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vortex pairs. The solid lines in Fig. 4(b) are
drawn with slope 2. Over a wide range of L9, the
data agree with the lines, indicating that over
that angular range the, mode indeed corresponds
to nt =-, . There it has a wavelength equal to —,

'
the circumference, and it moves at the same
speed as the ~ = 3 mode. For 0.6& ()/2n & 0.7,
the mode develops a phase anomaly and "drops
back" by half a wavelength so as to be able to
continue periodically around the annulus. At
slightly different axial positions on the same vor-
tex pair, we have observed the transition taking
place in the range 0.5& 9/2v & 0.8 by "jumping
ahead" by half a wavelength. This transition re-
gion is stationary in the laboratory frame, possi-
bly because of pinning by slight geometric imper-
fections.
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Stimulated Raman backscatter from long —scale-lei)gth, magnetically confined, under-
dense plasma has been studied for incident CO~ laser intensities up to 2.5x10"W/cm2.
Above an incident threshold of 4&& 10' W/cm' the reQectivity rapidly rises to a saturated
value of 0.7%. The measurements are in good agreement with a theoretical model of
absolute instability which includes both collisional and Landau damping due to hot-electron
production.

PACS numbers: 52.25.Ps, 52.55.Ke

Parametric instabilities in plasmas have re-
cently been the subject of intense theoretical in-
vestigation' ' because of their possible effect in
reducing absorption and producing superthermal
particles" in laser-driven fusion. Stimulated
Raman scattering (SRS), which involves the scat-
tering of an electromagnetic wave from an en-
hanced electron plasma wave, is one such insta-
bility. Unlike stimulated Brillouin scattering
(SBS), which involves an ion wave with little dis-
persion and therefore satisfies easy matching
conditions, SRS requires a long —scale-length un-
derdense plasma (n &n, /4) in order to provide

phase matching and growth for the highly disper-
sive electron wave. As a consequence, SHS has
not been extensively studied in present-day laser-
target interaction experiments in which density-
gradient scale lengths, L„,are short. For future
reactor-size plasmas, however, long gradient
scale lengths are expected.

A linear magnetically confined plasma, on the
other hand, does offer the prospect for providing
large I-„and, indeed, was used in an early experi-
mental study" —wherein SHS ref lectivity levels
of 10 ' were reported. In the present study, we
report spectrally and temporally resolved meas-
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urements of the growth and saturation of SRS at
remarkably high ref lectivity levels of 0.7% and
compare results with the expected behavior for
an absolute instability model.

The experiments were conducted using a long-
pulse, electron-beam-excited, CO, laser focused
by means of a 1.5-m, f/15 mirror into a magneti-
cally confined (B =63 kG), laser-heated, hydro-
gen plasma column. An astigmatic focal distribu-
tion produced by distorting one of the beam steer-
ing mirrors gave a peak intensity of 2.4&&10" W/
cm' for a 1-GW input power and total measured
focal depth between 90% and 50% intensity points
of 28 and 85 mm, respectively. Details of the
formation and heating of the plasma and genera-
tion of strong SBS have been previously report-
ed. The plasma density mea, sured interfero-
metrically at an axial distance of 4 cm from the
focus varied from ~ 0.1n, at early time to an

asymptotic value of - 0.03n, for t & 200 ns. By
this time the plasma in the focal region had ap-
proached an asymptotic convective flow along the
magnetic field lines with L„=40 cm (determined
by the field). The average temperature T, =T,
was 45 eV as determined from energy balance
and SBS spectral measurements and was consis-
tent with time-averaged x-ray measurements
which indicated &,& 60 eV. The Doppler-shifted,
backsc atter ed SBS was sufficient to modulate the
tail of the laser pulse and produce groups of
-5-ns-duration spikes of up to 1-GW power (see
Fig. 1); this proved crucial for inducing SRS.
The groups of pulses were separated by the laser-
plasma round-trip time, -160 ns, with individual
pulses separated by the 22-ns unstable resonator
transit time. Backscattered SBS and SRS radia-
tion collected by the focusing mirror was tempo-
rally (1.5-ns resolution) and spectrally analyzed
using various filters. A NaCl dispersing prism
and pyroelectric infrared multichannel analyzer
were used to give single-shot, time-integrated
spectra with a resolution of 0.18 pm full width at
half maximum. Ref lectivity calibration was deter-
mined by using normal reflection from a polished
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FIG. 1. Oscilloscope traces of corresponding input
CO2 (upper trace) and Raman backscatter (lower trace)
pulses (a) at 200 ns/division and (b) for a different
shot in the tail of the CO, laser pulse at 20 ns/small
dlvls ion.

Intensity ( 10 W / cm )

FIG. 2. Raman reQectivity as a function of incident
intensity. The circles represent the average measured
reQectivities from numerous laser shots with error
bars showing the standard deviation for each averaged
set of data. The lines represent theoretical curves for
a saturated finite inhomogeneous absolute instability:
upper curve for A. = ~ and lower curve for A, = (9.83
x].0 ~2 cm2/W)I.
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NaC l flat.
Raman backscatter was observed as a series of

-5-ns-duration spikes which coincided with the
high-intensity spikes in the tail of the CO, laser
pulse (Fig. 1). In contrast to the strong SBS sig-
nal which appeared promptly with plasma forma-
tion," no SRS was observed until -400 ns after
gas breakdown. There was no direct correlation
between the strongest Raman and strongest
Brillouin pulses and, in addition, the Brillouin
pulses were much shorter, ~ 3 ns in duration.
The first pulse within each CO, laser pulse group
produced little SRS, which can be explained by
the large electron collisional damping in the cold
plasma remaining after the preceding period of
reduced heating (the estimated thermal relaxa-
tion time was -30 ns). The second and third
pulses in each group, on the other hand, consis-
tently produced Haman backscatter (dependent on

CO, intensity) but even for these pulses varying
plasma conditions led to considerable scatter in
ref lectivity. The average ref lectivity, R, ob-
tained from these second and third pulses is
plotted as a function of incident intensity in Fig.
2. A threshold of 4&& 10"W/cm' was observed
below which R &10 '. Error bars represent stan-
dard deviations of the average points and an addi-
tional estimated limit for systematic error of
+ 30/o should be included in both ref lectivity and
intensity.

Typical single-shot, time-integrated spectral
measurements are shown in Fig. 3. %hen there
was predominantly one backscatter pulse, a sin-
gle spectral peak was observed [Fig. 3(a)] with
spectral widths varying from less than resolution
limited, 0.18 pm, to 0.5 pm. Most shots involv-
ing multiple backscatter pulses showed structured
spectra, probably resulting from integration of a
number of pulses with slightly different density
conditions. The average reflected wavelength was
12.7 p m corresponding to an electron density n,
=2.7&10"cm ', but during the course of many
measurements spectral structure was observed
over the range of 12.0 to 13.5 p m for which n,
varied from 1.5 to 4.5x10 cm '.

The Raman backscatter process is a parametric
instability involving an electromagnetic pump
wave (designated 1), a backscattered electromag-
netic (em) wave (2), and an electron plasma wave
(3) satisfying the dispersion relations ~»' =&a~,'
+ & &~ 2 and 3 =&&, + 8 u, k3, respectively,
where e~,' =47/u, e'/m, and v, ' =T, /m, . For an
inhomogeneous system of finite extent"' or in
the presence of sufficiently strong incoherent
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FIG. 3. Raman backscatter spectra (solid lines) and
CO2 input reference spectra (dashed lines) (a) for the
case of predominantly a single backscatter spike; (b)
for the laser shot shown in Fig. 1(a).

—(y, /u, +y, ju, )](u,u, )/(u, +u, ),
where y, =k,v,[~/„/(~,—&u/„)]"'/2~2 is the ho-
mogeneous growth rate, v, =e (4~I,/c)"'/m, ~„I,
is the intensity of the circularly polarized inci-
dent wave, X =y,'/(~'v, u, ), ~' =d(k, +k, -k, )/dx is
the phase mismatch gradient, and v

&
and y, (i = 1,

2, 3) are the group velocities and damping rates
for the three waves. The equation for y, was de-
rived under the assumption that A. » 1, and x'
=const. In the present case the em wave is weak-
ly damped giving y, /u, »y, /u, . Evidently, for
absolute instability both inhomogeneity (»& '"}
and damping [y3&yo(v, ju2)" ] criteria must be
satisf ied.

fluctuations" it has been shown that absolute in-
stability is possible. In the present case, the
limited depth of focus and residual density fluctua-
tions arising from the damped SBS could both
possibly contribute to onset of such an absolute
instability. For a finite system an approximate
SRS growth rate is given by4

[2y (v u )- j./2(1 ~- 1/2g- 2/3)
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We now analyze our experimental results in the
light of our known plasma conditions. We first
note that from spectral measurements the typical
density n, =2.7&&10" cm ' agrees with the late-
time interferometric value. Consider now the
threshold conditions. The inhomogeneity criteri-
on can be expressed as v,'/c'& 1.7k,/O'I „which
gives a threshold I,h-5x10" W/cm' for L„=40
cm. This value agrees very well with experi-
ment and, moreover, accounts for the delay for
threshold to be achieved through'plasma expan-
sion generating a large enough I„.It may also be
noted that the observed spectral width of &0.8
p m (resolution limited) corresponds to a density
variation I + bn, /n, I 0.06 which for a focal inter-
action length of 28 mm implies a lower bound for
L„of23 cm.

The second criterion is set by the damping
threshold. In order to determine the collisional
wave damping (y, &) we need to calculate the tran-
sient electron heating. During the laser spike,
7~ =5 ns, the electrons in the focal region do not
have time to cool or transfer their energy to ions
and thus the electron temperature is given by sim-
ple energy balance through inverse bremsstrah-
lung heating, T, =[2k „h~/3n, + T„"]",where
k„(cm ') =10 "n,'in&(cu) is the absorption coeffi-
cient, lnA(&u) =6.7 is the frequency-dependent
Coulomb logarithm, and & p 45 eV. With I',
determined (80-130 eV over the intensity range
of interest), the collisional damping, y, &(s ') =3
&&10 'n, lnAT, '", where lnA =9 is the collisional
Coulomb logarithm, can be evaluated. With
these results it is straightforward to show that
the self-consistent damping threshold intensity is
4.4x10"W/cm'. Thus simple plasma heating
and expansion appear to be sufficient to achieve
SRS threshold at a value of (4-5) x 10"W/cm'.

We now consider a possible model for satura-
tion of the instability. One may reasonably ex-
pect nonlinear mechanisms (e.g. , wave breaking)
to produce hot electrons. It has been observed in
numerical simulation" that Raman scattering pro-
duces an approximately Mmmellian temperature
T„=zmv»' where v» = ~,/k, . The additiona. l
Landau damping due to these hot electrons can be
calculated giving

8 O' AD n T„
T 3T

2 (k,n )'TD„2T
„

where nI„n„&&,and &, are the hot and cold .

densities and temperatures, respectively, and
&~ =v, /&u~ is the cold-electron Debye length. For
the conditions of the present experiment, k3~D
&0.18, Landau damping from cold electrons is
negligible and the hot-e1ectron Landau damping
(T„=2.1 keV) reduces toy» ' =(6.8x10 ' cm'
s ')n„'.The density of hot electrons can be esti-
mated from an energy flux balance" modified to
allow for the fraction of energy dissipated by col-
lisions giving n„=2W2&ug»RI/m, v»'&ag, where
the total damping is y, =y, &+y&&. Thus above
threshold a self -consistent saturation ref lectivity
(for which y« =0) can be calculated by taking into
account the additional damping due to hot elec-
trons. These saturated ref lectivities are plotted
in Fig. 2 for two cases: A =, which ignores the
effect of the density gradient, and A. =(9.8x10 "
cm'/W)I„which corresponds to experimental con-
ditions but ignores the restriction A» 1 used to
derive yg, . Taking these two curves as limiting
cases between which the real ref lectivity should
lie, we see that the predicted dependence of re-
flectivity on intensity agrees remarkably well
with the experimental measurements. At best
such an analysis is still imcomplete since no ac-
count was taken of the nonuniformity of w' in a
real density gradient or the effect of density fluc-
tuations 5n/n ~ 0.01 driven by the large levels of
SBS and SRS. The finite interaction length (limit-
ed by depth of focus) and nonlinearity of ~' makes
the infinite inhomogeneous convective model of
Rosenbluth, White, and Liu' inapplicable to the
present experiment.

The above model would predict hot-electron den-
sities of -3&10"cm ' and fluctuation levels'
5n, /n, & 0.02 for I&2x10" W/cm' and maximum
Landau damping. An attempt to measure x rays
generated by these hot electrons was inconclusive
since the low level of emission limited detectabil-
ity to an estimated density of n„-2x10'4cm '.
For the estimated fluctuation level other nonlinear
damping mechanisms, such as electron trapping,
are not expected to be significant.

In conclusion, clear measurements have been
obtained of the spectral, temporal, and saturation
features of Raman backscatter from a long under-
dense plasma. The observed threshold and satu-
ration show good agreement with an absolute in-
stability-growth model which includes Landau
damping due to production of hot electrons.
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An abrupt decrease in the acoustic loss Q
' has been observed in Qexural modes of

polycrystalline Nb disk samples on cooling through the superconductirg transition tem-
perature T,. High-resolution measurements on a 1.6-kHz mode of one sample showed a
30% decrease in Q

' in a 20-mK temperature interval. It is shown that these results are
clearly identifiable with the reduction of the thermoelastic contribution to the acoustic
loss in the superconducting state.

PACS numbers: 62.40.+i, 65.70.+y, 74.30.Gn

Interest in the acoustic-loss mechanisms in
solids at low temperatures has been stimulated
by the requirement for very high mechanical Q
factors in gravitational radiation antennas. " One
material known to have a high Q is niobium. As
a superconductor, Nb may be expected to show a
decrease in Q

' below T, because of the BCS
temperature dependence of the electronic con-
tribution to Q ', which is well known from ultra-
sonic studies. ' Previously reported measure-
ments for Nb disk samples4 showed decreased
losses below T, which appeared consistent with
this interpretation.

The high-resolution measurements reported
here show that the decrease is much too abrupt
to be explained by the BCS electronic contribu-
tion. We show that the results are in fact the
first observation of the thermoelastic effect' at
low temperatures. In this effect, which is the

thermodynamic reciprocal of thermal expansion,
heat flow tends to restore thermal equilibrium
between regions compressed (heated) and dilated
(cooled) by the acoustic wave. The magnitude of
the thermoelastic temperature gradients is de-
termined by the coefficient of linear thermal ex-
pansion ~, while the losses depend also on the
thermal diffusion time w, ~. The reduction in
thermoelastic contribution to Q

' is due to the
abrupt changes in ct (Ref. 6) and the specific heat
c (Ref. 7) on cooling through T, .

We present results obtained from Q
' measure-

ments on the four different disk samples de-
scribed in Table I. The disks were machined
from polycrystalline Nb of 99.9$ purity. The
flexural modes for which measurements were
made have the form

w(r, 6') = u, coen 6 [J„(k„r)+ P„I„(k„r)]
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