function
at time "B." The times A and B are shown in frames (a) and
(b). Note that the amplitude of the perturbation has increased
as it has moved to the weak-field side of the torus.

n =6 mode appears and the Aattening of the temperature
profile near the q =1.5 surface is completed. During the
crash (At =0.35-0.43 ms), a (1,1) mode appears and the
central electron temperature decreases. Following the
crash, the (3,2) mode appears along with the (1,1) mode.
The estimated radius of the q =1.5 surface from the (3,2)
mode does not change before and after the crash. The
n =6 mode has a growth time of less than 20 p.s. This
mode shows a strong inside-outside asymmetry with a
larger amplitude on the weak-field side as might be ex-

2377
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Plasmapause
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Hubble (Dec 9, 2000)

Magnetospheric Dynamo:  
100 TW Auroral Power 

Regulates Interchange Motion

Io Plasma Torus  

Hill and Vasyliünas, "Jovian auroral signature of Io's corotational wake," JGR, 107, 1464 (2002).10



Io Plasma Torus
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Kink Instabilities: The Most Dangerous Instability for Current-Carrying Plasma

Toroidal “z-pinch”
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Interchange Mode Gravity (& Effective Gravity)
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Dispersion Relation: Gravitational Interchange in Slab Geometry
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Gravitational Interchange in Slab Geometry
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Estimate: Curvature-Driven Interchange (“Cylindrical” Geometry)
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Ballooning Modes
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Ballooning Stability
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Kink Modes  
(The most dangerous instabilities for current-carrying plasma.)
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Next: Reduced MHD

• Cylindrical Reduced MHD 

• Ideal instabilities 

• Tearing instabilities 

• RWMs and FWMs  

• M. Rosenbluth, D. Monticello, H. Strauss, 
and R. White, Phys Fluids 19, 1987 (1976). 

• H. Strauss, D. Monticello, M. Rosenbluth, 
and R. White, Phys Fluids 20, 390 (1977). 

• R. Izzo, et al., Phys Fluids 26, 3066 (1983). 

• G.T.A. Huysmans, J.P. Goedbloed, and W. 
KERNER, “Free boundary resistive modes 
in tokamaks” Phys. Fluids B 5, 1545 (1993).
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Cylindrical Reduced MHD 
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“In memory of Boris Kadomtsev,” by E P Velikhov et al 1998, Phys.-Usp. 41 1155;  
[https://doi.org/10.1070/PU1998v041n11ABEH000508]
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