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might expect appreciable optical resonance when
s-polarized light is incident through an f/1 lens.

Other microscopic plasma models (based on in-
stability absorption, for example) could be used
to calculate the damping factor in addition to the
inverse bremsstrahlung model employed here.
Indeed, there appear to be a score or more of
absorption mechanisms which could, particularly
at high intensity, contribute to the damping factor.

%hat is intended here is to demonstrate heuris-
tically the importance of optical resonance ab-
sorption in simple, but reasonably realistic, cir-
cumstances. To the extent that future work can
provide an exact and complete description of the
damping factor as a function of location and time,
the approach described here could then provide a
reasonably accurate cal.culation of the absorption
of radiant energy by a plasma.

I wish to thank Robert Godwin and Gene McCall
for valuable discussions and encouragement. In
particular, I am indebted to Dr. Godwin for con-
siderable assistance in the early stages of this
work.
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Bayleigh scattering is used to obtain the radial gas density and temperature distribu-
tions in low-current Ar arcs. A comparison with spectroscopic results indicates large
deviations from local thermodynamic equilibrium. The possibilities of determining ex-
cited-state density distributions and transition probabilities by Bayleigh scattering are
indicated.

The use of light scattering as a diagnostic tool
for ionized gases has been confined, so far,
chiefly to Thomson scattering by plasmas with a
high degree of ionization. ' Qnly recently were
other applications reported like resonant' and
near-resonant' Rayleigh and vibrational' and
stimulated' Raman scattering.

In this Letter, nonresonant Rayleigh scattering
is used as a new technique for determining gas
temperatures and densities in nonhomogeneous
weakly ionized plasmas. The method is applied
to Ar arcs, of length 40 mm, which burn vertical-
ly in a quartz tube with inner and outer diameters
of 16 and 20 mm, respectively. The cathode is a
heated fila, ment; heating is helpful for stabilizing

the arcs, which are constricted.
The light-scattering apparatus is schematically

shown in Fig. l. Use of a pulsed non-Q-spoiled
ruby lase r, giving 0.5 J within 0.34 msec, made
the scattered light intensity I„large enough to
be discriminated from the background light of the
discharge, while plasma heating is negligible.
The intensity of stray light at the la.ser wave-
length was reduced to 0.2%%uo of I„for 1 atm Ar at
room temperature by taking the following pre-
cautions: (i) A cylindrical section of height 5.4
mm is cut out from the middle of the tube, to
avoid stray light from the quartz wall; (ii) the
windows, which have a double antiref lection coat-
ing, are placed sufficiently far from the scatter-
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FIG. 1. Schematic diagram of apparatus: I, ruby laser; 1-7, lenses edith focal lengths 15, 100, 30, 20, 18, 12,
and 15 cm 8-10, focal-plane stops (8, circular; 9, horizontal and 10, vertical slit); d, diaphragms; DT, dis-
charge tube; V, vacuum and high-pressure chamber; PD, photodiode; &g 0.5-m grating monochromatox", I'M,
cooled photomultiplier; A, amplifiers; I'U, processing unit containing gated integrators, analog to digital conver-
ters~ and stol age memories~ PI ~ px'intel and puncher ~

ing center 3C; furthermore, use is made of
(iii) diaphragms in entrance and exit tubes, (iv) a
light dump opposite the detector~ and (v) focal-
plane stops in the laser and scattered beams. Be-
cause of the opening (i), the tube is placed in a
stainless-steel vessel, with diameter 20 cm and
height 23 cm, which functions as a vacuum and a
high-pressure chamber. Cu seals are utilized
for all flanges close to the discharge. The tube
i.s connected to the vertical axis of a magnetical-
ly coupled rotary feedthrough, such that the arc
can be moved through the SC, in order to mea-
sure radial profiles. The spatial resolution is
determined by the diameter (0.3 mm) of the laser
beam in the SC, by the image (0.3 mm) in this
point of the horizontal slit in the scatteled beam,
and by the image (0.2 to 0.3 mm) of the vertical
entrance slit of the monochromator.

The scattered light intensity is given by

I„(x)=I;„Q,n, (r)o, LdQ, .

where x is the radial distance from the axis of
the discharge, I;„is the intensity of the laser
beam, n~(r) is the local density of the jth plasma
constituent, o,. is its cross section per unit solid
angle for scattering at 90 in the plane perpendic-
ular to the polarization direction of the laser
beanl and ln the wavelength band selected I is
the length of the image of the entrance slit of the

monochromator on the laser beam, and dQ is the
solid angle over which light is collected. Fur-
thermore, the pressure which is constant through-
out the vessel is given by

(2)

k being Boltzmann's constant and T, (~) the "tem-
perature" of the jth plasma constituent.

In this investigation, scattering was measured
at the laser wavelength with resolutions between
1.8 and 2.7 A, The dc current in the Ar arc was
varied between 0.6 and 3 A for p =1 atm and it
was taken at l A for p =42 Torr. For these low
currents, the electron and excited-state densi-
ties are small; quantitative estimates are given
further on. Hence, the radial profile of the
ground-state atom density n, (~) is given by the
profile of I„(x)/I and p =n, (r)kT, (r). The abso-
lute calibrat&on results from measuring I se/I~
for 1 atm Ar at room temperature. Density and
temperature distributions can thus be obtained
directly from the measured I„(r)/I . Results.
are shown in Fig. 2. The axis temperatures for
1 atm Ar range from 2900+ 100 K for 0.6 A up to
4300+ 150 K for 3 A.

Spectroscopic measurements have been made
for comparison purposes. The radial intensity
distributions for the spectral lines 7504, 7515,
8408, and 8425 A are obtained from the mea-
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state densities, which when inserted in Eq. (1)
yield information on the possible contributions
of excited states to I„. The two levels which will
give the largest contributions are the lower lev-
els 4s[-', ]' and 4'[-,'] of the A„=6965 and 1„=6938
A spectral lines, which have different upper lev-
els i. Because of the close vicinity to the ruby-
laser wavelength A. =6943 A,

(3)
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FIG. 2. Measured density no (triangles, crosses) and
temperature 1'0 (circles, plus signs, squares) distribu-
tions for Ar arcs. Triangles and circles, 1.05 atm
and 2 A; crosses and plus signs, 1.02 atm and 0.8 A;
squares, 42 Torr and 1 A. Characteristic error mar-
gins for the axis temperatures are 100 to 150 K.

sured intensity distributions using an Abel inver-
sion technique. ' For the small excited-state den-
sities worked with, these lines are optically thin.
The spatial resolution employed is identical to
that used for the light scattering. The axis tem-
peratures found for the 1.02 atm and 0.8-A Ar
arc, using the intensity ratios of the 7504- and
7515- and of the 8404- and 8425-A lines, respec-
tively, assuming local thermodynamic equilibri-
um (LTE), are 8000 + 1200 and 9800 + 800 K, re-
spectively. In contrast, the corresponding gas
temperature (see Fig. 2) is 3140~100 K. These
values demonstrate the non-LTE character of the
plasma. In the analysis of the spectroscopic data
use is made of the transition probability ratios
A(7504)/A(7514) =1.16+ 0.05 and A(8404)/A(8425)
= 1.030 + 0.017. Whereas the individual A values
are now known with high accuracy, the ratios ob-
tained from other workers' ' agree very well
with each other.

The spectroscopically determined temperatures
can be used to obtain upper limits of excited-

where j= 1 or 2, f, ;is th. e oscillator strength,
and o Th= 7.94 ~10 "cm' is the 90' Thomson scat-
tering cross section. The values f„=0.023 (Ref.
7) and f, &

= 0.0077 (Ref. 8) yield o, = 12rr Th and &r,

= 25o Th, while a, = 0.0023o Yh. Assuming LTE with
T =9000 K yields (n, cr, +n, |r,)/n, o, =0.011. The ac-
tual ratio will be much smaller because of the
nonvalidity of LTE. For the other currents and
pressures worked with, the contributions of ex-
cited states can also be disregarded. The spec-
troscopically determined axis temperatures in-
crease slowly with increasing current. By mea-
suring the wavelength dependence of I„, it was
verified that Thomson scattering is neglibible too.

Finally, we mention some complications and
possibilities which arise when the present tech-
nique is applied to high-current LTE discharges.
(i) The contribution of excited states to I„may
become dominant. For an Ar arc with T =18000
K, (n, o, +n,o,)/novo= 23. Because the Thomson
scattering signal can be obtained by measuring
its wavelength dependence, a weighted radial pro-
file of the excited-state densities n, (r) and n, (x)
may thus be obtained. (ii) Equation (3) suggests
the possibility of mes. suring radial profiles nj(r)
of selected excited states by near-resonant Ray-
leigh scattering with tunable dye lasers. (iii) Light
scattering further offers the possibility of deter-
mining oscillator strength f&, and consequently
transition probabilities A, , One might think in
particular of metastable and resonance levels.
Their large densities n& in high-pressure LTE
arcs will make near-resonant Rayleigh scatter-
ing possible, while self-absorption makes it diffi-
cult to obtain these A&,. spectroscopically. Near-
resonant Rayleigh scattering yields n~f, [see
Eqs. (1) and (3)], while n, . follows from the tem-
perature which can be determined for example
from Thomson scattering, " or spectroscopical-
ly from other optically thin lines or from the con-
tinuum.

The author wishes to thank J. A. M. Meyer and
R. F. Rumphorst for constructing the electronic
part of the detection system and C. Mercier for
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We demonstrate the existence of an anomalous pinch effect if turbulent fields are gen-
erated by current instabilities. This effect is similar to the Ware effect, but the sta-
tionary electric force is replaced by the drag force resulting from asymmetry of the
turbulent fields.

It is now well known' that a toroidal electric
field can give rise to a radial convection velocity
in a geometry of the tokomak type (Fig. 1). Then
it is expected that the same effect will occur if
the stationary electric force is replaced by the
drag force resulting from turbulent fields. How-
ever, two conditions must be fulfilled. First,
the effective mean free path must be larger than
the length of the torus Secon. d, the turbulence
must be generated by the toroidal current den-
sity in order to provide an asymmetry of the
turbulent fields. Then it is the purpose of this
Letter to specify the conditions of instability for
a toroidal current carrying plasma, and to dem-
onstrate the existence of an anomalous pinch ef-
fect, when these current instabilities are excited.
In contrast to recently published works, "we
limit our analysis to the case where

plicity we shall restrict our computations to the
banana regime where trapped particles exist,
though the results are easily extended to the pla-
teau regime.

It is necessary to inspect again the conditions
for instabilities because of the existence of trappecl
particles which do not carry the current. ' All of
the modes of interest have large parallel wave
numbers so that k tiRq )1, where R is the major
radius of the torus and q is the usual safety fac-

1 Bu„V,21 V

u Br
4 ca, 0

e ~i

Here uo is the current drift velocity, V, ; are
respectively the electron and ion thermal veloc-
ies, c the speed of light, A. n the Debye length,
and , , the ion cyclotron frequency. For sim- FIG. 1. Coordinate system.
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