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broadening of the ensemble mentioned above. By
comparison, the polarization theory'! values for
these mean intervals are 6,07 and 1.38 GHz, re-
spectively. At fields around 40 G, magnetic mix-
ing of F states of different J brings out weak 7'D,
TF Zeeman transitions leading to the pure triplet
zero-field states. However, no accurate data on
these have been taken.

We have also seen resonances with unequivocal
assignments in several other helium singlet and
triplet states between n=6 and n=11. Precise
results for these will be presented in future pub-
lications. It will be interesting to see both how
low and how high in » the method will reach; in
the former case the limitation is the high micro-
wave frequency required, and in the latter it is
the weakness of the signal and the effects of ex-
ternal perturbations.

It should be noted that we are by no means lim-
ited to helium, and that in fact other systems
should require very little change in experimental
technique. Thus, the microwave-optical reso-
nance method appears to be widely applicable to
the study of atomic and molecular Rydberg states.

We gratefully acknowledge the collaboration of
D. L. Mader in an investigation preliminary to
this one, the assistance of M. A. Stroscio in tak-
ing data, the calculations for Fig. 3(b) by T. O.
Siu, and the kind loan of the monochromator by
W. R. Bennett, Jr.
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Comments on *“Demonstration of Collisionless Interactions Between Interstreaming Ions
in a Laser-Produced—Plasma Experiment’*

T. P. Wright
Sandia Labovatovies, Albuquevque, New Mexico 87115
(Received 1 October 1971)

It is shown that the results of a recent laser-produced—plasma interaction experiment
by Dean et al. can be explained by collisional processes.

On the basis of the long mean free path of laser-
produced ions in the background gas, Dean ef al.!
have concluded that a collisionless interaction oc-
curs between the expanding laser plasma and the
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background ions. They apparently have failed to
consider the fact that, in the region where their
measurements were taken (distances less than 2
cm from the target), the laser-produced plasma
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density is high enough to collisionally snowplow
up the background plasma. Indeed, Koopman?®
performed his measurements at radii greater
than 10 cm to insure the collisionless nature of
the laser-produced plasma.

To demonstrate that the data of Dean et al. can
be explained by atomic collision processes, the
mean free path for background ions in the laser-
produced plasma is calculated at various stages
in the expansion. The nitrogen atoms are as-
sumed to be streaming into the laser-created
plasma at a velocity of 2x107 cm/sec. The total
scattering cross section can be estimated as fol-
lows: From the range-energy formulas verified
by Cano and Dressel,® it is possible to define an
effective collision cross section for atoms of
mass M,, atomic number Z,, and velocity v inci-
dent on target atoms of mass M,, atomic number
Z,, and density n:

_2ma(M, +M,)Z,Z €*
Oeft =3 T18M, Mp*

+8"a(M1 +M2)2217/62262
MM (Z 2P +Z, o’
where v, =e?/li is the Bohr velocity, and the Bohr
radius with a shielding factor is given by
n%/e*m
= (lels +Zzz/3)1/z-

a

This cross section is the sum of the usual elastic
scattering cross section and an inelastic term at-
tributable to electronic excitation. From numeri-
cal comparisons it can be shown that, for a uni-
form density of scattering centers, the range of
the incident particle is about two or three mean
free paths as calculated from this effective colli-
sion cross section. From the above expression,
the following cross sections are obtained:

00=1.86x107'" cm? (N-O),
op=1.94x10"'" cm? (N~ H),
0c=1.43x107'" ¢cm? (N-C).

There appear to be few data available for total
scattering cross sections for the species and ve-
locities found in this experiment. However, from
comparison with data for helium in the right ve-
locity range* and argon in the right energy range®
(2-3 keV), it appears that the total scattering
cross section may be at least an order of magni-
tude larger than given by the values calculated
above. These cross sections will tend to give up-
per bounds on the calculated mean free paths.

The cross sections for charge exchange are
large, but this merely results in the rearrange-
ment of charge states and has little effect on mo-
mentum transfer.

The density of the laser-produced plasma is ob-
tained through two simplifying assumptions: The
C,H,O, target is assumed to be a sphere of 0.25
mm diam, and the plasma density is assumed to
be uniform inside the leading edge of the laser-
produced plasma. The latter assumption is a
generous one, since the sweeping up of background
ions produces a shell of greater than average
density at the edge of the laser-produced plasma
for expansion radii greater than a few millime-
ters. There can be no doubt that this enhanced-
density shell exists, since it is identified in the
shadowgraph of Ref. 1. This shell will produce
momentum coupling for times longer than calcu-
lated by the simple model used here.

With the particle size and composition speci-
fied, it is easy to determine that there are ap-
proximately 3x10'" carbon atoms, 4.7x10'7 hy-
drogen atoms, and 1.2x10'7 oxygen atoms in the
pellet. Number densities of the various species
in the laser-produced plasma at a given expan-
sion radius are given by

n'® =3N /4y =no(s>(R0/'r)3,

where N is the number of atoms of species s in
the pellet radius, and »,'¥ is the initial density of
the species s:

no(C) =1

=in,, 1@ )

_2 _8
=13los Mo " = il

n,=1.1x10% cm™3,

The effective mean free path of a nitrogen atom
in the laser-produced plasma is given by

AN =Ano HHANE T+ AN
=(Ro/7)%[Eon+ 200+ tocln,.

Substituting numerical values into this expres-
sion gives

An=0.52(7/1.25)% cm

for 7 in centimeters. Therefore, at an expansion
radius of 1 cm (approximately that in the shadow-
graph'), the upper bound on the collision mean
free path as calculated by this simple model is
2.7 mm. Since the collision cross section used
appears to be a strong underestimate and the en-
hanced density shell is not accounted for in this
calculation, it appears that the results of Dean
et al. can be explained by collisional coupling
alone. Thus it is not surprising that their re-
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sults are consistent with classical radiation-driv-
en detonation and blast-wave models.

An alternative method of estimating the mass
of the laser-produced plasma is to fit a blast-
wave model to Fig. 1 of Ref. 1. This results in a
mean free path A ~ 37 which falls in the region be-
tween clearly collisionless and collision dominat-
ed. Since the laser energy was only 8 J in this
case, the calculation serves to show the trend to-
ward a collisionless regime when smaller targets
and laser energies produce less plasma.

It should also be noted that under somewhat
similar experimental conditions, Paul et al.®
have not observed any momentum coupling be-
tween the laser-produced and background plasma.
Their laser energy and target size are both small-
er than in the work of Dean et al., and a calcula-
tion for the experiment of Paul et al. gives a
mean free path of background ions in the laser-
produced plasma which is greater than the expan-
sion radius 7 of the plasma for >4 mm. There-
fore, it is possible to surmise that the different
results in the two experiments arise from the
fact that the work of Dean ef al. is collision domi-
nated, while that of Paul ef al. is collisionless.

In conclusion, it appears that the results of
Dean et al. can be explained by collisional pro-
cesses, and that more convincing data must be

presented if a collisionless interaction is to be
believed. Moreover, the argument that observed
interaction distances are apparently less than a
mean free path (which is not true in this experi-
ment) was shown to be insufficient by Grad’ when
he demonstrated that a classical, collision-domi-
nated, steady-shock profile can be thin compared
to the mean free path, and can also be oscillatory.

*Work supported by the U. S. Atomic Energy Commis~
sion.
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Cross-Field Ion-Acoustic Instability Observed in
a Turbulent-Heating Experiment*

A. Hirose, K. E. Lonngren,{ and H. M. Skarsgard
University of Saskatchewan, Saskatoon, Canada
(Received 28 September 1971)

A high-frequency (w;; < w= w,;) electrostatic instability observed in a toroidal turbu-
lent-heating device has been interpreted in terms of ion-acoustic waves excited by a
radial, electron temperature gradient across a toroidal magnetic field. The waves have
been found to propagate across the field, in the direction opposite to the electron diamag-
netic velocity. Observed anomalous electron thermal transport has been explained by the

instability.

It is known that high-frequency (w > w,;) ion-
acoustic waves can propagate in a hot electron
(T, >7T,) plasma at almost any angle with respect
to an external magnetic field.®* Electric cur-
rents, either parallel or perpendicular to the
magnetic field, can make the waves unstable if
they are above some critical value.® In general,
the critical drift velocity for the onset of the in-
stability is on the order of the ion-acoustic speed
when the drift velocity is in the direction of prop-
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agation of the ion-acoustic wave.

In the present Letter, we report an experimen-
tal observation of ion-acoustic instability in a
toroidal, turbulent-heating machine, a schematic
diagram of which is shown in Fig. 1(a). An elec-
tric field (E < 40 V/cm) is inductively applied to
a preionized argon plasma (2= 10" ¢m %) along
the quasistationary toroidal magnetic field (B
<2 kG). In Fig. 1(b) measured plasma param-
eters are shown as functions of time. Our inves-



