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rate of a ground-state two-photon transition in
the v, mode of SF,. In so much as one can ignore
multilevel effects that could produce inhomogene-
ous dephasing, this rate relates directly to the
intramolecular dephasing rate for this level and
is in good agreement with numerical calculations.
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Saturation of Brillouin backscatter is observed from underdense plasma targets with
G02 laser intensities as low as 2xlo W/cm . Maximum refiectivity is about 5%, im-
plying an ion-wave amplitude of 1%. The most likely limiting mechanism is found to be
ion trapping, which is effective at our 1ow Te/T; ratio.

Light loss due to reflective instabilities contin-
ues to be the most worrisome plasma effect in
laser-driven fusion. In solid-target experiments,
energy reQectivities attributed to stimulated
Brillouin scattering (SBS) have varied from 0 to
5%o for glass lasers' ' and 1 to 30% for iodine
lasers, 7 and are close to 5%%uo for CO, lasers. ' 'o

%'idely varying conditions and the complications
of critical layers and plasma flow make it diffi-
cult to specify the saturation mechanism. Experi-
ments using underdense plasma targets have also
given divergent results ranging from 1% (Ref. 11)
to 60Po (Ref. 12). In our work, a Brillouin reflec-

tivity" of =5%%uo is measured and is explained by
ion trapping. Because of ionization-front effects
discovered to be operative in such experiments, '~

particular care was taken to verify the Brillouin
nature of the backscatter.

We used a 30-J CO, -laser system producing
300-Mg pulses with 50 nsec full width at half
maximum (FWHM), followed by a = 1-tt sec tail
of =30-MW average power. The 10-cm-diam an-
nular beam is focused to 280+ 30 p. m FTHM by
an f/7. 5 Ge lens. The pla. sma target is an arc
discharge in 15.2 Torr of H2, 2.5 cm in diameter,
partially ionized to n =10'8 cm ' and T;=7', =4-5
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eV. The CO, -laser beam is incident radially and
focused at the center of the cylindrical plasma,
creating a cigar-shaped, laser-heated, fully ion-
ized interaction region, whose properties are
documented by visible spectroscopy and ruby in-terferometryy.

'4

Timing of incident and reQected signals from
Mylar beam splitters and nanosecond photon-

drag detectors is shown in Fig. 1. Backscatter
is seen to occur in short spikes 10-30 nsec after
peak incident power. Spectra are taken with shot-
to-shot scanning of a Fabry-Perot interferome-
ter, using Cu:Ge and Hg:Ge photodetectors at
O'K. Figure 2 shows a backscatter spectrum
having a typical redshift of 23 GHz. To reduce
statistical Quctuations the data are normalized
to total backscatter on each shot, as obtained on
the second detector.

This redshift eliminates the possibility of Ha-
man scattering (&f = —4000 GHz) or of stray light
induced by refraction. Besides SBS, this red-
shift could also be caused by reQection at the di-
electric discontinuity of a moving, laser-support-
ed ionization wave. ~' To eliminate this mecha-
nism, two further tests are made. First, ray
retracing [a characteristic of SBS (Ref. 2)] is
checked by masking half the incident beam. It is
found that rays do retrace, with & 90% of the back-
scattered light going back into the unmasked half.
Second, dielectric reflection is purposely induced

by raising the pressure to 150 Torr, above the
laser breakdown threshold. BeQected signals
then have a completely different signature: Pulse
shape mirrors the incident pulse; spectra are
blue shifted (from an ionization front moving to-
ward the lens); and rays do not retrace.

Having identified true SBS signals, we next
used attenuators to study how they saturate. Fig-
ure 3 shows peak reQectivity versus input power
up to 300 MW, which, if one neglects self-focus-

ing, would correspond to lo = 5 & 10"W/cm'. The
ref lectivity R first grows rapidly with I» then
saturates at =5%. We analyze these two regions
in turn.

In the growth region, our conditions are best
fitted by the theory of convective instabilities in
a finite, homogeneous plasma. Ion-density Quc-
tuations are driven up by the beat between the in-
coming (&u»k) and backscattered (&u»k, ) light
waves; the backscattered wave, in turn, is cre-
ated by Bragg scattering off the ion wave (co;,k;).
Since T, /T; is small ((10), the ion waves are
heavily Landau damped and will grow to an ampli-
tude where their energy loss is balanced by input
from the pump. In this case both the ion wave
and the scattered power I', depend exponentially"
on Io:

P, =P„exp[2Im(A, )L],

where I is the interaction length, P„is the scat-
tering from the initial level of ion Quctuations,
and"

(2)

Here y, and y; are the electron and ion suscep-
tibilities at (cu;, k;) and v o is the peak electron
tluiver velocity (o-Io'~') in the pump field. We
have omitted writing the negligible damping and
dispersion of the light waves in the underdense
plasma. Vfhen y, and X; are expanded in small
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FIG. 1. Relative timing of pump {bottom traces) and
backscatter (top traces) signals on (a) 100-nsec/div and

(b) 20-nsec/div sweeps.

FIG. 2. Spectra of backscatter {points) and incident
light {curve), showing redshift. Each point is an aver-
age of five shots.

1592



VOLUME 4$, +UMBER 21 PHYSICAL REVIEW LETTERS 19 NOVEMBER 1979

l0%

CL
LIJ

0 L
CL

l
LJJ o
l
—QJ

0 l/
(n~
C3

CQ

0.0 l%

I I

l00 200
INPUT POWER (MW)

I

500

FIG. 3. Reflectivity vs pump power, showing satura-
tion. Reflectivity is defined as peak power back into in-
put optics divided by input power at that time.

T;/T, and k;5 D', one obtains th6 familiar result"

P, =P„exp(2y,'L/cy;),

where y, is the SBS growth rate in an infinite,
homogeneous plasma and y; is the ion-wave
damping rate. In practice, T, /T; as small as 2
is covered by using a y; and an cu; consistent
with Eq. (2).

The growth region of Fig. 3 can be fitted to the
exponential of Eq. (3) if n, (which enters in yo~),
T, /T; (which enters in y;), and L do not vary
with Io. Our backscatter grows in a long, uni-
form region of hot, expanded plasma behind a
dense, cold ionization front. " Holography shows
that bere n, is approximately constant at (1.5
+ 0.5) &&10" cm ' regardless of I,. The redshift
is measured to be independent of Io, indicating
constant T, (for constant T, /T;), since cu; =k;c,
=0;(KT, /M+3KT; /M) i2. The ratio T, /T; is de-
termined by electron-ion equilibration and thus
is constant if T, is constant. Computations of
the time-dependent transport problem, "as well
as a simple dimensional argument, "show T, /T;
=3. Using this, one infers from the redshift a
value 7;=80 eV, corresponding to a maximum
value of vo2/n, ' =0.25 in this experiment. One
then finds that Eq. (3) and the slope of Fig. 3 are
consistent if L =10+ 4 mm, which is half the length
of uniform plasma seen holographically. L is ap-
parently determined by focal depth and hence does
not vary with I, either. Using I- =Io ' f I(z) dz,

with I(z) measured, we find L =8+ 1 mm, in rea-
sonable agreement with that found from the slope
of the growth curve.

If T„T;,n„andI- do not vary withIO, one
can extrapolate the curve of Fig. 3 to I, =0 to ob-
tain the initial noise level from which the back-
scattered wave grows. One then obtains P„
= (10 '-10 ')P„which is 10'-10' times the ther-
mal Thomson-scattering level, This enhance-
ment factor agrees well with other experiments
on shock-enhanced acoustic turbulence, "' sug-
gesting that the noise source for the SBS is ion
turbulence at the ionization front.

%e now consider the saturation region of Fig.
3. Suppose the peak ion wave amplitude n/n is
fixed (by ion trapping, say) over a length L. Then
the expression for reflectivity including pump de-
pletion" reduces for R (20Fo to the usual Bragg
scattering formula

w 2
R = ( RXrLr, )* =(

0 c

where ro =em/me'. In our case, where n/n,
= 0.015, I. =1 cm, and A =

5%%uo, this gives n/n = 1%.
On the other hand, if n/n grows from noise to a
finite level within the interaction region L, the
expression for reQectivity including pump deple-
tion has been given. ' ' For R= 5/o, pump deple-
tion is unimportant, and this expression reduces
to Eq. (3). In this case, where ion damping bal-
ances parametric growth, n/n is given by"

(5)

with Io in units of ergs/cm' sec. This formula
holds up to the beginning of saturation, around
Io =2.5&&10"W/cm'. At this intensity, our pa-
rameters yield n/n=2. 4/o, in good agreement
with tbe 1% given by Eq. (4), which assumes n
constant in space and gives therefore an average
ne

Since A does not increase with I, in the satura-
tion region, ™nmust also be independent of Io.
This is just Bragg scattering from a fixed grat-
ing. Various mechanisms have been proposed
for limiting the size of n: (1) pump depletion, ""
(2) wave breaking, "" (3) energy and momentum
deposition, "(4) electron heating, "(5) harmonic
generation, 'o (6) ion trapping, "and (7) ion heat-
ing. ' Effects (1)-(4) cannot account for our low
(n/n= 1%) saturation level. Effect (5) is the
steepening os sinusoidal waves into sawteeth and
is supposed'o to occur for n/n =k X D' (=3% in our
case). This level is only slightly higher than ob-
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served, but there has been no experimental veri-
fication of this theoretical prediction.

Ion trapping has been seen in computer simula-
tions, "but only one analytic result for the satura-
tion level exists":

(6)

This result comes from a waterbag model in
which f;(v) is flat up to+3'~su;. For T, /T; =3,
this predicts n/n= 1.2%, in good a.greement with
the value computed from Eq. (4) for R =5%. Here
the trapping of ions in the bulk of the distribution
clamps n/n to a, low value independent of Io. The
trapped ions can cause a nonlinear frequency
shift, which has been computed and checked ex-
perimentally. " When this shift equals the half
width at half maximum of the Brillouin growth
versus frequency curve, as computed from Eq.
(1), the expected" amplitude is n/n= 0.8% at T, /

Ion heating causes saturation in a different way:
T; is increased by ion wave damping, and the de-
crease in T, /T; causes y; to increase, turning
off the instability. Using the Manley-Rowe rela-
tion, we estimate that the maximum energy the
ions could receive at the measured values of R
and Io could cha, nge T, /T; only from 3 to 2.5 in
the saturation region. The corresponding in-
crease in y; is not enough to explain the constancy
of n/n for intensities above I, =2.5 &&10"W/cm'.
In our case, T, /T; is set by collisional processes
in the evolution of the laser-heated region and
cannot vary much during the backscatter pulse.

We have shown, therefore, that ion trapping is
the most plausible mechanism for saturating R
at 5% in our experiment. Because the level at
which the ion waves saturate is set by T, /T;,
comparable levels would be expected as a result
of trapping in solid-target experiments where
low values of T, /T; may also exist. This mecha-
nism can limit the ion waves long before the other
possible saturation mechanisms become impor-
tant. If n/n is clamped by trapping, reflectivity
will scale according to Eq. (4).

Our conclusions depend on the absence of
(a) three-dimensional effects at low f numbers,
(b) any Io effect on P„,and (c) self-focusing or
filamentation. Existence of (c) would increa, se I,
locally, thus driving n to higher values; but then
I would have to be smaller, according to Eq. (4),
to explain the observed B. Though smaller I- is
likely with (c), saturation of R requires nL to be
fortuitously constant with Io. No filamentation is
expected" at our low va.lues of T, /T; and Im(k)1,
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and only whole-beam self-focusing is observed in
studies of the transmitted CO, -laser beam. " In-
terferometry'~ shows that self-focusing density
profiles exist, but not where they affect I, in the
SBS growth region.
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with R. P, Godwin, W. L. Kruer, N. C. Luhmann,
Jr. , B. Ripin, and others. This work was sup-
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This Letter presents measurements of the mobile dislocation density in lead-5%-in-
dium crystals, in which we measure the change in flux accompanying the motion of
dislocations. In particular, it is shown that the present technique allows us to establish
how the mobile dislocation density varies for crystals undergoing vastly different types
of work hardening. In addition, we use the present technique to show how the mobile
dislocation density varies with applied strain rate.

The plasticity of crystals occurs through the
generation and motion of dislocations. In addi-
tion, various microscopic theories of plasticity,
which involve interactions among dislocations,
explain the work hardening that accompanies
plastic deformation in terms of particular aver-
age dependencies on the mobile dislocation den-
sity as a function of stress. This average mobile
dislocation density, p, is either an adjustable
parameter in theories of work hardening, or it is
inferred from deformation experiments which
measure the total dislocation density before and

after deformation, ' i.e. , etch-pit studies, slip-
line measurements, transmission electron mi-
croscopy. The variation of p with stress, strain,
and applied strain rate is, in fact, central to any

theory of work hardening, and has not been in-
stantaneously measured tohile a sample is deform

i'. In the present paper, we show how a recent-
ly introduced technique can be used to measure
the mobile dislocation density while the sample
is deformed. '

The experiment relies on the fact that when a
type-II superconductor, in the mixed state, is
deformed the motion of the dislocations is accom-
panied by a change in flux. As such, then, the
change in flux is a measure of the dislocations
which are mobile, and in the present experiment
we measure, through the change in flux of the
mixed state of a superconductor, the variation of

p as a function of stress, strain, and applied

strain rate. In particular, results are presented
on crystals which are oriented as follows: Crys-
tals are oriented to deform initially, on a single-
slip system. Such crystals exhibit three differ-
ent work-hardening regions, one of which is a
relatively low work-hardening rate while another
work-hardening rate varies roughly as G/300,
where G is the shear modulus of the crystal
while the final work-hardening rate is variable
and intermediate between the first and second.

The rapid work-hardening rate—G/300 has
been the subject of a number of theoretical treat-
ments of plasticity' ' as well as extensive exper-
imental investigations. This particular work-
hardening characteristic appears in almost all
face-centered-cubic metals and alloys, as well
as body-centered metals and some hexagonal
metals. ' As such, it is of interest to explain the
presence of such a work-hardening rate, and ex-
perimental information on it is of importance.
Furthermore, many metals and alloys which be-
come superconductors do exhibit type-II behavior
and lead-indium crystals have been used exten-
sively in this regard. '

In order to carry out the present exp'eriments,
we have grown some lead-5/o-indium single crys-
tals, which are oriented for single slip and for
multiple slip. Crystals of this composition ex-
hibit typical type-II super conducting behavior.
These crystals, grown by the standard Bridgman
technique, prepared from 99.9999%-purity lead
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