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the (32-36)x10%-cm ™ region. Thus, the data
given above strongly support the existence of ex-
citons in the molecular liquids.

Current efforts are directed toward obtaining
the reflection spectra of the anthracene melt and
studying the effect of guest molecules on the
spectrum of a molecular liquid.

Support by a Texaco summer fellowship is
gratefully acknowledged by L.F.N.

1A. 8. Davydov, Theory of Molecular Excitons (Ple-
num, New York, 1971),
223 A, Rice and J. Jortner, J. Chem. Phys. 44, 4470

(1966).
2bg, Nicolis and S. A. Rice, J, Chem, Phys, 46, 4445
(1967).
g, A, Rice, G. Nicolis, and J, Jortner, J, Chem.
Phys. 48, 2484 (1968).

2dg, Fischer and S. A. Rice, Phys. Rev. 176, 409
(1968).

’D. Beaglehole, Phys. Rev. Lett. 15, 551 (1965).

‘C. J. Eckhardt and R. R. Pennelly, Chem. Phys.
Lett. 9, 572 (1971).

L. B. Clark, J. Chem. Phys. 51, 5719 (1969).

by, Liptay, Z. Naturforsch, 20a, 1441 (1965).

‘E. G. McRae, J. Phys. Chem. 61, 562 (1957).

¥p, R. Monson and W, M. McClain, J, Chem. Phys.
56, 4817 (1972).

Simultaneous Ion Heating of He" and Ar” in Linear Turbulent-Heating Experiments

K. Adati and T. Kawabe
Institute of Plasma Physics, Nagoya Univevsity, Nagoya, Japan

T. Oda, Y. Takezaki, and T. Yokota
Department of Physics, Hivoshima University, Hivoshima, Japan

T. Uyama and K. Watanabe
Research Institute for Atomic Enevgy, Osaka City University, Osaka, Japan
(Received 22 June 1972)

Turbulent-heating experiments have been carried out in a linear machine with a driving
gas of helium mixed with 7% argon in order to see the mass dependence of ion heating. Ob-
servation of optical line broadening of the ions showed that both kinds of ions were heated
almost simultaneously by almost the same amount during the process. Several mechanisms
for ion heating are examined on the basis of the experimental results obtained.

Many experiments on turbulent heating of plas-
mas have been carried out during the past ten
years,! resulting in some cases in the heating of
ions in the plasma up to a few keV. It has been
thought that the mechanism of electron heating is
probably an anomalous Ohmic process? of elec-

trons accelerating under the applied electric field.

The mechanism of ion heating, however, has not
been clear so far. It cannot be explained by the
anomalous Ohmic process. This is because, in
a coordinate system moving with the ion drift ve-
locity, the excited ion acoustic waves have a
phase velocity nearly equal to the sound velocity
¢, Which is much larger than the ion thermal ve-
locity; so there exist few particles interacting
strongly with the ion acoustic waves if a Maxwel-
lian velocity distribution of ions is assumed.

It should be expected, then, that the ion heating

is due to some process associated with turbulent
heating,® or some other process such as nonlinear
Landau damping in which the ion acoustic waves
are absorbed by ions. Since the virtual waves
are absorbed by the resonant particles, test parti-
cles should not be heated as much as the field par-
ticles provided the atomic mass of the former is
much larger than that of the latter. In this
scheme, therefore, the heating rate and the re-
sulting temperature should have an ion-mass de-
pendence when more than two species of ions
exist in a plasma and suffer turbulent heating si-
multaneously.

We have carried out turbulent-heating experi-
ments in a linear magnetic field with a driving
gas of helium (93%) mixed with argon (7%), the
argon ions playing the role of test particles. The
BSG II machine* has been used for the experiment
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FIG. 1. Schematic drawings of the BSG II.

(Fig. 1). A plasma is produced by a @ pinch dis-
charge, the gas being introduced through a fast-
acting valve, and the plasma expands into a cham-
ber 50 cm in diameter and 4 m in length, where
a longitudinal and uniform magnetic field of 2 kG
is applied. A pair of hollow electrodes for heat-
ing are set coaxial to the axis of the chamber at
a distance of 120 cm, and their apertures (6 cm
in diameter) limit the diameter of the plasma be-
fore heating. The plasma density and tempera-
ture between the pair of electrodes are rather
uniform along the axis and have values of about
3x10' cm~2 and 2 eV, respectively, when the
heating voltage is applied between the pair. The
density and temperature before heating are de-
rived from data from diamagnetic loops, a pulse-
biased Langmuir probe, and laser light scatter-
ing.

The power of heating discharge is supplied
from a capacitor of 1.1 yF with a charging volt-
age of up to 60 kV. An Echelle monochromator
with twelve channels of photoelectric detectors®
is used to obtain the temporal change of the ion
line profiles. Although only one ion line can be
measured in any one shot, both the argon and
helium ion lines have been obtained by repeating
the shots under the same experimental conditions.
The line profiles are measured along several
chords in a cross section of the plasma column.
The space resolution along the line of sight is
about 6 mm. A coaxial probe is also provided to
pick up electrostatic fluctuations in the plasma.’

In Fig. 2, typical wave forms are shown for the
time variation of the heating current through the
plasma, I,, the voltage between the electrodes,
Vy, and the intensity of the He II 4686-A line,
where the charging voltage is 36 kV. It must be
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noted that the traces of the time evolution of Vj
and I, show a “resistive hump” about 3 usec after
the current starts to flow and that, corresponding
to the resistive hump, an intense He II line pulse
is observed for about 1 psec. ArII 4348- and
4610-A lines are observed to show a time varia-
tion similar to that of the HeII line. Temporal
variation of the profiles of the lines of both He II
and ArII are analyzed every 0.1 ysec after the
current starts. In Fig. 3 we show typical line
profiles for the He Il and Ar II lines at the time
they take the widest broadening. The measure-
ments are carried out on the line of sight through
the center of a cross section of the plasma at a
distance of 40 cm from the anode. If we assume
those broadenings are due to the Doppler effect,
both helium and argon ions have almost the same
temperature of about 20 eV. It is observed that
there exists little asymmetry in the radial dis-
tribution of the line profiles with respect to the

FIG. 2. Typical oscillograms of the heating voltage,
Vy and current Iy. A typical temporal behavior of the
intensity of He11 4686-A line is also shown on the same
axis, the origin of which corresponds to the time when
the heating current starts to flow.
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FIG. 3. Measured profiles of the Ar 1 4348-24 and
He I 4686-A lines. The 0 point on the axis of abscissas
does not mean the line center of the lines, which could
not be determined accurately because of the Doppler
shift.

axis of the plasma column, and the ion tempera-
ture is rather uniform within a radius of 1.5 cm.
A question arises whether this broadening of
ion lines is due to the Doppler effect. It is ob-
vious that the Zeeman effect (corresponding to a
few kilogauss) is negligible, and that the Stark ef-
fect due to the microfield produced by plasma
particles is also small since the plasma density
is not high enough (» <10 ecm~%). In a turbulent-
ly heated plasma, however, there may be large
electric fields due to collective fluctuations, the
effect of which must be taken into account for the
Stark broadening. If we assume that the total half-
width of the HeII linein Fig. 3 (Ax~0.74 A) is at-
tributed only to the Stark broadening due to the
fluctuation field, then the averaged electric field
of plasma waves should be about 18 kV/cm.® The
effect of this amount of field on the Ar 11 line
broadening is evaluated to be less than 4%,° which f

W_ w* my
ot 8mm; n,

where w, =kc (1 +£%\%,,)"2 is the frequency of

the ion acoustic wave. The other symbols have
their usual meaning. If f(¥) and |E;|2 are isotrop-
ic, computation of the above expression shows
the energy transfer rate from ion acoustic waves
to an ion component to have an approximately in-
verse-power mass dependence. The second case

means that the temperature, or more strictly the
averaged kinetic energy of random motion of the
argon ions, surely reached 20 eV.

The two profiles shown in Fig. 3 are taken in
different shots under the same experimental con-
ditions. There exist some shot-by-shot deviations
in the observed line profiles of He 1l and ArII, so
the statistical data analysis has been made strict-
1y.1° As a result, we can conclude that the null
hypothesis, “the net energy input per argon ion
is always much smaller than that per helium ion
in our turbulent-heating experiment with a mixed
gas,” is denied experimentally.

On the basis of this experimental result, criti-
cal discussions are given below concerning the
mechanism for the ion heating.

In this experiment the ion acoustic instability
is considered to be excited, as pointed out by
many authors.! Actually, fluctuation measure-
ments in the frequency range up to 1 GHz show a
broad frequency spectrum covering the ion plas-
ma frequency, and the estimate of the electron
and ion temperatures and of the electron drift
velocity supports this excitation. The dispersion
relation of ion acoustic waves in the helium plas-
ma does not change on including 7% argon as test
particles.!* The fluctuation measurements for
both plasmas have also shown little difference in
intensities, in frequency spectrum, or in the on-
set time of fluctuations.

Suppose that the fluctuation is due to the ion
acoustic instability and is responsible for the
heating of ions; then nonlinear Landau damping
of ion acoustic waves by helium and argon ions
should be taken into consideration as the first
case. Under the present experimental condition,
where both ions are initially in equilibrium, the
thermal velocity of argon ions is 3.3 times smal-
ler than that of helium ions. The time variation
of the total energy of ion acoustic waves, which
is absorbed by an ion component as a result of
nonlinear Landau damping, is expressed'? as

.2 P2 cTer\2 .
[ dsledsk’%ls—lgg—l— (E-v)Z(%—;‘T) (E-Eq-?ai;’la(wi»-w ~ &=,

to be considered is some stochastic mechanism®?
in the turbulent plasma, which also gives an ion
heating rate inversely proportional to the ion
mass. The third case is the heating of ions due

to a breaking of the particle trapping by the large-
amplitude ion acoustic waves, showing a large
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mass dependence according to computer simula-
tion.!* It is not possible that the mass depen-
dences of the mechanisms discussed above, which
are inversely linear or steeper, are erased by
Coulomb collisions between the helium and argon
ions in our experiment. Comparing these esti-
mates with the present experimental result, which
shows rather a mass-independent ion heating, we
consider it probable that both argon and helium
ions are heated simultaneously by some mecha-
nisms other than mass-dependent ones, such as
are considered above. We are tempted to pro-
pose that the ion heating in the turbulent-heating
experiment is accomplished by a macroscopic in-
stability'® which reveals itself in the “resistive
hump,”
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FIG. 2. Typical oscillograms of the heating voltage,
Vy and current Iy. A typical temporal behavior of the
intensity of He 11 4686-A line is also shown on the same
axis, the origin of which corresponds to the time when
the heating current starts to flow.



