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that this process is adequately described by the
Budden formalism using either the Budden T or
the hot-plasma 7. Moreover, our results are the
first quantitative confirmation of the Budden
formula for propagation in any direction.
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FIG. 4. Power received at 15 GHz vs plasma density
for the same setup as in Fig. 3. Lines are predictions
of the two models; &p described in text.

are in good agreement on the absolute value of

P, /P, at low densities and its relative insensi-
tivity to density below about 5 &10" cm '. At
higher densities we see the expected falloff, pre-
dicted by both models. The errors bars are
large at low powers because we are measuring
signals close to the minimum detectable signal
level. Both models are in good qualitative agree-
ment with the data, which falls between the two

predictions; our other measurements also show
this behavior. '

In conclusion, we have presented the first ex-
perimental evidence of tunneling parallel to an
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Observation of the Growth and Saturation of Ion Waves Generated by Optical Mxing
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The first measurements of the growth and saturation of ion acoustic waves generated by
optical mixing are presented. At lower power levels, the parameter dependence of the ion
waves is shown to agree in detail with the predictions of optical mixing theory. However,
at higher power levels a nonlinear saturation is observed and identified as increased Landau
damping due to ion heating.

PACS numbers: 52.35.Dm, 52.35.Mw

The nonlinear interaction of two electromagnet-
ic waves (E, , E,) can produce a, third (plasma)
wave (E~) via the process of optical mixing. ' '
The resultant density fluctuations can become ap-
preciable when ~, —~, =~~ and %, ~ k, =%~ where
~» %~ satisfy the plasma dispersion relation
e(&u~, k~) =O. This has, for example, been demon-
strated for the case of mixing of two laser beams. '

However, to date, there have been no detailed
studies of the generation of ion acoustic waves
via this process. Currently, such studies are of
great importance because of the consequences of
a significant level of stimulated Brillouin scatter-
ing (SBS) for laser fusion. The present work
represents the first detailed study of optical-mix-
ing-generated acoustic waves including their
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saturation via ion heating. Not only does this
optical-mixing study provide insight into the sat-
uration of SBS, it also models the actual laser
interaction. Specif ically, imperf ect absorption
of the laser light ean lead to the Doppler-shifted
light reflected from the moving critical layer
beating with the incoming laser light. The SBS
instability is thereby generated with an effectively
enhanced initial noise level."

In the present experiment [see Fig. 1(a)], two
electromagnetic waves (~,/», ~,/2& = 3.3 GHz)
with parallel polarization were propagated anti-
parallel to each other in a field-free plasma (0.75
m diam, 2 m long, T,=3-4 eV, T,/T; =15, n,
= O.ln„;,). The difference frequency between the
two sources can be accurately set (and maintained)
to within + 100 Hz over the range from zero to
many times the ion plasma frequency. In addition,
the repetitively pulsed experiment (=10 Hz repeti-
tion rate) is triggered at constant phase with re-
spect to the rf, permitting meaningful data scans
over many pulses. With the exception of the addi-
tion of the second transmitting system and associ-
ated frequency-locking electronics, the experi-
mental arrangement is identical to that described
in our first reports of SBS in a microwave-plasma
interaction. ' ' However, here it should be noted
that a given level of ion-wave fluctuations is ob-
servable in the optical-mixing case at approxi-
mately an order of magnitude less power (i.e. ,
saturation at 50 kW instead of 500 kW). This
eliminates obscuring effects such as density pro-
file modifications and electron heating via inverse
bremsstrahlung absorption, as well as permitting
much increased microwave pulse durations. In-
terestingly, the ion-wave saturation levels are
identical in the two studies, strongly supporting
the identification of ion heating as the dominant
saturation mechanism.

Before proceeding to a discussion of the experi-
mental results, it will be helpful to review brief lyI
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FIG. 1. (a) Experimental arrangement. (b) Amplitude
of ion acoustic waves in a neon plasma as a function of
the difference frequency (Af =f &

—f~) between the two
microwave sources (7= 50 ps, I'& = 10 kW, I'2= 20 kW).

the predictions of optical mixing in the region be-
low nonlinear saturation. Since the fields are
well approximated by plane waves, the pondermo-
tive force ENL =- (&u~'/~')&((E')/8v), where the
relevant term in (E') is given by

(E') = 2E,E, cos((k, +k,)x + (~, —~,)tj.
Substituting this into the ion fluid equations re-
sults in a predicted time-dependent ion-wave fluc-
tuation given (neglecting nonlinear saturation
mechanisms) by

y, '[y, c, (iv+ t (u -k, c,-k, u,)] 'expl —v(t —7.)][1-e "]expl —i(a, c,+%, u,)t], (2)

where v is the effective ion damping frequency
(including both particle collisions and Landau
damping), uo is the ion drift velocity (= O.lc, for
He, = 0.17c, for, Ne), T is the duration of the rf
pulse initiated at t =0 with f », » =&, —(d„and
~, (k,) is the frequency (wave number of the ion
aeoustie wave. Notice that Eq. (2) predicts that
In/col =0(1) for eE, ,/m&, ,U„=0.2 or for P = 50
kvV. We therefore expect to reach nonlinear satu-

ration at extremely low power compared to the
pure SBS ease. ' '

The predictions of Eq. (2) have been quantita-
tively verified by experiment. To eliminate prob-
lems with rf modulation of the probe sheaths, the
ion fluctuations are measured one-half an ion
period after turn-off of the rf pulse. Figure l(b)
displays the magnitude of the observed density
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fluctuation level in a neon species plasma as a
function of the difference frequency (&~/2& =f,
-f,) between the two sources. The maximum is
observed when «u =k, c, + %, u, . The inferred
ion drift velocity (= 0.17c,) is in good agreement
with the measured value. The smaller, secon-
dary peaks were associated with optical mixing
of the ~eflected electromagnetic waves (r = 15%)
from each end of the chamber and the horns.
Similar results were obtained with other ion
species plasmas. Equation (2) also predicts that
the density fluctuation level depends only on the
product E,E, and not on their individual values.
As shown in Fig. 2(a), this is observed experi-
mentally. . Here E,E, was held constant (equiva-
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FIG. 2. (a) Amplitude of ion acoustic waves in a he-
lium plasma as a function of E&/E'2 with E&E2 beld
constant I T = 10 ps, (P &P 2)

' = 10 kW]. (b) Amplitude
of ion acoustic waves as a function of (E',P,)'/' for
pure and mixed helium- and neon-ion plasmas; a, pure
helium, d,f = 210 kHz (resonant); b, pure neon, 6f
= 100 kHz (resonant); c, pure neon; d, neon+ 5'7p he-
lium; e, neon+ 10% helium. 6f = 110 kHz in all of the
last three cases (d is near resonance).

lent power P =10 kW) and the ratio E,/E, was
varied by over 2 orders of magnitude. As can be
seen, the fluctuation level remained essentially
constant.

The scaling of n/n, with the magnitude of E,E,
was studied. Figure 2(b) shows the maximum
density fluctuation level as a function of (P,P,)"'
~E,E, for a pure helium plasma, a pure neon
plasma, and two mixed-species neon-helium plas-
mas. For power levels &25 kW the fluctuations
are directly proportional to E,E, as predicted by
Eq. (2). In addition, the ratio of the fluctuations
in the pure helium and neon plasmas is in good
agreement with the predictions of Eq. (2). How-

ever, above this level an abrupt saturation of the
fluctuations at = 5.5% is observed in the helium
plasma. Interestingly, this is exactly the satura-
tion level observed in our microwave SBS experi-
ments. " The neon plasma data exhibit an identi-
cal saturation for (P,P,)'"&60 kW. Note further
the significant reductions in the ion-wave ampli-
tude in the mixed-species plasmas due to the in-
creased ion Landau damping.

The time history of the ion waves was also in-
vestigated. Figure 3(a) shows the measured tem-
poral behavior for several power levels with the
dashed curves being the simple predictions of Eq.
(2). Once again we see strong indication of a non-
linear saturation mechanism at the higher power
levels. The cause of this saturation was investi-
gated in detail.

At the low power levels employed for these
studies, both density-profile modif ications and
electron heating (inverse bremsstrahlung absorp-
tion) are negligible. In addition, even far into
saturation the ion waves were found to be extreme-
ly pure with virtually no harmonic content. To in-
vestigate the possibility of saturation via ion heat-
ing, detailed measurements of the ion distribution
function were performed with a retarding-grid en-
ergy analyzer. Figure 3(b) shows typical data in-
dicating the formation of a hot-ion tail in the
presence of the rf. As shown in the inset to Fig.
3(b), the enhanced tail is only found when the rf
source difference frequency is tuned to the appro-
priate acoustic frequency. In addition, the frac-
tion of hot ions was found to scale linearly with

E,E2 up to (P,P,)"'= 50 kW.
The observed hot-ion tail production completely

accounts for the saturation shown in Figs. 2(b)
and 3(a). To demonstrate this, we performed self-
consistent numerical calculations of the ion-wave
amplitude taking into account the increased Lan-
dau damping due to the ion tail formation. This
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sharp-cutoff saturation level observed in the ex-
periment. The results of these numerical calcula-
tions are plotted as solid curves in Figs. 2(b) and
3(a). The agreement is seen to be excellent. In
addition, the measured saturation level is identi-
cal to that in our microwave SBS studies' ' which
is also predicted by this model. This provides
the first conclusive verification of the predicted
saturation of SBS ion waves via ion-tail heating. ""

In conclusion, we have studied in detail the
growth and saturation of ion acoustic waves driv-
en by optical mixing of two microwave beams.
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FIG. 3. (a) Time evolution of the amplitude of the
ion acoustic waves for several power levels. The
dashed lines represent the predictions of Eq. (2) while
the solid lines are obtained by a self-consistent treat-
ment of the ion tail formation. (b) The tail of the ion
distribution function for the cases of no rf and rf with
the appropriate difference frequency between sources
(helium plasma, y = 50 p, s). Inset: Relative fraction
of hot ions with E & 1.5 eV as a function of source dif-
ference frequency, with and without rf (p ( =10 kW,
P2= 20 kW).

is done at each time step by calculating both the
energy input and the wave energy with the differ-
ence assumed partitioned to the ions through col-
lisions as well as Landau damping which creates
a hot-ion tail. This tail greatly increases the
damping by raising the effective temperature in
the vicinity of the wave phase velocity. Similarly
to Kruer and Estabrook, "we assume the hot-ion
tail temperature OI, to be = ~Me, ' which is in good
agreement with experiment. The increased Lan-
dau damping together with the pondermotive force
further heats and enlarges the tail providing the
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