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STIMULATED BRILLOUIN SCATTERING IN SHOCK- COMPRESSED FLUIDS*

R. N. Keeler, G. H. Bloom, and A. C. Mitchell
Lawrence Radiation Laboratory, University of California, Livermore, California

(Received 10 August 1966)

In this Letter we report the first observation
of stimulated Brillouin scattering in a shock-
compressed material. The experiment was
carried out in liquid acetone shocked from a
pressure of 1 atm and temperature of 20'C to
a pressure of 35+ 5 kbar, a temperature of
910+ 30 K, and a compression of 31+4'. The
experiment has yielded the first measurement
of the acoustic properties of condensed matter
in such a highly compressed state.

The experimental arrangement of optical com-
ponents is shown in Fig. 1 and was basically
similar to apparatus used in previous experi-
ments. " The high-explosive shock-wave tech-
niques are described in detail elsewhere. ' The
sequence of operations during the experiment
was as follows: The three lasers were pumped
simultaneously. After a preset time during
which the lasers approached maximum inver-
sion, the detonator was fired, and the explo-
sive lens converted the point initiation into a
plane detonation wave which passed into the
sample as ia one-dimensional shock wave. At
the appropriate time, the Kerr cell was trig-
gered by piezoelectric pins set in the sample.
The light pulse from the trigger laser was di-
rected at the bleachable filter. When the bleach-
able filter became saturated, the oscillator
laser began to emit, producing a 20-nsec pulse
of high spectral purity (several adjacent cavity
modes). This pulse passed through the ampli-
fier, a,nd its final intensity was about 200 MW/
cm'. The light pulse was then focused behind
the shock front in the acetone where stimulated
Brillouin scattering occurred. The backscat-

tered pulse, shifted down in frequency, was
amplified in the oscillator-amplifier system
and recorded, along with the initial laser pulse,
on the oscilloscope and Fabry-Perot interfer-
ometer. The three-laser system was developed
to provide timing to approximately 0.1 p. sec,
single-frequency operation, and high intensity.
All three requirements are necessary in car-
rying out stimulated Brillouin scattering in a
shock-wave experiment.

The results are shown in Fig. 2. Figure 2(a)
is a Fabry-Perot interferogram of the initial
laser pulse, showing its spectral purity; Fig. 2(b)
shows stimulated Brillouin scattering in the
acetone sample at room temperature and pres-
sure. The characteristic doublet can be seen,
along with a very faint line which corresponds
to second-order multiple Brillouin scattering.
Figure 2(c) shows the result of the shock-wave
experiment. Lane A zs the laser lane. Lane B
is stimulated Brillouin scattering from unshocked
acetone in front of the shock wave. Line C is
stimulated Brillouin scattering from the shock-
compressed acetone.

In a static experiment, the Brillouin-Stokes
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FIG. 1. Experimental apparatus.
FIG. 2. Fabry-I'erot interferograms of stimulated

Brillouin scattering.
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line & is shifted down in frequency by an amount
given by the Brillouin formula, 4

av'= Jn v +(n -n )U -n U j,2@0
(2)

with Av' the downward shift in frequency, n,
the refractive index in the shocked medium,
n, the refractive index in the unshocked medi-
um, U~ the shock velocity, and U~ the parti-
cle velocity behind the shock front.

The shock velocity was measured by piezo-
electric pins placed at known locations in the
sample. Particle velocity was calculated from
a shock impedance-matching solution with the
container by the usual techniques. ' The refrac-
tive index was calculated from the Lorentz-
Lorenz equation, which has been shown to be
fairly accurate (better than 5') for shock-com-
pressed liquids at pressures less than about
50 kbar, ' although failing badly at much high-
er pressures. The shift of line C corresponds
to a phonon frequency of 13.9 GHz and an acous-
tic velocity of 2.9+ 0.3 mm/p, sec, and agrees,
within experimental accuracy, to the calculated
value of 3.1+ 0.4 mm/psec obtained from hy-
drodynamic codes. A quantitative comparison
of theoretical predictions with the results of
more precise experiments currently being car-
ried out will be published elsewhere. Figure 3

is a time-resolved photodiode record of the
sequence of events during the experiment, and

shows that line C cannot be due to multiple-
stimulated Brillouin scattering in the unshocked

2nv 8
S

Av = vo- sin —,
C

with Av the downward frequency shift (which
is also the frequency of the acoustic phonons
generated), n the index of refraction of the liq-
uid, v the velocity of sound in the liquid, and
0 the scattering angle. In this case 0 =180
and sin~(9 =1.

In stimulated Brillouin scattering behind a
shock front, the shifted line, C, has undergone
three Doppler shifts: one shift due to the acous-
tic velocity of the stimulated phonons, given
by Eq. (1); one because the light wave must
cross a moving interface between two media
of different refractive indices; and one because
the material behind the shock front is moving
at a constant velocity, Up, with respect to the
laboratory coordinate system. The total fre-
quency shift, Av', experienced by line C, there-
fore, is given-by
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FIG. 3. Photodiode record of shock experiment.

fluid. The initial laser pulse and the amplified
Brillouin pulse are recorded, with a superim-
posed ripple due to beating of adjacent cavity
modes. The very intense second pulse is the
sum of both Brillouin scattered pulses, corre-
sponding to lines B and C in Fig. 2(c). These
two scattered light pulses originate at essen-
tially the same point in space, and hence the
same point in time. A very weak third pulse
can be seen which corresponds to higher order
multiple Brillouin scattering from the unshocked
material. This faint pulse was also present
in the photodiode record from the experiment
performed under static conditions.

It can be seen from Fig. 2(c) that line C ex-
hibits considerable fine structure. This is prob-
ably due to "mode pulling, "a phenomenon first
described by Brewer. ' The backscattered light
is not amplified in the oscillator at its own cen-
tral frequency, but at the central frequency
of one or more of the adjacent oscillator cav-
ity modes. The Brillouin-scattered light from
the unshocked acetone returns as a very nar-
row line; this line is then "pulled" to the near-
est cavity mode. The Brillouin light scattered
from behind the shock front is spectrally broad-
ened, because of the steep pressure gradient
behind the shock front at the focal point, and
upon its return to the oscillator is amplified
at frequencies corresponding to several adja-
cent cavity modes. The spacings of the fine
lines in line C were measured and correspond
to the cavity modes of the oscillator laser used
in this experiment.

The current series of experiments is direct-
ed toward developing and testing improved equa-
tions of state for highly compressed fluids.
With shock-wave techniques, it is possible to
achieve temperatures up to several thousand
degrees Kelvin and pressures up to one million
atmospheres. It is necessary to use shock-
wave techniques to carry out these investiga-
tions, since at room temperature most liquids
freeze at about 30 kbar.

The authors would like to acknowledge sev-
eral helpful discussions of this work with Dr.
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PARAMAGNETIC BESONANCE TRANSMISSION IN GADOLINIUM*

Richard B. Lewis, t' George C. Alexandrakis, and Thomas R. Carver
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey

(Received 19 September 1966)

Using the spin transmission or selective trans-
mission resonance method previously applied
to conduction-electron paramagnetic resonance, '
we have observed rather unexpected but unique
and characteristic resonance lines transmitted
through 99.9% purity gadolinium foil at temper-
atures above the Curie temperature of 289'K.
In this type of resonance technique, the sam-
ple forms the common wall between two micro-
wave cavities tuned to the same frequency and
so arranged that the external magnetic field
may be oriented either perpendicular or paral-
lel to the foil with the microwave magnetic field
perpendicular to the static field. One cavity
is used for excitation of the resonance, and
the other cavity, into which leakage must be
kept to a minimum, is connected to a sensitive
superhetorodyne receiver which is coherent
with the excitation generator and therefore pro-
vides phase-sensitive detection.

The sample foil is 75 p, thick, and the skin
depth at the frequency used in this experiment
(9200 MHz) is about l p. . Transmitted paramag-
netic resonance under these conditions is sur-
prising. If it is assumed that a signal is car-
ried by independent motion of conduction elec-
trons, a conventional estimate of spin relax-
ation due to spin-orbit' or spin-ion core inter-
action leads to too short a relaxation time to
make such a resonance observable. If one as-
sumes that the paramagnetism above the Cu-
rie temperature is due only to statistically ori-
ented paramagnetic ion cores with atomic-range
order, it is clearly impossible to transmit a
coherent phase resonance through a sample
thicker than a skin depth. The alternative,
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FIG. 1. Resonance traces in 3-mil gadolinium foil
at 298 K with static field parallel to sample. (a) and
(b) Transmission resonances at two phase settings.
(c) Derivative of reflection signal. (d) Direct

reflect-

ionn signal.

which the shape of the resonance seem to cor-
roborate, is to invoke superexchange or itin-
erant magnetic order with longer range than
might be expected.

Figure 1 shows the experimental phenomena
when the static magnetic field is parallel to
the surfa, ce of the gadolinium sample. The bot-
tom two traces show a paramagnetic-resonance
absorption signal observed by reflection from
the excitation cavity only. Trace (d) shows
this strong signal by direct power measurement
on a crystal detector, and trace (c) shows the
same resonance using field modulation and a
lock-in amplifier which gives the derivative.
[The signal-to-noise of (c) is poorer than (d)




