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I. SUMMARY OF RESULTS
The proposed task for this grant period was the systematic investi-
gation of the nonlinear and parametric interactions of intense electromagnetic
radiation with matter in the plasma state. Our guiding philosophy was to
isolate the different phenomena by careful design of the experiments--particu-
larly the plasma targets--so that one effect could be studied at a time.
The program has succeeded well; and we can claim to have 1) made the first
direct observation of filamentation, 2) discovered the phenomencn of
resonant self-focusing, 3) solved the mystery of the low saturation level
of stimulated Brillouin scattering observed at low intensities, 4) made the
first clean observation of stimulated Raman scattering in a system free
from Brillouin scatter, and 5) excited plasma waves by CO2 optical mixing
for the first time, with direct detection of the waves by Thomson scattering.
The achievement of these results is due in large part to the
painstaking development of two experimental systems: a ruby-laser Thomson
scattering apparatus with space and time resolution; and a well-characterized,
stable, and uniform theta pinch plasma target. The workhorse 40-J CO2
laser chain, arc plasma source, and He-cooled detectors were already
available; but the two new systems were perfected during this grant period.
The main results are summarized here; references are to the publi-
cations listed in Sec, II.

l. Filamentation. By using a Fourier-optics technique, we have

produced photographs of plasma striations produced by the filamentation
instability (Ref. 1).

2. Resonant self-focusing. Optical mixing of co-propagating 9.6

and 10.3 um beams is found to produce anomalous refraction of the beams

without frequency shift. This is explained theoretically by the resonant



excitation of plasma waves, which subsequently blow out a density channel by
their ponderomotive force. The presence of the plasma waves is confirmed by
observing a red-shifted line at 11.0 um. (Ref. 3, Appendix 1),

3. Stimulated Brillouin scattering., . This dangerous instability,

first predicted and observed at UCLA, has been under study here for many
years. Though the threshold was verified to agree with theory, the satura-
tion level of <107 has been a mystery (Ref, 4). To solve this, space- and
time-resolved measurements of the ion wave amplitude were made by Thomson
scattering (Refs. 6, 17; Appendix 2). This work was Chris Clayton's thesis.
Harmonic generation was found not to be the cause, contrary to theoretical
predictions. Instead, the data can be fit only by a theory of ion trapping
(Refs. 15, 17; Appendix 3). Our understanding of this instability is now
perhaps 807 complete.

4. Stimulated Raman scattering. Though we were not the first to

observe SRS in an underdense plasma unencumbered by critical and quarter-
critical layer phenomena, previous experiments were complicated by the
coexistense of SBS, which usually has a lower threshold. To avoid this,
student B. Amini built a theta-pinch with Ti 3-Te’ so that jon waves suffer
heavy Landau damping and SBS cannot occur. Clean pulses of SRS near
theshold are seen (Ref. 19). The theta-pinch target is fully ionized,
uniform, and quiescent, as confirmed by simultaneous dual-axis interferometry
(Sec. II1); and no SBS is detectable above 10_6 of the SRS level (Ref., 34),.
The SRS threshold is about an order of magnitude below theory (Ref. 16;
Appendix 4), but the same discrepancy is seen by others (Ref. 24). The
mystery is not yet solved,

5. Beat-frequency excitation. Numerous theorists have predicted

the strong coupling of laser light to plasma waves, and the uses thereof,



when opposing beams have a difference ffequency equal to wp. Until now,

the difficulty of having two stable beams overlapping in space and time and

of detecting the plasma wave have prevented four groups from achieving this
result with CO2 lasers. As the major part of his dissertation, B, Amini has
now done this with Thomson scattering detection (Refs. 20, 33, 34; Appendix 6).
The result is exceptionally clean because the plasma wave satellites are

seen in Thomson scattering, so that the plasma density is absolutely

calibrated,

6. Rayleigh-Taylor instability. As a by-product of calibrating -

the plasma source, B. Amini has elucidated the stable and unstable regimes
of the theta-pinch (Ref. 18; Sec. III of this report).

7. Stark satellites. In measuring the plasma temperature and

density spectroscopically, Amini found satellites in the Stark profile of
He II 4686 & which appear to be harmonics of a plasma instability frequency,
Though excitation of forbidden satellites by electric fields (anomalous
Stark effect) has been seen before, this is the first time it has been seen
on an allowed line of a hydrogen-like atom. This may be a useful new
technique in the study of laser-plasma interactions (Ref. 26).

8. SRS in a rippled plasma. H. C. Barr and F. F. Chen have

considered the effect on SRS of a density ripple caused by SBS. The main

effect is mode-coupling to modes with higher and lower k, including k=0,

Two new frequencies arise, one higher and one lower than the uniform-plasma

mode. The latter suffers a reduced growth rate, but the ripple causes the

new modes to grow. A surprising result is that one of the new modes has

a backward-moving component larger than that which is excited. This is

explained physically, with implications for acceleration of electrons. (Refs. 19,

25).



OTHER RELATED WORK

9. Llaser-plasma interactions at 0.35 um. Work done at the National

Laser Users' Facility at Rochester has given information on parametric
instabilities at shorter wavelengths and higher densities (Refs. 13, 14,
21, 22, 31, 32).

10. Laser-driven accelerators. Our work on beat-excitation has led

naturally to our next major research effort, testing the possibility of
GeV or TeV accelerators driven by lasers. The beat-wave accelerator and
surfatron concepts invented at UCLA and preliminary results are described
in Refs. 7-12, 23, 28, and 30.

11. One-shot x-ray spectra. Work with JPL has produced a new

x-ray diagnostic which can give a one-shot spectrum without a dispersive

element (Ref. 27),
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I1T. SCIENTIFIC DETAILS

A. Stimulated Brillouin Scattering

Our previous work on SBSl-7

’g(numbers refer to the publications
listed in Sec. V) has confirmed many features of the linear theory of
this parametric instability: the convective threshold, polarization,
sidescatter, z-dependence, bandwidth dependence, etc. On the other hand
the spiky nature of the scattered signal and the low saturation level
remained unexplained. During the past year, we have probed the ion wave

generated in SBS in an effort to understand the details of the interaction.

The discrepancy of the saturation level with theory is shown in Figs. 1 and 2.
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In Fig. 1 we show typical data on SBS feflectivity as a function of input

laser power. It is seen that saturation is reached at about 87. The

saturation mechanism that seems to explain observations made with large

lasers is ion heating: the ion acoustic wave heats ions, increasing Ti/Te

and therefore increasing Landau damping so that further growth of the

ion wave is slowed down. We have computed the ion heating limit for long,

slender interaction regions, where radial heat conductivity determines

the temperature, and these curves are shown in Fig. 2 for our experiment and

a similar one done at high intensities in Bochum, Germany. It is seen

that the UCLA points (squares) fit the theory well at low intensities

but level off well below the ion heating limit. The Bochum points (circles)

also fall below the theoretical curve, though large reflectivities of order

unity can ultimately be obtained by increasing the intensity to above 1012 W/cmz.
These experiments were done with the apparatus shown in Fig. 3,

consisting of a 40-J, 40-ns CO, laser; an arc preionized plasma target of
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density =2X1017 cm-3; liquid He cooled photoconductor detectors; a ruby
¥ q 3

laser for Thomson scattering; and a ruby light detection system comprising
a two-meter spectrograph, an optical multichannel analyzer, and a streak
camera borrowed from Livermore. Since backscatter in underdense plasmas
(n/nC = 0.02 in our case) requires k = 2ko, the wave number of the excited
ion wave is fixed by the CO2 pump. Since the ruby light has another k
which is fixed, the k-matching condition for Thomson scattering requires

the scattering angle to be 7.5°. The set-up for this is shown in Fig. 4,

THOMSON SCATTERING

RELAY
LENS

suUIT
COLLECTION —
LENS GRATING
\ ]
OMA
METER SPECTROGRAPH
2 VIDECON
0.1 A/cH
6.2 GHz/CH

Fig. 4

Time-integrated ruby scattering indeed shows that the light is sharply
collimated at 7.50, and that the frequency shift corresponds to the ion
wave frequency as measured from the CO2 backscatter. Axial and radial
scans gave the expected spatial extent of the ion wave; these measurements

are shown in Ref. 11. The ion wave is seen to grow exponentially in the

-10-
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direction. Why the coherence time of the ion wave is so short is not

yet understood, but these measurements show, at least, that the spikiness
of the backscatter is due to the ion wave itself, not to an interference
between ion waves in different regions of the plasma.

To see whether or not harmonic generation could explain the
saturation level, we modified the vacuum chamber to allow Thomson scat-
tering to be measured at 2x7.5° and 3x7.5°, giving the 2k and 3k spatial
harmonics of the ion wave. The results (Fig. 6) show very large harmonics
(=10% of the fundamental) but nothing in between. These harmonics, however,
do not account for saturation, because their amplitudes scale linearly
with the fundamental, not with the square.

The question then arises: Are these harmonics (also seen by the
group at NRC, Ottawa) real, or are they artifacts of the Thomson scattering
method? Chris Clayton gave this question considerable thought and

calculation; his conclusions follow.

-12-
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There are several mechanisms which could conceivably give rise
to harmonics in the collective Thomson scattered light. For example,
even if the ion wave were a pure sinusoid, higher order (larger angle)
diffraction can occur through the Raman-Nath or phase grating diffraction
effect. To analyze this possibility, we treat the ion wave as a refrac-
tive medium (neglect scattering) and solve for the angular distribution of
the probe beam after traversing a sinusoidally varying and traveling medium.
We find that this does produce "harmonics" in that each order n is fre-
quency shifted by nw . However, the power in the second order to that in
the first order should be less than 10-5. Experimentally, we find a
ratio more like 10-1. Therefore, the phase grating effect is not causing
our observed harmonics. More evidence against the phase grating effect

is that we find the scattered power in the harmonics to be a strong

-13-



function of k-mismatch, whereas k—matcﬁing is not very important for a
phase grating.

Another possible "fluke" is that the CO2 pump beam itself is
spatially phase modulated by the ion acoustic wave. This causes the
pump beam to have spatial harmonics at multiples of ko, e.g., at 3ko. The
3ko spatial harmonic of the pump beam can interact with the lko SBS
backscattered beam to modulate the plasma at 4k0, thus conceivably exciting
the second harmonic of the ion acoustic wave. However this, too, is a
negligeable effect.

AUTHOR'S NOTE: 1It's a bit more involved than this.
The trouble with the above description is that the
beat frequency is just wse. Thus, it wouldn't be a
resonant excitation. Thus the word "conceivable'.

Collective Thomson scattering is often referred to as Bragg
scattering. Indeed, Bragg scattering of X-rays from the periodic electron
distributions in crystals is very much like collective Thomson scattgfing
from the periodic electron distributions in an ion wave. The analogy
has its limits, however. 1In Bragg scattering, one can arrange to scatter
in first, second, or higher order according to the Bragg condition

sin 8 = ni/24d.
The question this poses is: Can one do "second order" Thomson scattering
from a purely sinusoidal ion wave?

To answer this question, we have carried out the Thomson scattering
calculation in an analogous manner to the usual Bragg scattering calcu-
lation. The result is that the power scattered into higher orders is
proportional to the Fourier coefficients of the electron spatial distri-
bution in the ion acoustic wave. 1In other words, a purely sinusoidal

ion wave cannot be observed in second order. The ion wave itself must be

-l4-




distorted (i.e., have harmonic contentj in order to observe higher order
scattering. We conclude, then, that our observed second and third har-
monics are indicative of a distorted ion wave.

The large amplitudes of the harmonics remains an intriguing,

baffling mystery.
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B. Stimulated Raman Scattering

1. 1Introduction

Though our experiment on SRS was started many years ago, we have
only recently observed the phenomenon in an unambiguous way. The main
problem has been source development--the creation of a theta-pinch plasma
with reproducible density and sufficient uniformity. Meanwhile, two
competing groups have published their observations of SRS. The first
group--at the University of Washington--originally used a theta-pinch
target, but they saw SRS at intensities below the convective threshold.
Subsequently, they have made more believable measurements in a colliding
shock, but the plasma is so short lived that its parameters and quies-
cence level cannot be accurately determined. The second group--at the
University of Alberta--has made detailed measurements of SRS in a laser-
created plasma whose density profile was not reported. The SRS was
seen not at the peak of the pulse, but only during after-pulses in the
tail. These after-pulses were attributed to feedback into the laser
amplifier from Brillouin backscatter. Thus, SRS was always complicated
by SBS. In our experiment, the Te = Ti condition in a 8-pinch suppresses
SBS, and indeed we are able to see SRS at the peak of the laser pulse
without any observable SBS. Furthermore, we have succeeded in starting
SRS from a finite level by sending a red-shifted beam backward through
the plasma and optically mixing it with the main beam. Completion of this
work will become the main part of B. Amini's thesis. His progress report
follows.

2. Source development and diagnosis

The theta-pinch device in which the experiments are conducted

has a 22.5 cm long copper coil with a 10 em 1.d. and a 2.5 cm gap at the

-]6-



middle. The quartz discharge tube has a 7.5 cm i.d. with three mid-plane
ports 90° apart in azimuth. Each port has a 2 em clear aperture to
provide access for optical and internal plasma diagnostics.

By using a parallel plate transmission line, the inductance of
the system is minimized and is mainly the inductance of the coil, thus
giving a fast pinch (4.3 psec period). This is about twice as fast as
an average pinch. To better understand the field pattern, especially
at the ends of the coil, a computer program was developed to plot the lines
of force and Bz(r, z). A sample plot is shown in Fig. 7, in which the
coil was approximated by 82 current hoops. This was a dc calculation
which did not account for the conducting boundary condition for pulses
shorter than the skin time. Actually, the field is more uniform than
shown, but the difference is slight because only the very outermost field

lines cross the coil anyway.

4

B-FIELD OF THE PINCH
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Fig. 7
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For the two experiments which will be described later the
operating parameters are:

Electron density for Raman scattering = 8 x 1016 cm-3

Electron density for optical mixing = 6 x 1016 cm.3

Bank voltage = 28,5 kV

Maximum current = 460 ka

Maximum B-field = 24 kG

Energy storage = 4.5 kJ, 11.1 uF
The operating voltage is capable of being increased up to 40%. Plasma
density is a function of filling pressure and operating voltage, and the
measured density ranges from 3 x lO16 to 9 x 1017 cm_3. A pick-up loop
(diamagnetic loop) mounted around the chamber away from the copper coil
measures a fraction of the total flux through the coil and the changes
in flux due to currents in the plasma. Plasma radiation at the center
of the chamber is collected by a small lens and imaged on a photodicde.
Fig. 8a shows a typical trace of the loop signal (1 usec/cm) whose amplitude

is proportional to B or the azimuthal E-field. Fig. 8b is a typical

trace of the photodiode signal on a 500 nsec/cm scale. The first peak

Fig. 8a Fig. 8b

-18-



of the photodiocde corresponds to the maximum compression at 2.3 cm
on Fig. 8b, and to the local maximum at 4 cm on Fig. 8a.
Since the electric field is maximum just inside the chamber, the gas
breaks down here (at around 3.5 divisions in Fig. 8a) and produces a con-
ducting plasma. We use no preionization, and the trapped field is essen-
tially zero. The increasing magnetic field pushes the plasma sheath in-
wards until B2/8ﬂ equals nKT. This point of maximum compression occurs
at about 600 nsec, as seen in Fig. 8a. (This time varies for different
gases.) We shall use the 600 nsec figure later in estimating Ti. Max-
imum compression does not coincide with maximum magnetic field. At max-
imum field (4.5 divisions in Fig. 8a and 5.5 divisions on Fig. 8b), the
plasma is somewhat warmer and less dense.

The density is measured by holographic interferometry. Fig. 9
shows the set-up for simultanecus end-on and side-on double exposure

holography with a 25-nsec ruby pulse. To show the plasma shape more

DUAL~AXIS DOUBLE EXPOSURE SIMULTANEOUS
HOLOGRAPHIC INTERFEROMETRY
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MOLLOW WEDGE
AMERA
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Fig. 9
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clearly, the hollow wedge is removed fér the end-on interferograms,

so that there are no background fringes; for the side-on views, the
spacing of the fringes can be arbitrarily adjusted. The end-on views
integrate over irrelevant parts of the plasma near the coil ends, but
no Abel inversion is needed. The side-on views measure the density at
exactly the place where SRS occurs, but Abel inversion is required.
The absolute density can be determined accurately by using the profile
from the end-on view to invert the side-on views.,

The side-on pictures also give directly the axial scalelength Ln
which determines the convective Raman threshold. (Note that L, is differ-
ent from the interaction length L, which is related to the focal depth
of the pump beam.) To obtain L,, we fit the fringe shifts at x = 0
and x = *1 cm, visible through the 2-cm clear aperture of the side port
(a distance of 2000 Ao) to a parabolic profile n = no(l - x2/L§). We
find Ln > 15 cm.

Figs. 10-18 show some of the interferometer data. Fig. 10 contains
the timing pulses from five shots, showing the reproducibility., The
traces are photodiode signals of plasma light on axis; the ruby laser
pulse can be seen superimposed on the first maximum, when the highest
density is achieved. The plasma oscillates in radius serveral times
during each compression of the magnetic field. The photodiode signal
has been calibrated by interferometry and serves as a rough but easy
indicator of plasma density.

Figs. 11-13 are end-on interferograms at 75 microns of He, spaced
100 ns apart around the time of peak light. These patterns are repro-
ducible. Each fringe corresponds to n= 1.25 x 1016 cm-3. The ruby

beam is = 3 em in diameter, so these pictures show only the compressed
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Fig. 16 Fig. 17 Fig. 18

plasma at the center of the 7.6-cm diameter chamber. The absence of fringes
at the center of the patterns shows that the density is uniform over a
6-mm diameter on axis. Fig. 14 is a side-on interferogram under the same
conditions as in Fig. 13; together, these show that n = 6 X 1016 cm_3.
Figs. 15 and 16 are end-on views at 85 microns pressure at t = -100 and
0 ns. Fig. 17 is side-on view corresponding to Fig. 16. Fig. 18 shows
the flute instability occurring at higher voltage and higher pressure
(150 microns); the onset of instability is reproducible.

Figs. 19 and 20 show computer analysis of the interferograms of
Figs. 13 and 14. Fig. 19 is a radial density profile generated from the
central fringe in Fig. 14 by fitting the fringe shift profile to a ninth
degree polynomial and then Abel inverting it. This gives a central
density of 5 x 1016 cm_3, but this figure is not very accurate because of
the small shifts involved and because of distortions in the beam splitter.

Fig. 20 is a radial fringe shift profile generated from the end-on inter-

ferogram of Fig. 13, where the density profile is easier to measure.
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In principle, the absolute density from the end-on view can then be ad-
justed so that the maximum expected radial fringe shift agrees with that
in Fig. 14. 1In thisg case, an 1teration was not necessary because the
density calculated from Fig. 13 was 6 x lO16 cm_3, already sufficiently
close to that obtained from Fig. 14,

In Raman scattering, the k-matching condition that determines
the inhomogeneous threshold depends mainly on the density, which we can
measure well. The temperature is needed only for checking the collisional
and Landau damping thresholds. The temperature measurement is difficult,
and we have postponed it until now. An estimate can be made from pres-
sure balance, assuming that B = 1 at maximum compression. At that time,
B is not at its maximum, as can be seen from the B signal in Fig. 8a.
Taking B = 15 kG, we find from 8 = 1 that Te + Ty = 90 eV, or T, = Ti * 45 ev
if there is thermal equilibrium. (The equilibration time of =600 nsec
is of the same order as the compression time.) The ion temperature
can also be estimated roughly from the compression velocity. It takes

500 nsec to travel 3.5 ¢m, so the average vi is = 7 em/psec. If we assume

that this directed energy is isotropized in the compressed state, setting

% Mvi = %»KTi vields Ti = 33 eV, the same order of magnitude. Thus,
the pinch probably produces Ty = T, =40 eV at n =~ 6 x lO16 cm_3, for

an nT product of 2.4 x 1018.

In addition, the laser pulse can heat the electrons by inverse
bremsstrahlung. For a long cylindrical focal region, radial heat con-
duction limits T, to the value (see Appendix B, Eq. 52)

T = sp o2/5 ,1/5

e M7 Pio eV

where PlO is the power (not intensity) in units of 1010 W. Taking
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ny, = 0.6 and PlO = 0.03, we obtain Te ¥ 20 eV. Since this is less than
what the pinch produces, laser heating has a relatively minor effect on
Te and the ratio Te/Ti. Note that if it were not for radial heat conduc~-
tion, inverse bremsstrahlung would, in a time t, raise Te to the value
given by

/2 4512 g

Te eo 16th'

For t = 30 nsec, n =6, Iw = 3 x 1011, and Teo = 40 eV, this gives

16

Te = 125 eV, or Te/Ti = 3-4, Fortunately, heat conduction prevents such
temperature ratios, which would allow SBS to dominate over SRS.

Our plans are to measure Ti and Te in the immediate future. Ti
will be measured by Doppler broadening of He 4686 & and of impurity lines.
Te will be measured by 90° ruby Thomson scattering. The scattering
parameter o under standard conditions is « =0.4. This is not small enough
that collective effects can be neglected. Te cannot be obtained by simply
measuring the width of the spectrum; the latter will have to be compared
with computed spectra in the intermediate-~a regime.

Note that the same Thomson scattering system, set up at 9 = 7.50,
will measure the SRS plasma waves with k = 2k0, just as it was used for

SBS ion waves at the same wavelength.

3. Scattering measurements

The experimental set-up for stimulated Raman scattering is shown
in Fig. 21. The 9.56-um input beam is focused with an £/7.2 lens along
the axis of the 8-pinch and is dumped through a salt window at the far
end. The reflected light is collected by a beam splitter and focused onto
a cooled Cu:Ge detector after passing through an infrared spectrometer,

In anticipation of beat-frequency exper iments, an SF6 cell was introduced

into the CO2 oscillator cavity to allow two lines at 9.56 and 10.27 um to
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be produced with variable intensity ratio, as was done previously. 0, 11
Hence, the pump was at 9.56 um instead of the usual 10.6 um. The focused

intensity was 3.3 x lO11 W/cm2 in a 300-um diam spot and a 50 nsec FWHM

pulse. The measured plasma density was 6 x 10t em™> (in He).

To observe SRS, it was necessary to time the laser pulse so that
it comes during a 100-nsec window at the first compression of the 8-pinch,
when the density is maximum and is not changing rapidly. At this time,
one expects the density to be relatively uniform and the temperature
ratio Ti/Te to be > 1 so that SBS is suppressed. A typical pulse is
shown in Fig. 22, which is a superposition of three signals on one trace.
The first broad peak is the photodiode signal used to monitor plasma density.
The sharp spike at the peak of this signal is the SRS scattered light.
The second broad peak is the input monitor, delayed by 150 nsec so as
to be seen on the single-trace storage scope. Because of jitter, not
all pulses have sufficiently good timing to produce SRS. A dual-beam
storage scope is needed to check the timing before hard data can be obtained.
(The scope has been ordered on NSF funds.)

Frequency analysis shows that the scattered light is at 10.47 um,
corresponding to n = 8 x lO16 cm-3, in fairly good agreement with the
independent measurement of density. By attenuating the pump beam, a
preliminary growth curve of Raman reflectivity R vs. IO has been
obtained. This is shown in Fig. 23. We have so far a maximum intensity
only two times the threshold value. The individual Raman spikes are
about 2 nsec FWHM. An example is shown in Fig. 24, which shows three
successive spikes on 10 nsec/cm sweep; the detector and scope risetimes
are shorter than 1 nsec.

Under other conditions of density and timing, or with other gases,
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the same apparatus can produce large Bfillouin scatter. To check for
SBS under SRS conditions, we tuned the spectrometer to the SBS frequency
near 9.56 um. No measurable signal was seen, so that the SBS level was
at least lO2 times lower than SRS. 1In a separate check, the grating
spectrometer was replaced by an interference filter combination which
has a 10_8 rejection ratio for 9.56-um light while passing 10.5-pm light
with =507 efficiency. The Raman signal was not greatly changed by the
filter, indicating that it was not SBS light scattered into the detector.
We next describe an optical mixing experiment in which a second,
lower-frequency beam at w = w, was injected in the direction opposite
to the 9.56 um pump at w = W, Since optical mixing with laser beams
such that wy - wy = wp was first reported by Stanfield et al.,(a> many
groups, including ourselves almost 10 years ago, have proposed to do the
experiment better with CO, lasers. Up to now, no one had succeeded.
The arrangement is shown in Fig. 25 and is the same as in the SRS experi-
ment except for the 10.27 um backward beam from the same laser. The
frequency difference of the two beams resonates with a plasma density of
6 x 1016 cm_3. The two beams must coincide in space and time, and both
must be timed to arrive when the density has the right value. The path
lengths of the two beams are carefully matched, and the 10.27-um beam is
weakly focused to about 6 mm diameter, so that it easily overlaps the
300-um diam 9.56 um beam. The intensity ratio is about 10-4, the "red"
beam being only 2 x lO7 W/cmz.

Optical mixing is not a nonlinear parametric instability but is

linear in the two intensities. Frequency matching requires éwo = éwz + ﬁwp_

(@) B. 1. Stanfield, R. Nodwell, and J. Meyer, Phys. Rev. Lett. 26, 1219 (1971).
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This can be viewed as the breakup of a quantum of W light into a quantum
of w, light and a plasmon. Thus, the intensity of the higher frequency
beam decreases, and that of the lower frequency beam increases. This is
the reason the backward "tickler" beam had to have longer wavelength
than the pump. It is easier to detect a large fractional increase in
the intensity of the red beam than a small decrease in the intensity of
the pump.

However, there is a difficulty that did not become apparent until
we actually did the experiment. Since the w, beam is more sharply focused
than the wy beam, most of the w, light does not pass through the inter-

action region. The average amplification of the w, beam is minisclle.

Furthermore, SRS would produce light at the same wy frequency. The solution

is to misalign the two beams slightly and then to block the w, beam after
it has been brought to a focus by the ZnSe lens (Fig. 25). The spectro-
meter and detector are placed 4.5 m away from the lens, so that when
they are aligned to receive the unblocked 10.27 um beam, they do not see
most of the backscattered light, which retraces the path of the 9.56 um
beam and is therefore misaligned. When the w, beam is blocked and there
is no interaction (wrong plasma density), there is only a low level of
stray light. When optical resonance occurs, those rays of wy light
which coincide with rays of w light are amplified. Since the amplified
rays diverge from the focus and do not hit the lens as a parallel beam,
they are focused by the lens at a different place and miss the beam block.
Fig. 26 shows an example of the amplified w, signal; it is usually 25-60
times the stray light level and went way off scale on this shot.

This experiment has not yet progressed to the data-taking stage,

but we have made several checks. When the woy beam is not present, there
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is no SRS: the @, beam is kept below tﬁreshold. When the laser pulse
is mistimed so that is comes at a different time in the 8-pinch pulse,
the density is wrong and no amplification is seen. In the future it
should be possible to detect the plasma wave directly by ruby Thomson
scattering at 6=7.5°. A further check would be to interchange the fre-
quencies of the pump and tickler beams to see that the effect dis-
appears.

C. Theory and Computation

1. Effect of SBS on SRS

Since SBS usually has a lower threshold than SRS, it is difficult
to observe SRS without the ion waves from SBS being present in the plasma.
These ion waves modulate the density in a quasi-dc fashion, forcing
the SRS plasma waves to grow in an inhomogeneous medium. We anticipated
two opposing effects. First, the density depressions could trap the
plasma waves, causing a convective instability to become absolute. Second,
the density ripples could cause the plasma waves to be nonsinusoidal; that
is, to develop spatial harmonics with larger k, so that Landau damping
would be enhanced. To see which effect would dominate and whether SRS
would be enhanced or suppressed by SBS, we made a study with Dr. H. C.
Barr, a visiting professor from the University of Wales and Rutherford
Laboratory, England.

We first studied the fluid equations for SRS in a density ripple,
obtaining he usual Mathieu equation previously considered by Kaw, Lin,

(b)

and Dawson What is special here is that in an underdense plasma the

ripple created by SBS has k = 2ko, almost exactly the same as the k of

®) P. K. Kaw, A. T. Lin, and J. M. Dawson, Phys. Fluids 16, 1967 (1973).
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the plasma wave. Furthermore, the ion wave can be so large that the
coefficient q of the cosine term in the Mathieu equation cannot be
treated with the small-q approximation. Physically, large q means that
the thermal term 3k2v§ in the Bohm-Gross dispersion relation cannot
overcome the change in wp, so the plasma waves are trapped in the density
troughs. The fluid equations, however, do not contain Landau damping,
and the major part of this work was done with a full kinetic treatment.
The main effect we found was unexpected. The plasma wave at k = 2k0

couples to the density ripple, also at k = 2ko, to give harmonics at

1R

k = iano. The strongest coupling is to the n=0 mode, for which k 0.
This gives rise to a strong backward plasma wave at k = —2ko. The modes
at iénko have more Landau damping and are less important. The k = 0 mode
is not Landau damped, and the k = —Zko mode is a reflection of the plasma
wave, enhancing its interaction. It appears that whatever effect SBS

has is in a direction to lower the SRS threshold. This work is not yet

ready for publication.

2. Computations of electron acceleration

A new student, Warren Mori, has been put to work under the super-
vision of John Dawson to do one-dimensional simulations of the laser
acceleration scheme to be described in Sec. ITIC. Some of his results

will be given in that section.




IV, SCIENTIFIC COLLABORATORS

The work reported here was carried out by the prinéipal investigators,
Professor F. F. Chen and Adjunct Associate Professor C. Joshi, in collaboration
with two students, Chris Clayton and Behrouz Amini, who completed their
dissertations with support from this grant,

The group was fortunate to be joined by Dr. H. C. Barr of the
University College of North Wales, Bangor, U.K., who spent part of his
sabbatical at UCLA and worked on the theory of Raman scattering in the pre-
sence of Brillouin scattering.

In the first year of this period, we similarly benefited from
a sabbatical visit by Prof. Akio Yasuda of Tokyo Univeristy of Mercantile

Marine, who collaborated in the experimental measurements,
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ABSTRACT OF THE DISSERTATION

The Physics of the lon Acoustic Wave
Driven By

the Stimulated Brillouin Scattering Instability
by

Christopher Emmet Clayton
Doctor of Philosophy in Engineering
University of California, Los Angeles, 1984
Professor F. F. Chen, Chair
The ion acoustic wave excited in the stimulated Brillouin scattering

(SBS) instability is probed via collective ruby-laser Thomson scatter-
ing in order to understand the low saturation level observed in the
instability. Many of the features observed in the Brillouin backscat-
tered CO, laser light from the underdense gas-target plasma are also
observed in the Thomson scattered ruby light--from which it is
learned that the ion acoustic wave grows exponentially and then satu-
rates as the COZ pump power is increased. The primary advantage
of the ruby Thomson scattering diagnostic is in its capability of pro-
viding simutaneous space- and time-resolved measurements of the ion

wave amplitude. From these first such detailed measurements, we
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find that the ion wave grows exponentially in space at a rate which
agrees with the linear convective SBS theory. However, at higher
pump powers, the ion wave saturates at an inferred amplitude of
H/n°=5-102. Further increases in the Pump power appear to result in
an increase in the length over which the ion wave is saturated. A
nearly constant SBS reflectivity in this saturated regime, however,
suggests that the saturated ion wave does not contribute as much to
the scattered power as would be expected from Bragg scattering theo-
ry. This apparent contradiction can be resolved if ion trapping is
responsible for the saturation of the ion wave. The saturation ampli-
tude of the ion wave is consistent with estimated thresholds for ion
trapping effects to become important. Discrete harmonics of the ion
wave are also detected in the spectrum of the ion wave. However,
their apparent linear dependence on the amplitude of the fundamental
suggest that their presence is not directly related to the observed

saturation.
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ABSTRACT OF THE DISSERTATION

by

Behrouz Amini
Doctor of Philosophy in Engineering
University of California, Los Angeles, 1984
Professor F. F. Chen, Chair

Experimental results on stimulated Raman backscattering induced
by CO2 laser light in a fully ionized plasma will be presented, Stimulated
Brillouin scattering, which has always been the dominant process in all other
experiments, is totally suppressed here; this is believed to be due to
heavy Landau damping of the acoustic wave, 1n agreement with the estimated
ion temperature,

By ruby laser scattering we have measured the initial density fluctu-
ation of plasma waves and, as a result, the number of e-foldings for the
scattered wave to reach to the detectable limit. It is only then that one
can make a proper comparison between the theory and the experiment. The
discrepancies between the theoretical prediction and the experimental results
are fully discussed.

We have achieved the excitation of electron plasma waves in a hot,

fully ionized and well diagnosed plasma and the detection of the excited
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electrostatic waves by light scattering. Two counter-propagating CO2 laser
beams are used for the excitation; and a third beam, from a ruby laser, is used
for the detection by Thomson scattering,

In the absence of the pump beams, plasma satellites are seen
in the Thomson-scattered light; the Bohm-Gross frequency 1is therefore
measured directly. When the pump beam is on, the enhancement of the scattered
light by orders of magnitude indicates the strong coupling of the laser
with the plasma when the Bohm-Gross frequency matches the difference frequency
between the two pumps. Due to this strong coupling, this mechanism can
be used (among other applications) as an excellent heating technique for

laboratory fusion devices.
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