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Brillouin backscattering from laser-produced plasmas of hydrogen and deuterium has
shown an isotope effect in the red-side region of the generated second-harmonic light.
This isotope shift is explained by the parametric instability at the cutoff region using the
phase-matching condition of the waves. The decrease of the reflectivity appeared when
the laser intensity increased up to 1 order of magnitude larger than the threshold of the
parametric instability. A broad-band laser showed more effective heating of the plasma
than a narrow-band laser.

The interaction of an intense laser beam with

plasma is one of the most interesting phenome-
na in laser fusion research. ' ' In particular,
the nonlinear excitation of the collective process-
es of plasma is very important to laser heating. '
Many theoretical works' ' have been done to clar-
ify the anomalous absorption due to these effects.
Near the cutoff region, the parametric instability
(photon-plasmon-phonon interaction) plays an
essential role in the absorption, which has been
verified not only in laser plasma, 4 ' but also in
the ionosphere" and in laboratory experiments
on microwave heating. "" Induced scattering pro-
cesses" "in the underdense region have been
discussed as a counteraction to the absorption.

To investigate the more detailed process of
heating we have performed a laser-bombardment
experiment on solid hydrogen and deuterium tar-
gets using a YAIG (yttrium aluminum garnet)-os-
cillator, glass-amplifier laser system and a
glass-oscillator, glass-amplifier laser system.
An isotope effect of Brillouin scattering due to
the hydrogen and deuterium plasmas has been ob-
served. The decrease of the reflectivity has ap-
peared at above a certain laser intensity. Effec-
tive heating which had been predicted by the dou-
ble resonance" of the parametric excitation was

experimentally studied.
The mode of the laser beam was TEN~ and the

energy was 40 J in 2 nsec. The beam divergence
was less than 1 mrad. The spectral widths of the
YA16 and glass laser systems mere 6 and 60 A,
respectively. The laser beam was focused on the
solid target, the dimension of mhich was 2~2
x10 mm', by an aspherical lens of focal length
50 mm. The image of the target was magnified
10 times to check the focal condition. The ac-
curacy of the focal adjustment was about 50 p, m.

The reflected and backscattered spectra were
investigated near the incident wavelength and its
second harmonic using a Czerny-Turner grating
spectrometer with a mean dispersion of 8 A/mm
in the first order. The spectrum of the reflected
light was shifted to the red from the incident
light by 10 A and became broad.

The ratio of the incident to the reflected laser
light was measured by using a single biplanar
photodiode, HTV-R317, with a filter, IR-80. In
the glass-laser case, shown in Fig. 1, the re-
flectivity increased up to 18% and began to de-
crease above an intensity of 1.5 x10"W/cm'. In
the YAlG-laser case, the ref lectivity was always
a little bit higher than that for the glass-laser
case.
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FIG. 2. Spectrum of backscattered light near the
second harmonic when YAlG laser system bombards
solid deuterium and hydrogen targets.
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FlG. 1. Electron temperature and reflectivity versus
laser intensity when glass laser system bombards a
solid deuterium target. Threshold of parametric insta-
bility is indicated by vertical line.

The decrease of the ref lectivity, which begins
at a laser intensity 1 order of magnitude larger
than the threshold of the parametric instability,
is explained as follows. At the threshoM, the
spatial region of the instability is so small that
the reflectivity is still mainly determined by clas-
sical absorption. As the laser intensity increas-
es, the anomalous absorption grows in to a larg-
er region to reduce the ref lectivity.

The backscattered light near the second har-
monic" showed two side peaks at the red side of
the second harmonic, which was especially clear
when the YAlG laser was used, as shown in Fig.
2. These side peaks appeared at the central part
of the laser focus, where the laser intensity
reached the parametric threshold. As the laser
intensity" increased, the intensity of the back-
scattered light grew and the spatial region of the
backscatter source became wide. As for the
growth rate of the side peaks with laser intensity,
the glass laser system gave a larger growth than
the YAlG system did. The frequency shifts of
the first peak with the YA10 system of intensity
8X10"W/cm' were 84 and 79 cm ' from the cen-
ter of the second harmonic for hydrogen and deu-
terium plasmas, respectively. The shifts of the
second peaks were 319 and 204 cm ', respective-
ly. These second peaks showed an isotope effect.
In the case of the glass laser system, the inci-

Cd() + ((dg Qg) (dq

k. + (Ik. l

—Ik. l) = k,

(1)

(2)

where cu, (k,), cu (k), c, (k,), and 0, (k, ) are the
frequencies (wave numbers) of the pumping light,
the scattered light, the electron plasma wave,
and the ion-acoustic wave, respectively. At the
cutoff region, ko and k are nearly equal to zero
and Ik, I= Ik; I. The parametric condition is

no= co, + 0;.
From Eqs. (1) and (3),

2((do Q~).

The ion-acoustic frequencies excited by the para-
metric decay instability are 8 &10"Hz and v2
x3 &&10" Hz for deuterium and hydrogen plasmas,
respectively, as shown in Ref. 4, Fig. 13. In
Fig. 2 the shifts of the second side peaks of the

dent spectrum was so broad that the fine struc-
ture of the scattered light was smeared.

The backscattered spectrum around the second
harmonic is not due to scattering excited in the
underdense region, because no side peaks were
observed around the incident wavelength. These
side peaks of the second harmonic are supposed
to be created at the cutoff region and are closely
related to the parametric decay instability, as
this spectrum was only observed above the thresh-
old of the parametric decay instability. The first
side peak seems to be due to the scattered light
produced by a modified instability of the electron
plasma wave, because the frequency shift had no
isotope effect. The second side peak is due to the
Brillouin scattering having the fo1.lowing match-
ing conditions:
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A, 'A, '= 6(y, 'I', /cu, 'Q;), y, » Q;.

Consider the experimental conditions for the

(6)

deuterium and hydrogen plasmas are experimen-
tally 6.11x 10"Hz (204 cm '} and 9.56 x10" Hz

(319 cm '), respectively. These values are very
close to the above estimated shift 2Q,. of Eq. (4).
The ratio of these shifts is 1.56, which is theo-
retically expected to be &2, if the electron tem-
perature is the same for both plasmas.

The electron temperature estimated by the foil
absorption method for soft x rays from the plas-
ma is shown in Fig. 1. In the case of the glass
laser system the electron temperature had two

components above the threshold of the parametric
instability. The high-energy component increased
as I~', where I is the spatially averaged l.aser
intensity. The low-energy component had a de-
pendence of I". But, in the case of the YAlG

laser system the separation of the high- and low-

energy components was not clearly observed. '
From these results we can say that the glass las-
er system induces more easily the instability of

the plasma than the YA16 system does. Nishi-
kawa and co-workers have presented a theoreti-
cal treatment of the double resonance" of the
parametric excitation using two pumps, both be-
ing in resonance with the electron plasma oscil-
lation and at the same time their beat frequency
being in resonance with the ion-acoustic fre-
quency. According to this theory, two features
result: (1) When the beat frequency A is tuned

to twice the ion-acoustic frequency, 2Q, , the
total threshold power for excitation of the ion
wave is

A, A2' = (4l";y,/&u, Q,), y, & Q,,

where A,. = F.,'/4vnkT„with E,'/4v the energy of

the pumping field and nkT, the electron thermal

energy; I',. and y, are the damping rates of the

ion acoustic-wave and the electron-plasma wave,

respectively; and cu, is the electron plasma fre-
quency. The single-pump threshold is

16&3 ~y y.I',.
9 0; co,Q;

for y, » 0,. which is much higher than that for a
double pump. If y, & Q, , the theory for a single
pump and a double pump yields the same thresh-
old. (2) When the first-pump intensity is mar-
ginal for the decay instability, a very small sec-
ond pump red shifted by 0,. can produce the osci1.-
lating two-stream instability. The total threshold
power for this case is

results presented here. The glass laser had a
spectral width of A -1.6 &&10"' Hz (corresponding
to nA = 60 A) whereas the width of the YA1G laser
was only 1.2x10" Hz (AX =6 A}. The information
in Fig. 13 of Ref. 4 estimates Q,. to be 3 &10"Hz
for the case of y, & 0,. Consequently one can ex-
pect the glass laser to approximate the conditions
for a double resonance much closer than the
YAlG laser. This line of reasoning also applies
to the excitation of the oscillating two-stream in-
stability which requires an even larger pump
threshold than does the decay instability. Both
types of instabilities can be induced more readily
with the broadband glass laser. Although a clear
demonstration of the double-resonance effect can-
not be expected in the present experiments, ex-
perimental data on electron temperature, ion en-
ergy, ref lectivity, and neutron yield" show that
the broadband laser is much more effective in
heating the plasma.
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We used the frequency analysis of the light scattered from a fluid to study the convec-
tive velocities in the Bayleigh-Bernard instability. The spatial dependence of the velocity
is in agreement with theory. The behavior of the convective Cow with the temperature
seems to reach the predicted theoretical one only for R & 1.5A, .

When a horizontal shallow layer of a quiescent
fluid is submitted to a constant thermal gradient
which is directed parallel to the body force (i.e. ,

"heated from below" ), the quiescent state breaks
down and thermal convection sets in, provided
this gradient exceeds a critical value. When the
fluid is confined above and below by rigid sur-
faces, the convection cell patterns are rolls
whose forms are dependent on the geometry of
lateral walls. %'e have in mind standard fluids
that can be described in the range of tempera-
ture under experimental considerations by the
Boussinesq approximation.

Many studies, both theoretical and experimen-
tal, ' have been devoted to this subject, usually re-
ferred to as the Benard problem, but very little
has been done about velocity measurements. The
aim of this Letter is to report preliminary mea-
surements of convective velocity near the criti-
cal instability gradient.

The local velocity of the fluid is mea. sured with
a laser velometer using a system of real fring-
es. ' Two incident laser beams on the same verti-
cal plane are sent through the fluid; they inter-
sect at the midheight of the cell. At this cross-
ing point they interfere, producing plane fringes
para. llel to the bisecting plane of the two beams,
hence parallel to a horizontal plane. An elemen-
tary computation gives the separation of the fring-
es; in our experimental arrangement it has the
value

f = —,'X,/(n' —cos'a )"'.
Here A. o is the wavelength of the incident beam in
air, n is the mean value of the refractive index
of the fluid, and n is half the angle of the two

beams in air.
If a particle passes through the fringes with a

velocity V making an angle 8 with the vertical di-
rection, the light scattered from this particle
wiii be modulated with period f =i /V cos8. In
the case of a single velocity V, the spectral anal-
ysis of the scattered intensity gives a single fre-
quency peak at f=t '= Vcos(8) i/, or f=V, /i No-.
tice that it is not possible to know the direction
of the velocity with the arrangement" described
above; one can only measure the absolute value
of its vertical component V, . Therefore, we al-
ways made our measurements in the middle hor-
izontal plane of the cell, where the direction of
the convective velocity is supposed to be less dis-
torted from the vertical.

In order to know if the measured vertical com-
ponent V, corresponds to an upward or to a down-
ward motion, we can insert in the path of one of
the laser beams a continuous phase shift; hence
there is continuous vertical displacement of the
fringes, the direction of which with respect to
the body force is known. The corresponding shift
of the measured frequency peak gives directly
the orientation of the velocity.

The cell containing the fluid [in this case sili-
cone oil, the viscosity q of which is equal to 1 S
(stokes) at 25 C) is a rectangular box of 4. 5 mm
height, 100 mm length, and 60 mm width (see
Fig. 1). The temperature of the upper and lower
glass plates confining the oil is fixed to a desired
value by two continuous water flows coming from
two separate thermostats. In practice the upper
plate was maintained at -25 C. The vertical
walls of the cell are made of glass, a much bet-
ter conductor than the oil.
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