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Abstract

Previous investigations of a plasma subjected to a rotating magnetic
field are extended to include data from laser light scattering. The
electron temperature and density are measured in the center of the
discharge as a function of time. The measurements are compared with

a MHD model of the experiment.
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Introduction

Pinch experiments involve the sudden application of a magnetic field to
an ionized gas. In linear experiments the applied field commonly follows
a single direction: axial for the ©-pinch and azimuthal for the z-pinch.

The screw pinch combines the two so the field takes a helical shape.

It is also possible that the pinching field does not follow a single di-
rection but instead rotates on the plasma surface. Such a configuration
can be thought of as combined rf z-and ©-pinches with the two dephased
by 900. The rotating magnetic field pinch configuration has received some
theoretical and experimental investigation (WEIBEL, 1960; TROYON, 1971;
JONES et al., 1968; BERNEY et al., 1971; IGNAT et al., 1973%; HOFMANN,

1971a).

Previous experimental work has included electrical, spectroscopic, optical,
magnetic probe, and interferometric diagnostics of the interaction between
the plasma and the applied magnetic field. We report here the results ob-
tained from the scattering of ruby laser light at 900. The method has al-
lowed determination of the electron temperature and density in the center

of the tube as a function of time.

Apparatus

The discharge tube has a 15 cm diameter. The distance between the elec-
trodes for drawing z-currents is about 85 cm. The rf magnetic field os-
cillates near 2.5 MHz and grows to a maximum amplitude of approximately
2 kG in 5 psec. One third maximum amplitude is reached in about 1 usec.
Two unidirectional z-current pulses of 22 kA peak current and lasting 5
usec with a 5 psec separation preionize the plasma. For more details,

see IGNAT et al. (1973).

The scattering measurement, which is diagramed in Fig. 1, employs a Q-
switched ruby laser capable of delivering 2 Joules in a pulse of 25 nsec
FWEM. A 100 cm focal length lens focuses the output beam on a cleaning
diaphragm. Thereafter another 100 cm focal length lens images the dia-
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phragm in the axial middle of the discharge tube by directing the laser

beam along the tube axis.

The scattered signal is observed at 900 to the incident beam. A 7 % band-
width interference filter placed in front of the photomultiplier achieves
wavelength selection. A very small portion of the laser beam passes straight
through the final prism. This light provides two weak beams for monitoring
the time of laser firing and the shape of the pulse. The first beam, after
detection by a photodiode, appears on the same oscilloscope trace as the
external probe sensing ©-current. This allows accurate determination of
the laser firing time with respect to the progress of the applied pinching
field. The second beam, delayed for 140 nsec by a light guide, enters the
photomultiplier directly without passing through the wavelength selection
filter. This allows calibration of the photomultiplier and amplifier with
a signal having the same shape and similar amplitude as the scattered sig-
nal. It also gives the laser power in each pulse. Measurements were done
with the same discharge conditions as examined previously (IGNAT et al.,
1973), that is, 20 mTorr D2 filling pressure and a 28 kV charging of the

capacitors in the rf line.

Most experiments are in the Thomson scattering regime (a = (kXDSlg; 0.5).
In these cases we fit the measured spectra to a Gaussian curve with a
least-squares program to obtain the plasma parameters. For the few cases
in the collective scattering regime (a Z 1) we analyze the data with
Kegel's curves (KEGEL, 1965). In these instances the curve shape gives

an independent check on the electron density so that the total scattering
cross section for both the Thomson scattering and the collective scat-

tering conditions could be determined (KUNZE, 1968).

The total scattering cross section as calibrated from the shape of the
spectra is about 30 o/o higher than a calibration based on Rayleigh scat-

tering from NZ' The errors involved in each method if added span 30 o/o.

Measurements

In Figs 2 and 3 the round circles denote the electron density and temper-

ature at plasma center as inferred from laser scattering on the 20 mTorr D2



- 4 -

experiment. The interferometric measurements of Heym (HEYM, 1968; IGNAT

et al., 1973), which represent electron area densities converted to vol-
ume density by assuming axial uniformity of the plasma, appear as a dashed
line in Fig. 2. The two techniques agree well except near the time of max-
imum electron density. We believe the discrepancy between the scattering
and interferometry data can be attributed to lack of axial uniformity in
the plasma due to the influence of the ends on both the pinching field

and the plasma parameters. These effects would make the time of the im-
plosion different along the axis and lead to a smearing in time of the

density peak derived from the interferometer.

This problem may have been compounded by slow variations in the charac~
teristics of the rf line generator over the year separating the two types
of measurement. Finally, any canting of the interferometer beam with re~
spect to the discharge axis would also contribute to discrepancy at the

time of maximum implosion.
P

The measured temperature behaves consistently with the density in that
the maximum comes about the same time. The temperature is low, but with
the high densities obtained, the plasma pressure is comparable with the
rf magnetic pressure. We define B to be the plasma kinetic pressure at

r = 0 divided by the magnetic pressure at the wall
B -nk(r, + 1)/ ((35+8))/2u)
- e i °] z o’"

In the above formula, n is 2lectron density, k is Boltzmann's constant,
Te,i is the electron (ion) temperature, BQ,Z represent the rf field at

the wall, and Eo is the permittivity of free space. We assume that the
electron and ion temperatures are equal since this has been true at small
radius in our MHD simulations of the experiment. Then at peak compression
B reaches 3,6 and falls to 0.52 at 4 us and .08 at 5 us. We should remark
that since the pinch is not in equilibrium these numbers do not have the
standard interpretation. We quote them to give an idea of the plasma pres-

sure scaled to the pinch field.
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Measurements and computations (BERNEY et al., 1971; HOFMANN, 197la,b;
IGNAT et al., 1975) regarding the rotating magnetic field pinch have es-
tablished (1) the presence of large anomalous resistivity, (2) the fact
that most of the plasma current flows very near the wall. Measurements

of the total number of electrons in discharges made at low ( < 60 mTorr)
filling pressure have shown that sometime during the experiment there is
a large flux of particles from the wall. For example, with a 20 mTorr
filling of D2, the number of electrons in the tube measured by the inter-
ferometer 5 psec into the main discharge is 50 0o/o more than the number
corresponding to the filling density. There is no experimental information
on the history of the flux. All extra particles could enter during the
preionization phase, or most could enter later with any sort of time

dependence.

Using the measurements now available, we have attempted to clarify this
final point with the aid of the three fluid, omne dimensional MHD simulation
code (HOFMANN, 1971a,b). We assume that from the discharge tube wall there
is a steady flow of D atoms into the vacuum region, and that this gas im-
mediately becomes fully ionized. We plot in Figs 2 and 3 the predictions

15

of the MHD code assuming fluxes (FLX) of 0., 0.6 and 1.0 x 107~ electron-
ion pairs / cmzpsec at the discharge tube wall as well as the results of
agssuming that all extra atoms entered before the discharge. The computation
includes anomalous resistivity as was done previously (¢ = 0.3 in the no-
tation of IGNAT et al., 1973, or AN = 0.3 in the notation of HOFMANN,

1971a) and also axial heat conduction.

Similarly in Fig. 4 we give the situation for the radial density profile
at t = 5 ps. It follows from these comparisons that the extra particles
come in during the discharge and not before. Most probably the flux is

time dependent in a manner we have not tried to guess.

In conclusion, laser scattering data on this experiment confirm previous
interferometric density measurements as well as temperatures and densities
computed in MHD simulations. The temperature is low as expected but high
enough that the plasma pressure can be greater than the rf magnetic pres-
sure. Through simulation we find that the extra particles kmown to exist
at the end of the discharge enter the plasma during the application of

the rotating magnetic field.
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Fig. 2 Electron density at
r = 0 as a function
of time for a 20 mTorr
D, initial filling.
Round circles denote
laser measurements at
the axial center of the
tube. The dashed line
represents the results
from a Mach-Zehnder
interferometer inte-
grating along the tube.
The other lines show
computer simulations,
assuming various plasma
fluxes (FLX) from the
wall.
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Fig. 3 Electron temperature at r = 0 as a function of
time for a 20 mTorr D, initial filling. Round
circles denote the scattering measurements at
the axial center of the tube. The solid lines
show computer simulations assuming various
plasma fluxes (FLX) from the wall.
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Fig. 4 Electron density as
a function of radius
at t = 5 pusec for a
20 mTorr D, initial
£illing. Measurements
from interferometry
are compared with
computer simulations.
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