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of this work.

FIG. 3. Evolution of the energy E and entropy & with-
out forcing in the limit of infinite Reynolds number.
The catastrophe time t~(d) varies like (d-2) ~ near
d =2.

served quantity. This leads us to conjecture the
existence of a similar crossover dimension for
the primitive equations. "
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Auxiliary Heating of a 9-Pinch Plasma by Radial Magnetoacoustic Standing Waves
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Auxiliary heating of a linear 0-pinch plasma column by an externally driven radial mag-
netoacoustic oscillation has been experimentally investigated. The axial field of the 0

pinch eras modulated in time at the frequency of the plasma's fundamental radial magneto-
acoustic oscillation. The dissipation in the plasma column was sufficient to transfer in-
to the plasma at least 9",& of the energy stored in the auxiliary capacitor bank used to
drive the oscillation.

Driven radial magnetoacoustic waves are a po-
tential form of auxiliary heating in 6-pinch de-
vices following the initial implosion. We report
here on preliminary experiments to investigate
such heating. Small-amplitude m = 0, k = 0 natu-
ral radial oscillations were observed'-' and ex-
pla. ined theoretically' on early 0 pinches. In the
results reported here, tne main axial confining

field was weakly modulated by an auxiliary bank
at the resonance frequency of the fundamental ra-
dial oscillation. The amount of additional heating
so obtained was inferred from the plasma temper-
ature, at a. later time after the column had be-
come quiescent. This temperature was compared
with that measured in the absence of resonant
modulation of the confining field.
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FIG. 2. Electron density profiles at t = 8.2 ps fsee ar-
row on Fig. 1(a)] without (solid curve) and with (dashed
curve) resonant field modulation.
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FIG. 1(a). Magnetic field without (solid curve) and
with (dashed curve) resonant modulation. The gas has
been preionized prior to the application of the fields
shown here. The arrow indicates when T +T; is in-
ferred from pressure balance. (b) Effective P = 1 radi-
us, as derived from excluded flux data, without (solid
curve) and with (dashed curve) resonant field modula-
tion. The timing is the same as in 1(a).

These investigations were conducted on the
staged (9 pinch4 at the Los Alamos Scientific Lab-
oratory. The coil length is 450 cm; the discharge-
tube inner diameter is 20 cm. The gas fill was
10 mTorr of D, . A 670-p,F capacitor bank provid-
ed a peak field of 4.5 kG rising in 2, 8 ps, which
was then crowbarred. This main field was mod-
ulated at the radial resonance frequency by firing
into the coil a smaller, 6.6-pF capacitor bank
with a ringing period of 0.9 ps. The modulation
amplitude was small: AB/B a 0.2. The 6.6-pF
bank was fired as the main field peaked, and the
resulting modulation damped after a couple of cy-
cles. The transient oscillation as well as late-
time quiescent density profiles of the plasma col-
umn were measured by holographic interferome-
try. ' In addition, magnetic probe measurements
on axis verified that P) 0.95 at the center of the
column.

Prior to obtaining the results reported here,
the natural y&q =0, k =0 oscillation of the column

was studied by varying the fill pressure, p„and
the confining magnetic field. The peak natural
frequency was found to scale with B&,~(Ip, as
predicted by theory. ' The gas fill and magnetic
field used in the demonstration of wave heating
were chosen to match the natural frequency to
that of the 1.1-MHz auxiliary capacitor bank
availa, ble for driving the oscillation.

Figure 1(a) shows the magnetic field wave form
which immediately followed the preionization
phase of the discharge, both without and with the
addition of resonant modulation. The downward
arrow indicates the time at which the tempera-
ture of the plasma was inferred from pressure
balance. This time was chosen late enough to al-
low the plasma to become quiescent but well be-
fore particle end loss became significant. Fig-
ure 1(b) shows the effective plasma P = 1 radius,
as derived from excluded flux data, for the same
two discharges. The large-amplitude oscillation
and resultant heating led to increased radius (and
therefore temperature) in the case of resonant
field modulation. Figure 2 shows the quiescent
electron density profile at T =8.2 p.s both with
and without resonant field modulation. From
pressure balance, T, + T; = 60 eV on axis for the
case of no modulation. With the rippled wave
form, T, +T, =90 eV, indicating a 50%%u~ increase
in the plasma. temperature due to the small amount
of resonant field modulation.

The detailed time history of the radial oscilla-
tions during the external field modulation was
documented by a closely spaced sequence of holo-
graphic interferograms. ' Figure 3 shows the den-
sity as a function of time at several radii, as
well as the modulated confining field. The zero
of the time scale is the instant when the modula-
tion begins [see Fig. 1(a)]. Because the densities
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FIG. 3. External magnetic field and density at four
radii as functions of time during resonant modulation.
The zero of time scale is taken as the onset of resonant
modulation, i.e. , 2.1 ps into the main discharge.

at all radii appear to oscillate in phase vrith each
other, and because the column radius is a half
wavelength, the plasma column seems to support
a large-amplitude standing rvave. Because the
density oscillation is roughly 90 out of phase
with the external field modulation, a resonant be-
havior is indicated. Taking the average electron
density during the peak modulation to be 6x 10"
cm ' on axis, the pressure-balance total temper-
ature is T, +T,. = 100 eV. Assuming that T; = T,
(the electron temperature was not explicitly mea-
sured), we find that the Spitzer' ion-ion collision
frequency is v« —-6x 10' s '. This is comparable
to the radian frequency (6.9x 10' s ') of the driv-
en oscillation, and so the plasma regime is not
highly collisional. Ohmic heating due to the field
modulation is at least an order of magnitude too

small to explain the experimental results.
A check was made of nonresonant excitation of

the plasma column. A different auxiliary capac-
itor bank was discharged into the I9-pinch coil
with a ringing frequency of 0.7 MHz, well below
the column's natural frequency. For the same
modulation field amplitude as in the resonant
case (1.1 MHz), this off-resonant excitation
yielded less than half as much heating.

An externally driven radial magnetoacoustic
plasma oscillation has been shown to be an ef-
fective method of providing auxiliary heating for
a 0-pinch plasma. Energy stored in the auxilia-
ry capacitor bank eras converted to plasma ther-
mal energy with an efficiency of -

9%%u~ for the res-
onant condition. The increase in temperature
mould have been more dramatic if the plasma
column had not adiabatically expanded between
the application of the resonant modulation and
the measurement of the quiescent profile.

G. B. F. Niblett and T. S. Green, Proc. Phys. Soc.,
London 74, 787 (1959).

P. L. Fischer, T. S. Green, and G. B. F. Niblett,
Plasma Phys. 4, 181 (1962) .

J.B. Taylor, U. S. Atomic Energy Comission Report
No. TID 7582 (unpublished).

R. K. Linford, J. N. Downing, R. F. Gribble, A. R.
Jacobson, D. A. Platts, and K. S. Thomas, to be pub-
lished.

F. C. Jahoda and G. A. Sawyer, in Methods of Exper-
imental I'hysies, edited by R. Lovberg (Academic,
New York, 1971), Vol. 9B, p. 1.

L. Spitzer, Jr. , Physics of Purly loni@ed Gases (%'i-
1ey, New York, 1962).
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B. Yaakobi and L. M. Goldman
Laboratory for Lase~ F~ergetics, University of Rochester, Rochester, Nese York 14627

(Received 28 May 1976)

We have measured the strong x-ray emission of compressed neon gas fill in glass mi-
croballoons, irradiated by a four-beam laser system. X-ray pinhold imaging and spati-
a1ly resolved x-ray spectroscopy lead to estimates of the compressed-gas temperature
and the compression of the glass shell. We find that the product of glass shell thickness
and density at maximum compression is less than 2.5x 10 ~ g/cm . This is consistent
with a degraded compression of the so-called "explosive-pusher mode. "

Deuterium-tritium-filled glass spherical shells
have yielded' the first direct evidence of target
compression by laser irradiation. If such targets
are filled with a heavier gas they can give very
useful additional information even though the neu-

tron emission is lost. We report here on x-ray
measurements of neon-filled glass microballoons
which yield estimates of the neon electron tem-
perature at maximum compression as well as the
maximum compression of the glass shell (through
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