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Results are summarized of a diagnostic study of underdense plasma targets, leading to the first observation of
stimulated Brillouin scattering arising from thermal-level fluctuations. Included are; (1) a detailed analysis of
spectroscopic measurements of the plasma before and during laser heating, (2) computer calculations of
plasma evolution during the laser pulse, (3) observations and anlaysis of Brillouin scatter, and (4)
spectroscopic observations of forbidden satellite line emission during Brillouin scatter.

. INTRODUCTION

When intense electromagnetic waves impinge on a
plasma, various parametric processes have long been
known to occur near the resonance layer where the
wave frequency w, matches the plasma frequency w,.
These lead to enhanced absorption via mechanisms
such as the parametric decay and oscillating two-
stream’ instabilities and resonance a.bsarption.2 It
was later realized, however, that parametric insta-
bilities could occur in the underdense layers, where
w, <wy, and that these could cause anomalous reflec-
tion of laser light, preventing it from reaching the
absorption layers. The two most widely studied insta-
bilities are stimulated Brillouin scattering, in which
the incident light wave decays into an ion acoustic wave
and a backscattered light wave, and stimulated Raman
scattering in which it decays into an electron plasma
wave and a backscattered or sidescattered wave.
Theoretical predictions®® showed, surprisingly, that
stimulated Brillouin scattering had a lower threshold
than stimulated Raman scattering in spite of Manley—~
Rowe considerations which would lead one to expect that
conversion to the higher-frequency plasma wave would
be more efficient than to the lower-frequency ion wave.
The reasons apparently have to do with differences in
damping, speed of convection of wave energy from the
pump zone, and sensitivity to density gradients. Fur-
thermore, computations of the nonlinear behavior®
show stimulated Brillouin scattering to be more dan-
gerous than stimulated Raman scattering because of a
higher saturation amplitude.

The present experiment was conceived to verify the
basic linear theory of stimulated Brillouin scattering.
Although backscattering has been seen in many solid-
target experiments,” the nonuniform, expanding plas-
mas created by the laser unnecessarily complicate the
observations. We employed a large plasma target
created separately by a high-current arc and achieved
the requisite intensity with a CO, laser. Since the
publication of our preliminary results,? other groups®
have also detected stimulated Brillouin scattering from
a gaseous target. However, these plasmas were laser-
created and contained a high level of initial acoustic
turbulence. In the work reported here, stimulated
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Brillouin scattering was observed to arise from ther-
mal noise.

This investigation is relevant to both magnetic fusion
in long solenoids'? and to inertial fusion in pellet im-
plosions.!® In the case of long solenoids with plasma
heating by long-pulse CO, lasers, the beam is spread
both in space and in time compared with the pellet case,
and peak intensities of only 10> W/ecm? or below are
needed under reactor conditions. However, because
of the relatively long scale lengths involved, this inten-
sity is well beyond the threshold of stimulated Brillouin
scattering; and means must be found to control this
instability. In the case of pellet fusion, it was origin-
ally feared™ that parametric reflection would scale
rapidly with increasing intensity and reach 100% before
fusion conditions could be met. Fortunately, it was
found experimentally®® that reflection saturated at 10-
20% for intensities above 10'® W/cm?. This has been
explained'® by the change in plasma density and tem-
perature profiles caused by momentum and energy de-
position connected with the backscattering process.

As the longer pulses and larger pellets needed for en-
ergy breakeven are approached, however, the possi-
bility of parametric backscatter again becomes worri-
some’?; indeed, it hasbeen found'” that the structured
pulses required for ablative pusher implosions, as simula-
ted by a prepulse, would greatly increase the anomalous
reflection. Computer predictions of pellet perfor-
mance must now include parametric effects, and ex-
periments of this type serve to establish a level of
confidence in the relevance of the basic theory.

Il. THEORETICAL BACKGROUND

A. Results on stimulated Brillouin scattering

The theory of parametric instabilities in a homogene-
ous plasma has been worked out in great detail*® A
simple physical derivation of stimulated Brillouin
scattering applicable to the most virulent case, name-
ly, when the scattered wave is polarized in the same
plane as the incident wave and propagates in the oppo-
site direction, is givenby Chen.!® The intrinsic growth
rate in a homogeneous plasma is given by

Yo =(D/2c)wp/w ) P w,y, (1)
where
2 =(8n/cXc/muwy)ly, 2)
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Wg = 2kocs N (3)
A =(ZrT, +3kT)/M, (4)
Wby =4mng 2t /M =4y, Zet /M, (5)

¢ is the velocity of light, m is the mass of the electron,
Ij is the intensity of the pump wave, % is the Boltzmann
constant, Z is the charge number of the ions, 7y, and
nye are the equilibrium ion and electron densities, re-
spectively, and the other symbols are standard.

The proper treatment of an inhomogeneous plasma
was pointed out by Rosenbluth and co-workers,'*?® and
the problem of finite plasmas was solved by two other
groups.“'22 Finally, the space-time evolution of the
excited wave packets has also been treated.*? In our
experiment, finite interaction length L is more impor-
tant than inhomogeneity, and ion wave damping v, is
more important than loss of energy by convection. The
physical situation, then, is as follows: A parametric
Brillouin scattering instability grows in a finite region
of homogeneous plasma. The ion wave hardly propa-
gates during the interaction and loses energy primarily
by ion Landau damping. The backscattered wave has
negligible damping but rapidly convects energy from the
interaction region. The amplitude of the backscattered
wave increases in the -k, direction, as usual; but the
amplitude of the ion wave does not grow in the +k; di-
rection, as in the normal picture.1 Rather, the ion
wave amplitude decreases in the +k; direction because
the pondermotive driving force depends on the ampli-
tude of the scattered wave, and the ion waves do not
have any appreciable convection. Under these condi-
tions, the backscatter intensity is given by'®*

L=I1,exp(2¥AL/cY,), (6)

where I, is the intensity of the initial noise from which
the backscatter grows. Equation (6) is the theoretical
result that this experiment is designed to check.

B. Plasma heating

In underdense plasmas, absorption of the laser light
occurs through classical collisional damping of the
lHght wave (inverse bremsstrahlung). The classical
absorption coefficient varies as n* , while the ponder-
motive force that drives parametric instabilities varies
as n. For this reason, microwave experiments, which
have low wh and hence low wjx n, can be designed to
test pure parametric effects without plasma heating;
but laser experiments, which have higher wﬁ and hence
higher n, almost always have heating effects convolved
with parametric phenomena.n We therefore summarize
the absorption results pertinent to this experiment; an
extensive literature on laser heating exists in connec-
tion with magnetic confinement in long linear sole-
noids 2

The focal region in which this experiment is per-
formed has the approximate shape of a cylinder 1 mm
in diameter and several cm long. The laser is fired
into a target plasma created by an arc discharge, typi-
cally in 7 Torr of He. Although the initial conditions
are n,~5%10'" ¢cm™ and kT, ~4 eV, the laser pulse
rapidly completes the ionization of the neutral gas,
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bringing n, to =4 X 10" cm's, and heats the plasma to a
much higher temperature, which we wish to estimate.

The high-frequency absorption coefficient « is given
by’ '
a=3.08x10"Zn} InA(0) T3 2 w5?(1 - wh/wp)?? cm™, (1)
where InA(w) is a frequency-dependent Coulomb loga-

rithm. For w=w,=1.78x10" sec™, corresponding
to 10.6 pm radiation, A is approximately*®

Mw)=2.2T32/Z . (8)

Z is the ionic charge number, and 7,, is the electron
temperature in eV. For the underdense plasmas used
here, we neglect the dielectric correction (1 — wi/w?)*%
in Eq. (7). The local deposition of heat is Q = al,.
Evaluating a for 10.6 um light, we obtain

Q =9.7X10"Z InA(w)rk, T3 1) erg/cm® sec, (9)

where ny, is electron density in units of 10" cm™ and
Iy, is laser intensity in units of 10" W/cm?.

Since the heated region is long and slim, radial heat
conduction away from the beam axis determines 7,
through the heat equation

%(%nekT,) +v-q,=9. (10)

The heat flux is given by*®
q,=-3.16(nkT,/mv,,)VkT, ==k, VT,, erg/cm’ sec.

(11)
The electron-ion collision frequency v, is '
V41=2.9%X10%ZInAn T2, (12)

For heat conduction, the low-frequency value of A,
about one-fourth the value given by Spitzer,* is to be
used here.?® The coefficient of thermal conductivity is
then given by

K, =3.1x10°T%/2/Z InA erg/cm sec eV . (13)
With these values, Eq. (10) can be written
3 3.1x10°
2.4x10° 371 Te) = N ATTSRA AL
=9.7X10"Z InA(wnd, 1, T2 . (14)

The initial heating rate can be estimated by neglecting
the conduction term. Expansion of the heated plasma
will occur on the same time scale, but to obtain an
estimate we may take n to be constant. Dropping the
subscript on T,,, we then have

T3?3T /3t =4.1 X102 InA(w)nyelyy (15)

The intensity Ij, can be approximated by a linear rise
from 0 to 5 in 40 nsec:

"Iy =5t,,/40. (16)
Integrating Eq. (15) with InA =7, we obtain
T2 =137 +442Zn 12, . amn

Specifically for He, where Z=2, m;~4, and Ty~4 eV,
this yields =200 eV. Since this is well in excess of
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the measured temperature at or after the peak in I,
when the backscattering occurs, the temperature is
apparently conduction limited.

We therefore compute the steady-state temperature
set by radial heat conduction. In this case Eq. (14)
gives

(T3 T) =-3.2%10°Z% InA InA(whidslyy T2, (18)

where the prime indicates 8/3». ¥ we assume » and Iy
to be uniform, we have

TSR (yT52TY) = Ay, (19)
where
A=1.9x10°Z%4,1,, . (20)

We have taken InA~8, InA(w)=7, and hence InA InA(w)
= 60 for the anticipated plasma conditions. Equation
(19) can be solved by dividing the heated region into two
zones: For r<b, I is finite and constant; but 6<r <a,
Iy vanishes and, hence, A=0. Between r=»5 and r=a,
T falls to the initial temperature 7. In this conduction
region, Eq. (19) is simply

yT*T' =-B, (21)
where B is a constant. The solution is
T2 - T2 =§-B In(a/b) . (22)

Here, T, is the temperature at the beam boundary »=b5.
Because b is small, the value of T on axis is only a

few eV above 7,. To find the constant B, we match

the heat flux at » =5 to the absorbed energy per unit
length

Equations (23), (24), (9), and (13) then yield
B=1,0x10%2 22,0, T3 . (25)

The radius a at which T falls to the negligibly small
value T is not known, but it is sufficiently accurate to
take a/b=20, In(a/b)=3. Equations (22) and (25) then
give

Ty~ 3.2x10°2%}, (b2 L), (26)
or
T, ~50Z* "3 P1f eV, (27)

where P is the laser power in units of 10" W. The
conduction limited temperature depends only on total
power, not intensity. For typical values Z =2, nj;=4,
Py, =0.05, Eq. (27) gives T,~63 eV. Thus, we may
expect the arc plasma to be greatly heated by the laser
during the scattering experiments.

1l. DESCRIPTION OF THE EXPERIMENT

Figure 1 is a schematic representation of the experi-
ment. The CO, laser chain consisted of a Lumonics
model 103-1F laser oscillator with stable resonator
optics followed by three homemade TEA amplifier
stages of the Demanchin type, similar to those describ-
ed by Marhic,* except that the pre-ionizer rods were
encased in Plexiglass and ran transverse to the beam

- direction. The laser chain produced a 3.8 cm diam

beam of 10.6 um radiation with a total pulse energy of
40-50 J. Time-resolved measurements of the laser
intensity indicated that approximately half the energy
was contained in an initial 100-nsec gain-switched
spike, with the rest appearing in a 1 psec tail. The

21bg, =THQ . (23)  laser pulses exhibited a varying amount of mode-locked
modulation from shot-to-shot which appeared to be sen-
. (11 . < . :
From Egs. (11) and (21) we have sitive to the fine alignment of the oscillator cavity.
qe=~K,T' ==k B/bT" (24)  The largest instantaneous peak powers observed in the
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mode-locked pulses with a photon drag detector (400
psec rise time) and Tektronix 7904 oscilloscope (800
psec rise time) were a factor of two above the average
power. Nonetheless, peak power averaged over the
mode-locked pulses was reproducible to +20% at 400
MW for those shots where no arcing occurred in the
laser amplifiers. The wavelength spectrum of the out-
put of the laser was also highly reproducible. Lasing
occurred reliably on the P20 transition, with the inten-
sity of the other components contributing less than 5%.
The spectral width measured with a Fabry-Perot in-
terferometer was 700 MHz FWHM (full width half-
maximum).

The laser beam was brought to a gentle focus in the
plasma by a 75 c¢m focal length, 7.6 cm diam, plano-
convex, antireflection-coated germanium lens. A dif-
fraction-limited focus for this optical system with an
effective f number of 20 would have beam waist 0.27
mm in diameter and 1 cm in length. Measurements in
the vicinity of the focus, however, indicated a much
larger spot size. This is expected from lens aberra-
tions and the highly non-Gaussian profile of the beam.
The intensity distribution at the focus was measured by
observing burn marks produced in polished pieces of
Plexiglass with the laser beam uniformly attenuated by
known amounts. The burn marks exhibited some mi-
crostructure and hot spots; however, the focus was, in
general, well characterized by a 1 mm diam spot with
a sharp boundary over an effective depth of focus of
about 4 cm. This gave a peak intensity, averaged
over the mode-locked pulses and over the focal cross
section, of 5%10' W/cm?. Spillover intensities out-
side this region were at least two orders of magnitude
lower.

Access to the plasma was provided by two-Brewster-
angle NaCl windows in the vacuum chamber and two
1.27 ¢cm diam holes in the discharge electrodes for en-
trance and exit of the focused beam. The Brewster-
angle windows served a dual purpose: as nonreflecting
windows for the laser, and as infrared-optical beam
splitters for simultaneous end-on optical observation
of the focal region. The exit window for the laser was
backed by a stack of teflon sheets to absorb and atten-
uate the transmitted beam, followed by a photon drag
monitor. Four ports in the vacuum chamber around the
midplane of the plasma provided radial access for
probes, interferometry, and spectroscopy.

The initial target plasma was created by a capacitor
discharge (240 uF, 3.8 kV) between two cylindrical
electrodes 2.54 cm in diameter and 10 cm apart. The
discharge current was limited by approximately 1.5 nH
of circuit inductance and reached a peak of 30 kA in
about 30 usec. With gas filling pressures in the range
of 1-10 Torr, the plasma was thus very similar to the
pulsed arc type plasma source studied extensively in
Germany,"2 and elsewhere.®® Details of the arc are
given here because essentially the same plasma target
was used in a series of subsequent experiments. The
10 ¢m gap and the cylindrically symmetric geometry
were chosen to provide a uniform target plasma over
the 4-cm interaction region in the focus of the laser.
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Detailed diagnostics of the incident and laser heated
plasmas are discussed in Sec. IV. We note here, how- .
ever, that for the lowest gas filling pressures (and plas-
ma densities) backscattering was observed only at early
times (¢ =5-10 psec) during the discharge. At these
early times the neutral atom density was near that of
the initial filling pressure, with ionization typically on
the order of 5%. The resultant evolution of the plasma
in the focus of the laser was then essentially similar

to laser-induced gas breakdown, but with two important
differences. First, unless extraordinary precautions
are taken, conventional laser breakdown in even spec-
troscopically pure gas is dominated by the presence of
microscopic particles suspended in the gas; adequate
filtering of the particles raises the breakdown thresh-
olds to very high levels. In our particular case, no
breakdown was observed in the unpre-ionized gas ex-
cept for filling pressures corresponding to electron
densities above the critical density n.. Second, con-
ventional laser breakdown is usually observed as a
breakdown wave which propagates in the direction to-
ward the laser with a typical velocity of 10" cm/sec,
producing pronounced axial inhomogeneitiesl."

In the present experiment these difficulties were
avoided by presenting to the laser a uniformly pre-
ionized incident target plasma. Typical filling pres-
sures for the three gases used were 8 Torr for hydro-
gen, 7 Torr for helium, and 1.6 Torr for argon. As-
suming complete outer-shell ionization for each gives
electron densities of 5.2%10'7 ¢m™, 4.6x10' cm™,
and 4.2x10"7 cm’®, respectively. Critical density for
CO, radiation is 10" ¢cm™, so that typically we would
expect n, <0.05n,. Spectroscopic observations reveal-
ed no axial inhomogeneities in the target arc plasma
along the axis of the focal volume.

Backscattered radiation from the focal volume was
recollimated by the germanium lens and directed back
into the laser. This lens was tilted slightly to direct
any reflections from its surfaces out of the optical path,
a fact which, however, contributed to the aberration of
the lens. The last NaCl window on the laser chain
was slightly canted, and its inherent reflectivity 4%
per surface) was used to reflect the backscattered ra-
diation into the backscatter detection optics. The latter
consisted of a large-aperture Fabry-Perot interferometer
followed by a narrowband filter (~ 10% passband) and a lens
tofocus the radiation onto the detector. A primary consid-
eration in the design of the detection subsystem was the
attainment of low-1level backscatter sensitivity. Ina
backscatter experiment where elements of the detection
optics are illuminated by the full intensity of the input
laser beam (i.e., the collimating lens and beam split-
ter) the stray light levels are necessarily high. A long
path length was included in the system to reduce non-
collimated components of the stray light. The Fabry-
Perot interferometer consisted of two 80%-reflecting
standard laser output couplers mounted on an optical
bench in an enclosure to minimize temperature varia-
tions from air currents. The etalon was scanned by
means of a piezoelectric crystal incorporated into one
of the mounts. The resulting instrument possessed only
a modest finesse of about 7 but had the virtues of util-
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izing the full 5 cm diam of the optics and maintaining
alignment reliably over periods of several weeks.

The detector consisted of an appropriately biased
mercury-doped germanium (Ge : Hg) crystal cooled to
liguid helium temperature (4°K) and loaded by 50 .
The sensitivity of the resulting backscatter detection
was dictated by the residual stray light, equivalent to
approximately 2 W (peak) at the detector or 20 W back-
scatter from the plasma. This corresponds to detec-
tion levels better than 10”7 below the input laser power.
The remaining stray light nonetheless proved useful
as a simultaneous monitor of the laser output for power
and timing comparisons.

IV. PLASMA DIAGNOSTICS
A. Spectroscopy

Spectroscopy measurements of the plasma were taken
both side-on and end-on using two 3 m Ebert scanning
monochromators fitted with S-20 response photomulti-
plier tubes. A 2-m spectrograph, equipped with an
optical multi-channel analyzer, produced single-shot,
500-channel, high-resolution spectra for gated periods
down to 100 nsec.

Electron densities in the range above 10" cm™ were
inferred from the widths of optical emission lines. For
the case of helium filling gas, widths of three Hel lines
(2°s-3°P, 3889 A; 2°P-4°D, 4472 A; and 2°P-3°D, 5876
‘7\.) and one HeII line (n=3-4,4686 i\) were observed
Theoretical density-broadened profiles and line broad-
ening parameters were taken from Griem® and Cooper
and Oertel® for the isolated lines 3889 A and 5876 A,
and from Kepple®® for 4686 A. As for the allowed-for-
bidden combination line at 4472 A, a detailed account of
the linewidth observations in the pulsed arc, along with
a discussion of the edge effect contributions, has been
given by Turechek.’

Densities obtained from the widths of the different
lines gave systematically different results with the or-

dering
n,(3889 &) > 7, (5876 A) > n,(4686 A) >n, (4472 A),

where the ratio of the highest to lowest densities was
typically about three. The effects of spatial inhomo-
geneities were clearly observable in the 4472 A pro-
files, suggesting this mechanism as a probable cause
for the rather poor agreement with theory of the ob-
served profiles of the other Hel lines. Since the aver-
age of the densities obtained from all the Hel lines lay
within the smaller range of error of the Hell line,
widths of 4686 A were used preferentially whenever
possible; this gave an estimated error of +20% in the
density.

For the other two filling gases used (hydrogen and
argon) small amounts (<10% electron density contribu-
tion) of helium were added, and widths of 4686 A were
observed. Additionally, for pure hydrogen filling gas,
widths of H, (n =2-4, 4861 A) were observed and com-
pared with the calculated profiles of Griem et al.%®; the
resulting densities agreed within experimental error
with those obtained from 4686 A.
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For linewidth measurements within the laser heated
focal region, increased experimental errors associated
with shot-to-shot irreproducibility and the transient
character of the plasma were roughly canceled by the
greater accuracy associated within the larger line-
widths observed. Because of the relatively good agree-
ment between the observed and theoretical profiles,
we ascribe an accuracy of +20% to these density mea-
surements as well. The optical multichannel analyzer
proved to be particularly powerful for these measure-
ments. Widths of 4686 A were used in all cases.
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FIG. 2. Typical time history for the pulsed arc helium plasma:
(a) discharge current; (b) and (c) on-axis line emission for
5876 A and 4686 A, respectively; (d) electron densities mea-
sured from linewidths; (e) neutral atom densities from plasma
densities attained in the laser focus; (f) electron temperatures
from a time-dependent coronal model; and (g) typical back-
scatter signal magnitudes for different times.
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Inferences of electron temperatures were made from
the magnitudes and time variation of line intensities
assuming a time-dependent, modified coronal model
(Ref. 34, Chap. 13). This model has also been refer-
red to as the “collisional-radiative” model,*® and a
brief discussion of the assumptions and techniques
of the measurements is given in Ref. 18, Appendix I.

Figure 2 shows a typical time history for the first
quarter cycle of the pulsed arc in 7 Torr of helium.
The discharge current is shown in (a), while the on-
axis emission for the Hel 5876 A and Hell 4686 A lines,
as viewed end-on, are shown in (b) and (c), respective-
ly. In (d) we have plotted the results of the electron
density measurements from the line widths, and in (e)
the results for neutral atom densities as inferred from
electron densities attained in the laser-heated focal re-
gion for laser firings at these times. (Complete outer-
shell ionization of the neutrals present in the focus was
assumed for these latter measurements.) Analysis of
these observations“ indicates that the possible values
for the electron temperature T,(¢) are severely re-
stricted from above by the persistence of neutrals to
times as late as t =10 usec, when both the HeT and Hell
emissions have begun to rise. We have indicated this
upper limit to 7, by the solid line in (f), while the dot-
ted line represents the values of T,(f) that would be
obtained from a steady-state coronal model (Ref. 34,
p. 274). Note that the conditions implicit in the steady-
state model are apparently not attained even at current
maximum, when the line emissions have approximately
stabilized; Ref. 18 shows that the line intensities must
be diffusion-dominated at all times. These observa-
tions are consistent with a picture of the plasma in
which the active arc region is restricted to the annular
volume between the electrode surfaces while the on-
axis plasma is produced by diffusion of ions from these
current driven regions.

We are now in a position to understand qualitatively
the results shown in Fig. 2(g), where we have plotted
the observed backscatter signals as a function of time
during the discharge. At very early times there is
insufficient pre-ionization to prime the breakdown pro-
cess, and the laser light passes through the neutral gas
unabsorbed. At late times ionization and outward dif-
fusion have reduced the neutral density, so that the
electron density attained in the focus is only slightly
higher than that of the target arc, which is necessarily
low because of pressure balance. Only at intermediate
times is there a combination of sufficient density of
neutrals and priming electrons to produce the highest
plasma densities in the focus.

Figure 3 shows typical oscilloscope traces for the
HelI 5876 A and the Hell 4686 A emissions from the
laser heated focus at =7 sec. The width of the 4686
A line at peak intensity gives a density of 4X10'" cm™.
In this case a lower limit on the electron temperature
of 25 eV may be inferred from the rate of rise of the
Hell emission and the burn-out of the Hel emission.!®
For times after the peak of the Hell emission, esti-
mates of the electron temperature can be made from
the instantaneous ratio between the 4686 A emission
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FIG. 3. Typical results for the spectroscopic signals from
the laser-heated focus in helium. Upper trace: Hel 5876 A.
Lower trace: Hell 4686 A. Sweep speed: 200 nsec/div. Sig-
nals are inverted.

and the underlying continuum (Ref. 34, p. 283). Un-
fortunately, the temperature is extremely sensitive

to the measured ratio (particularly for small ratios or
high temperatures), and there are large uncertainties
in the temperatures measured by this method. Fur-
thermore, line emission contributions from the colder
ends of the plasma tend to depress the measured tem-
perature somewhat. Nonetheless, from these data we
may infer a lower limit on the electron temperature in
the focus for helium of about 40 eV, occurring from 0
to 50 nsec after the peak of the 4686 A emission.

For the other filling gases used, helium was added in
small amounts and the line intensities monitored. No
essential differences from Fig. 2 were seen in the time
histories of the helium lines except for the decrease in
intensity expected from the smaller partial pressure of
helium. Similarity arguments could then be invoked to
presume similar conditions obtained in the arc with
these filling gases. Analysis of the time variation of
the helium line ratios in the focal regions with helium
seeding yielded exactly the same result as for pure
helium; i.e., a lower limit on T, of 25 eV. Unfortu-
nately, the line-to-continuum ratio technique was not
applicable in either hydrogen or argon; in the case of
hydrogen the ratios become insensitive for much lower
values of the temperature, while for argon the indeter-
minacy in Z,, produces large errors. In the case of
argon, however, observations on 4686 A with helium
seeding established a rise in electron density to a value
of 5%X10"" cm™® in 70-90 nsec. Assuming neutral den-
sities no higher than the filling density places several
limits on the electron temperature through the ioniza-
tion rates. In this case we obtain a lower limit for T,
of 80 eV.

In summary, spectroscopic measurements on #, and
T, were made both in the partially ionized arc plasma
and in the fully ionized, laser-heated plasma in the
focal region. Data are shown for He only, but similar
results were obtained for H; and Ar with He seed gas.
Densities were best measured by the width of Hell 4686
& and were of order 2% 10'® cm™ in the arc plasma and
4x 10" ¢cm™ in the heated plasma. Electron tempera-
tures were obtained best from changes in ionization
state; these yielded typical lower bounds of 4 eV in the
arc plasma and 25 eV in the heated plasma.
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B. Probe measurements

A double probe was used in an attempt to measure the
density and electron temperature distributions in the
arc plasma. Because of the large energy density in
the arc, the use of probes was marginal; nonetheless,
this diagnostic gave a clear picture of the evolution of
plasma density.

The probe tips were tungsten cylinders 0.75 mm in
diameter and 1 mm long, separated by 2.1 mm and pro-
truding from alumina tubes. The tips were aligned
along the same line of force and then rotationally dis-
placed by their diameter, so as to sample as nearly
the same plasma as possible without getting into each
other’s shadow. Currents as high as 100 A were drawn
in densities of order 10" cm™3; consequently, care was
taken to minimize the impedance of the leads and of the
load. The probe leads from a common probe shaft
were connected to separate coaxial cables, which were
then connected to each other after passing once around
the core of a toroidal current transformer. The sec-
ondary of the transformer has 50 turns terminating in a
load resistor of 3.9 2. The transformer served the
double purpose of reducing the effective load to 1.5 mQ2
and of rejecting the large common-mode signal from
the changing plasma potential. The probe current was
supplied by an 80000 uF capacitor bank.

A saturated ion current could not be obtained because
of arcing, but the relative density could be obtained
from the probe current at constant bias. Figure 4
shows radial scans of the probe current at various
times after firing. From these it is clear that the arc
strikes between the tubular electrodes, leaving a weak-
ly ionized region on the axis. The center fills in by
diffusion in about 10 usec. At the early times at which
backscattering was observed, the laser-heated region
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FIG. 4. Radial variation of current to a double probe at con-
stant probe voltage, taken at various times after arc initiation.
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was only about 10% ionized, in agreement with the pic-
ture obtained from spectroscopy.

V. CALCULATION OF PLASMA EVOLUTION

Despite the desirability of observing backscattering
from a preformed and unaltered plasma, it is clear
from Sec. I B that laser intensities above threshold
will cause significant heating and expansion of the plas-
ma except for extremely short laser pulses. Although
the evolution of the plasma under the influence of this
heating is a complex interaction of many different pro-
cesses, these are independently well understood, and
their concerted effects should, in principle, be calcu-
lable by numerical methods. The specific processes
which we have considered are : (1) transfer of the laser
energy to the electrons by inverse bremsstrahlung, (2)
collisional energy transfer between the electrons and
ions, (3) electronic and (4) ionic heat conduction radial-
ly outward from the focal volume, (5) hydrodynamic
expansion of the laser-heated plasma against the colder
background plasma, (6) ionization and recombination
between the ion species, and (7) modification of the col-
lisional transport processes to include contributions
from multiple ion species, including neutrals.

A number of authors!**® have considered different
aspects of this problem, particularly including the pro-
cesses (1)-(5). However, because of the low degree of
ionization in the target plasma in our experiment (and
others), one expects that processes (6) and (7) may
contribute substantially to the time evolution in the
focus, particularly for the heavier gases. For exam-
ple, ionization strongly influences the radial tempera-
ture and density distributions, which in turn determine
the on-axis temperature through the conductivity.

The computer code utilized a one-dimensional Euler-
ian mesh scheme with cylindrical symmetry. The code
was written specifically so that the various processes
could be switched off and the other parameters, such
as laser pulse shape and intensity distribution, could
easily be modified to make direct comparison with the
results of previous calculations by other authors.
Specific details concerning the physical model and the
calculational scheme are given in Ref. 18, Appendix
I.

In Fig. 5 we present the results of a computer run
for a test case in hydrogen, with the ionization and re-
combination processes switched off and the initial con-
ditions and laser characteristics adjusted to match
those of the calculations of Burnett and Offenberger .*
The laser intensity in this case was assumed to have a
Gaussian spatial profile with a radius of 175 £m and
an approximately triangular time variation with a peak
intensity of 6.8X10"™ W/cm™ occurring at =19 nsec.
The calculations of Ref. 40 utilized a Lagrangian mesh
which moves with the fluid; the difference between this
method and our Eulerian scheme with stationary mesh
points is shown by the results. Because the mesh
points move with the fluid, the Lagrangian scheme pro-
vides the greatest spatial resolution in the vicinity of
the shock wave, at the expense of resolution in the re-
gions of lower density. The Eulerian scheme handles
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the shock wave in only an approximate fashion but de-
lineates the peak in the electron temperature inside the
focus of the laser beam. In the intermediate regions
there is excellent agreement.

Having found agreement between our calculations and
those of Ref. 40, as well as qualitative agreement with
the experiments of Chu and Johnson,* we then applied
the computer calculations to our experimental condi-
tions with a reasonable degree of confidence. The
laser pulse for these latter calculations was assumed
to be spatially Gaussian in profile with a radius of 0.35
mm. This gave a peak on-axis intensity of 4X10'° W/
cm’. The initial plasma conditions were taken as 5%
ijonization of the atom densities corresponding to the
filling pressure and T,=T;=1 eV. The on-axis re-
sults of these calculations for the three experimental
gases used are plotted in Fig. 6. The lowest plot rep-
resents the measured time history of the laser pulse,
while above that are shown the results for the electron
and ion temperatures and the electron density. Inall
cases the density peaks slightly before the peak laser
intensity, while the electron temperature peaks slightly
afterward. This latter result is expected for an on-axis
temperature which is only partially heat-conduction
limited. The second peak in the electron density for
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FIG. 6. Calculated time histories of laser heated plasmas for
the three gases used in the experiment. - Plots represent on-
axis values for electron density, electron temperature, ion
temperature, and incident laser intensity.

1133 Phys, Fluids, Vol. 24, No. 6, June 1981

—— RADIUS (mm)

the argon case at approximately 65 nsec results from
rapid ionization of the remaining electrons in the outer
shell with the rapidly rising temperature.

The increase in density occurring after the peak in
the electron temperatures in each case is caused by an
implosion phase which appears at late times in all of
the calculations. We believe that this is attributable to
a characteristic of the calculational scheme. Because
of the large bin sizes at the larger radii, the shock
wave tended to be dissipated within these larger bins.
With the directed energy of the wave dissipated, the
density at the position of the wave was free to provide
a pressure back inward toward the center of the plas-
ma, causing an implosion. For this reason, the calcu-
lations were carried no farther than the density mini-
mum after the peak of the laser pulse. Additionally,
variations in the plasma temperature and density of the
order of 10% were seen to result from variations in the
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FIG. 7. Computed radial electron density profiles at ¢ =80
nsec, corresponding to the time of the earliest observed back-
scattering.
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mesh placement. Aside from any inadequacies in the
model, we must thus expect uncertainties of at least
this amount in the calculated results.

A potentially much larger source of error exists,
however, in the one-dimensional character of the cal-
culations. Experimentally, we observe refraction ef-
fects in the beam transmitted through the plasma which
we attribute to sharp density gradients transverse to
the direction of propagation, and these are also obser-
ved in the computer calculations. In Fig. 7 we have
plotted the computed radial electron density profiles
obtained at £ =80 nsec, corresponding approximately
to the time of peak electron temperature and the earli-
est backscatter observations. We see that the strong-
est gradients occur for the heavier gases due to the
slower propagation of the shock wave away from the
focal region. Although a proper treatment would in-
volve a two-dimensional calculation including the modi-
fication of the beam profile along the axis of the focus,
we can obtain a limit on the self-focusing of the beam
in these density profiles by using standard formulas*®
for stable propagation of Gaussian beams in parabolic
" profiles. We then find'® a radius of 0.1 mm instead of
the 0.35 mm assumed in the calculations. However,
the focusing length is larger than is available, and only
a small reduction in radius can be expected. A factor-
of-two increase in [y would make our observed threshold
agree even better with theory.

Vi. BACKSCATTER OBSERVATIONS

A. Qualitative results and backscatter spectra

In Fig. 8 we present typical oscilloscope traces ob-
‘tained for the backscatter signals. In (a) we show the
signal with no plasma in the target chamber, indicating
the stray light level and illustrating the shape of the
incident laser pulse. The other traces are typical re-
sults for various gases and delay times relative to arc
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FIG. 8. Typical backacatter signals obtained with (a) stray
light only (no plasma); (b) 1.2 Torr argon, ¢ =5usec; (c) 7.0
Torr helium, ¢ =7 usec; and (d) 8.5 Torr helium, ¢{=7 usec.
Sweep speeds are 20 nsec/div in (a)~(c) and 20 nsec/div in (d).

1134 Phys. Fluids, Vol. 24, No. 6, June 1981

firing. In (d) we have increased the sweep speed by a
factor of ten to exhibit the backscatter pulses which
occur at late times at the higher filling pressures.

The backscatter signals appear as a series of very
rapidly rising and falling pulses, presumably resulting
from backscattering of the individual mode-locked
incident pulses. The backscatter signals appeared most
reliably just after the peak of the laser intensity, cor-
responding to the time of peak on-axis temperature in
the computer calculations. For the higher filling pres-
sures and the heavier filling gases the backscatter sig-
nals tended to move to later times with correspondingly
larger jitter and less reproducibility.

Also seen in the trace in Fig. 8(d) is an enhancement
of the stray light level in the tail of the laser pulse
which is relatively slowly varying and does not exhibit
the spiky nature of the backscatter signals. No fre-
quency shifts were observed for this component.. Since
it occurred only for the highest densities (filling pres-
sures) and only when strong modifications were seen
in the laser beam structure after transmission through
the plasma, we ascribe it to refraction effects in the
plasma. Although we expect that the plasma should be
everywhere underdense, strong density gradients
transverse to the beam direction can deflect the beam
(for example, into the electrodes) and enhance the
stray light level.

In Fig. 9 we present results of Fabry-Perot scans of
the backscatter spectrum. The error bars represent
the probable error of backscatter signals over 3-5
shots, and the solid lines are corresponding scans of
the incident laser spectrum. We see that there is a
clear shift of the backscatter spectrum away from the
laser frequency. By increasing the free spectral range
of the etalon we have established that the shift is to
lower frequencies, as expected for stimulated Brillouin
Scattering.

For an ion acoustic wave with a frequency on the or-
der of 10 GHz and a wavelength of 5.3 um, one expects,
at these plasma densities, that the wave compressions
are isothermal for the electrons and one-dimensionally
adiabatic for the ions. In the ion wave dispersion rela-
tion we may then take 7, =1 and 7, =3:

w/k=[(ZT, +3T,)/M}"*. (28)

From computer calculations for the time of maximum
on-axis electron temperature, we obtain 7,/7T,=2.5 for
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FIG. 9. Spectra of backscattered light in three gases. Solid
curves are scans of unshifted stray light. The B values refer
to the axial magnetic field of the arc discharge; this had little
effect on the experiment.
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hydrogen, 3 for hellum, and 7 for argon, with effective
charge number Z,, equal to 1, 2, and 8, respectively.
Inserting values into the dispersion relation together
with the wave frequencies obtained from the shifts in
Fig. 9 produces values for T, of 45 eV for hydrogen,
55 eV for helium, and 130 eV for argon.

Among the three gases used, backscattering was seen
most easily in argon and least easily in helium in the
sense that the backscatter signals persisted longer in
argon with decreasing gas pressure. Likewise, the
most reproducible signals were seen with argon, al-
though this may be attributable to more uniform pre-
ionization with this gas; the most reproducible spectro-
scopic signals in the pulsed arc were observed with
argon.

The backscatter signals plotted in Fig. 9 are for
prompt backscatter; that is, for backscatter occurring
just after the peak of the laser intensity. Attempts to
obtain spectra for the backscatter signals occurring
later, primarily at somewhat higher density, proved
frustrating. Because of the large error bars, about
all that can be said of these spectra is that the frequen-~
cy shift could be nearly as great as at early times, but
could not be determined with precision. However,
observations concerning these later backscatter signals
were made which helped with interpretation of the data.
These are discussed in the next section.

B. Spectroscopic study of later backscatter

Although prompt backscattering signals behaved as
expected from the diagnostic measurements and from
the model for plasma evolution developed in Sec. V,
the presence of backscattering at late times when the
laser intensity had decreased by an order of magnitude
from its peak value presented some difficulties. Pre-
sumably, some new mechanism in the plasma dynamics
at these times must be invoked, such as, for example,
filamentation or focusing of the laser beam by the plas-
ma profile. In order to study these plasma dynamics,
a more detailed investigation of the spectroscopic
emissions at late times was undertaken.

For these observations, the two end-on optical chan-
nels were modified to improve the spatial resolution in
the focus. The magnification of the images of the plas-
ma on the monochromators (see Fig. 1) was increased
and the images masked so that only a 200-250 um diam
section of the 1 mm diam focal volume was viewed.
With the long optical paths and the magnification (ap-
proximately five times) used, focusing and alignment
of the two optical channels with the focusing optics of
the laser proved to be a challenge. The following pro-
cedure was used: A small polished Plexiglass target
was inserted into the focal region, and the laser inten-
sity and Ge focusing lens were adjusted until a mini-
mum size burn mark (=200 Lm) was attained; the burn
mark was then illuminated with a cw helium-neon laser,
the monochromators set at the position of the 6328 A
laser line, and the focusing and alignment of the optical
channels adjusted for maximum response. In this way
we were assured that both optical channels viewed the
same volume as the infrared backscatter detector. The
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observations reported here were made in the vicinity
of 6500 A, so that we may reasonably assume that
chromatic effects in the optical systems did not alter
this alignment.

Utilizing this improved spatial resolution, the fea-
tures in the accessible spectral region (~3500-7000 A)
were surveyed for characteristics which would provide
clues concerning the plasma dynamics at the occurren-
ces of late backscatter. For these surveys the 500-
channel analyzer was gated to a 100 nsec period in
which late backscatter was most likely to occur, and
spectra for shots with and without backscatter were
compared. At the same time, the two single-channel
detectors were used to monitor the explicit time de-
pendence of the various spectral features. With only
one exception to be discussed, no unexpected results
were observed. The time histories agreed well with
the model of the plasma evolution as developed in the
discussion given here. None of the features, save one,
exhibited any correlation with the appearance of the
backscatter signals.

In Fig. 10 we present typical results for the spec-
troscopic signals observed for four separate shots with
10 Torr of helium, when the feature monitored was the
forbidden 3'P-2'P transition of Hel at 6632 4. Asa
control, simultaneous traces were taken of the allowed
3D -2'P transition of Hel at 6678 A, or the continuum
emission in the vicinity of 6740 A. The signals in the
two lower traces are inverted and rather noisy due to
the low levels of light collected by the optics. The
baselines are indicated by markers at the left of the
pictures.

First, we should note some differences between the
allowed Hel emission shown here {middle traces of
Figs. 10(a) and 10(b)] and in Fig. 3. In the previous
figure the monochromators were set slightly off line
center to reduce the contributions (at line center) from
the low density regions at the plasma edge. For the
6678 A emission of Fig. 10, however, the weak inten-
sity precluded reliable observation of the wings. Ob-
servation of the lines used previously in Fig. 2 with
this optical system produced essentially the same re-
sult as before. In particular, no identifiable structure
appears on the time histories of the allowed Hel and
Hell lines or of the continuum except for a rise to a
peak intensity just after the peak of the laser pulse and
subsequent decay. (Note that there is approximately
100 nsec of delay in the optical signals relative to the
backscatter signals due to transit times in the photo-
multiplier tubes.) However, we now wish to consider
the forbidden line emission in the bottom traces which
shows an extraordinary correlation with the late back-
scatter signals.

The Hel 3'P-2'P transition at 6632 A is forbidden by
the Selection rule for electric dipole transitions, which
requires a change of parity between the initial and final
states, so that for the transiting electron we must have
Al =+1, The upper 3'P level lies 104.4 cm™ in energy
above the 3'D level from which arises the correspond-
ing nearby allowed transition at 6678 A [Fig. 13(a)].
The two upper levels are mixed by the Stark effect so
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FIG. 10. Correlations between the back-
scatter signals and the optical emission.
Top traces are backscatter signals while

(c)

the bottom traces are emission from the
scattering volume of the Hel forbidden line
at 6632 A. Center traces are the Hel al-
lowed line at 6678 A in (a) and (b) and the
continuum emission near 6740 A in (¢) and
(d). Sweep speeds are 200 nsec/div.

(d)

that in the presence of an electric field the forbidden
line becomes partially allowed. Even in the absence of
a wave, the required electric field may be supplied by
nearby perturbing electrons and lons, and therefore the
forbidden line is sensitive to density. The theory for
the resultant density-broadened profiles of the allowed-
forbidden line combination has been worked out in detail
and shows good agreement with experiment.“ The ini-
tial rise of the forbidden line in Fig. 10, which coin-
cides with the rise of the continuum, we thus attribute
to the density rise in the focus. Measurement of the
allowed-to-forbidden intensity ratio at this time agrees
to within a factor of two with that calculated!” from the
density measured by Hel 5876 A line broadening. This
is within the experimental uncertainty, since complete
line profiles of the allowed-forbidden combination in
the focus were precluded by the noise. For those shots
where no backscatter occurred at late times there was
good agreement between the time histories of the for-
bidden line and the continuum. ‘

As is well known, forbidden line emission can be
stimulated by electric fields from other sources, for
example, the oscillating electric fields associated with
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waves traveling within the plasma.'® In the laboratory,
transitions have been observed stimulated by the fields
associated with enhanced levels of plasma waves,*?
with microwaves,®® and with CO, lasers.” In the the-
oretical treatment given by Baranger and Mozer,* the
process is viewed as a second order process involving
the emission or absorption of a photon at the frequency
of the perturbing field, and the subsequent emission of

(uappiasoy)

(a) (b}

FIG. 11. Energy level diagrams: (a) for the allowed-forbidden
combined emission line near 6678 A in Hel, and for the satel-
lite transitions made possible by an oscillating electric field
Fiw; (b) for the three-photon satellite transitions.
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a photon shifted in frequency from the forbidden line,
The transition is then observed by the presence of
satellite lines to each side of the forbidden line, dis-
placed by the frequency of the perturbing field [Fig.
11(a)]. The intermediate states in the process are
virtual states; that is, they are not allowed by energy
conservation, and the atom stays there for only a short
time. Using second order time-dependent perturbation
theory, Baranger and Mozer calculated that the inten-
sity of these satellites is given by

Ry, H(EY)

S.= GmGZeE(A;t W)’ (29)

where A is the split in angular frequency units between
the allowed and forbidden components, w is the angular
frequency of the perturbing electric field, (Ef,) is the
time average of the field squared, and R,;. is a dimen-
sionless radial integral (for the transitions considered
here, A=2x10" sec? and R;;.=40). The expression
Eq. (29) reduces to the usual result for a dc electric
field (w=0) and may be used theoretically to calculate
the line profiles at high density by averaging over the
fields of the nearby perturbers. Assuming that the
enhanced forbidden-line emission at the time of the late
backscatter is attributable to the presence of such field-
stimulated satellites, we can calculate the required
field intensity from the observed factor-of-two-en-
hancement over the “steady-state” intensity. The latter
is given by I{forbidden) = 0.02 I{allowed), as calculated
for our experimental conditions from ordinary Stark
effect theory.” Taking S, =0.01, since both satellites
are included within our slit width, we obtain, from Eq.
(29), the intensity (E%) =(96 kV/cm).

Experimentally, this interpretation of the forbidden
line enhancement provides evidence that the backscat-
tered signals originate from the focal volume and are
not due to some less interesting phenomenon such as,
for example, the refraction which produces the stray
light enhancement in the tail of the laser pulse. The
forbidden line enhancement was seen only when the
optical systems were accurately aimed at the intensity
maximum in the focus of the laser; misalignment by
even 250 um removed the observed enhancement. The
high degree of correlation with the time of occurrence
of the backscatter signals and the spatial intensity
maximum in the focus, as well as the lack of correla-
tion with the other spectroscopic emissions makes im-
plausible any other explanation of the satellite enhance-
ment. It should be noted here that a small increase
(<20%) was occasionally observed in the continuum at
the times of late backscatter. This increase is prob-
ably due to enhanced levels of unidentified satellites;
but even if it is attributed to a density rise in a recom-~
pression phase of the plasma, such a rise is insuffi-
cient to account for the factor-of-two forbidden line
enhancement observed. Similar enhancements of the
other forbidden lines considered by Baranger and Mo-
zer were not expected to be observable because of
masking by other lines or by density broadening, or
because of low line intensities; indeed, none was ob-
served.
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Unfortunately, as we shall see, some questions still
remain as to the source of electric field producing the
forbidden line enhancement. The field required is
much too large to be the field of the ion wave doing the
Brillouin scattering. However, we note for comparison
that in the tail of the laser pulse the intensities of the
incident and backscattered waves, I, =5%10° W/cm’
and I, =10],, give corresponding field values of (E3)
=(435 XV/cm)® and (E}) =(1.2 kV/cm)?, so that the re-
quired field is intermediate to these values. Neither
of these fields is individually satisfactory for explain-
ing the enhancement, because in the case of the inci-
dent wave the time histories do not match; in the case
of the backscattered wave the field is too small; and in
both cases the high frequency of the fields would shift
the satellites by over 400 A, well outside our 6.4-1
slit width. One is prompted to look for a nonlinear ef-
fect which would mix these fields in the plasma to pro-
duce a low frequency field of the right magnitude. To
lowest order such a field would be at the beat frequency
and have an amplitude proportional to the geometric
mean: ({E,Ey))'” =23 kV/cm, and same order as that
inferred from the observations. The enhancement in
this case would be proportional to the square root of
the backscatter power, and something less than a linear
dependence is suggested by the traces of Fig. 10. The
satellites would be shifted by the beat frequency an
therefore not be resolvable here. .

Clearly, further work with laser intensities well
above threshold is strongly indicated. However, in
concluding this section we wish to discuss briefly pos-
sible sources for the low-frequency Stark fields., The
first is the electric field associated with the ion wave.
From the formula for the intensity of the scattered
radiation®®

4 2
Fodlwran) ~lVor(6,¢) Uim (Wlm(k, w) Iz), (30)

we can calculate that the amplitude of the electron den-
sity fluctuation associated with the ion wave is 7, =17
X10®n,, which in turn corresponds to an ion wave elec-
tric field of 1.2 V/cm. Second, the ion wave may be
envisioned as being driven by the ponderomotive force
arising from gradients in the averaged high-frequency
electric field, which in turn, arises from the beat be-
tween the incident and backscattered waves.! The
magnitude of the field corresponding to this force may
be written

e E? e
Ell = m‘wg V<T> =

]
mwo

M (31)

A ’

where A is the wavelength of the interference wave or
of the ion wave, giving a field E,, = 0.05 V/cm.
Neither of these fields is sufficiently large to produce
the enhancement.

A nonlinear interaction such as we seek occurs di-
rectly in the coupling between the atom and the radia-
tion field through higher order photon processes. We
may consider the three photon process in Fig. 11(b)
(and similar processes) in which the atom absorbs a
photon from the incident laser field, emits one into the
backscattered field, and subsequently emits a satellite
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photon shifted by the beat frequency. A third-order
time-dependent perturbation theory calculation of the
transition amplitude for this process yields a sum of
terms of the form

HGHRHY |

where Hf,,’ are the matrix elements of the interaction
Hamiltonian, ¢ is the initial state, I is the final state,
and j and k are intermediate states, and, for conven-
ience, we have omitted the usual energy denominators.
In the dipole approximation, H” has nonzero matrix
elements only between states of opposite parity, so that
transitions forbidden in first order are likewise forbid-
den in the third order and all higher odd orders. The
amplitude for this process is then zero in the dipole
approximation. The contribution from the interaction
of the radiation field with higher moments of the atom
has already been estimated classically, since from the
derivation of the ponderomotive force® it is evident
(through its dependence on field gradients and first or-
der magnetic effects) that these ponderomotive force
contributions are of the same order of magnitude as
those from the next higher (quadrupole) moment.

Finally, we consider the possibility that the electron
density fluctuation producing the backscattering is due
not to an lon wave but to an electron plasma wave; that
is, that the late-time backscatter corresponds not to
stimulated Brillouin backscattering but to stimulated
Raman scattering. In this case the wave oscillation
involves a net separation of charge (reflecting the fact
that the plasma wave is basically electrical in nature)
producing larger electric fields for the same density
fluctuations as before. In this case we get a field in-
tensity of (E%) = (1 kV/cm)?, which is much nearer the
right order of magnitude. This interpretation is not
inconsistent with our experimental results since we
were unable to obtain gpectra for the backscatter at
these times. Shifts corresponding to densities of the
order of 10" cm™ would be displaced several hundred
orders on the Fabry-—Perot interferometer and would
still be within the bandpass of the narrowband filter.

In principle, the optical satellite lines would be shifted
by approximately 40 .&, which would lie outside the slit
width of the monochromator, but because of the large
line broadening, an appreciable intensity would still
fall within the slit. ‘

We do not expect that the mechanisms considered
here exhaust the possibilities. For instance, one
could imagine that ion acoustic turbulence might de-
velop during the evolution of the laser-heated plasma
disturbance, and that the turbulent fields could both
cause forbidden-satellite enhancement and initiate a
backscattered wave. A full explanation requires a new
experiment; we can only report the remarkable coinci-
dence in space and time of delayed backscatter (pre-
sumably Brillouin) and forbidden-line emission.

Vil. ANALYSIS AND DISCUSSION OF RESULTS

A. Frequency shift and threshold

The weak backscattered light in this experiment is
identified as stimulated Brillouin scattering by its red
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shift and by the magnitude of the threshold intensity.
Other ways to verify the theory of convective paramet-
ric instability, such as measuring the slope of the
growth curve (reflectivity versus input power), were
not possible because the scattering was just above
threshold. The use of an /20 focusing lens apparently
resulted in such gentle heating of the plasma that the
instability started from the thermal level rather than
from a high level of ion turbulence, as in other experi-
ments %!

The measured red shifts are converted to equivalent
electron temperatures by means of the ion wave dis-
persion relation (28) and a calculated 7,/T, ratio. The
results are compared with independent determinations
of 7, in Fig. 12 for three gases: H, He, and Ar. The
calculated value of 7, takes into account effects not
usually considered, such as multiple ionization states
and neutral collisions. The measured value of T,, ob-
tained spectroscopically from the rate of rise of Hell
4686 A, is unfortunately only a lower bound because of
limited time resolution. From Fig. 12 one sees that
the observed red shifts are in quite good agreement with
the expected frequencies of ion waves. Certainly, the
scattered light does not come from static ripples, which
would give zero shift, or from electron waves, which
would give shifts well behond the free spectral range of
the Fabry-Perot analyzer. The observed Brillouin
red shift appears to be somewhat larger than expected
from the computed temperature. This is not unexpec-
ted, since there may well be a forward motion of the
region doing the scattering.

To compare the observed threshold with theory, we
use the formulae given in Sec. II. The number of in-
tensity e foldings above the initial noise level in a
length L is given by Eq. (6):

N=27’%L/C'Ys- (32)

The ion wave damping rate ¥, is found from the dis-
persion relation

Z'"(w/kv)> Q@T,/ZT,)1+EN), (33)

150
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FIG. 12. Comparison of electron temperatures in three gases
deduced from backscatter redshifts(c), numerical calculation
of plasma evolution (X), and spectroscopy (¢). The last is a
lower bound only.
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where Z(¢) is the plasma dispersion function. Although
an expansion of Z’(£) in powers of ¢ % does not converge
rapidly when T,/ T, (and hence {) is not large, it turns
out that the formula of Eq. (34) gives v,/w, correctly
within a factor 2 for 7,/T; as low as 1.2. Expanding
Z'(t) and neglecting ¥’ in Eq. (33) we obtain

2 )6 ) ol ). o0

The intensity I; required to produce Ne foldings is found
found from Eq. (32) with input from Eqs. (1)-(5) and
(34). With I, expressed in W/cm?, T, in eV, 7, in cm™,
and L in cm, this yields the extremely compact result

L= 102"(N/L)(T,,,/n,)(se“)”'2 W/cm? , (35)
where

s=1+(2T,/3T,) =§c%/v% . (36)

To compare this with observations, we need a value
for N, the number of e foldings above thermal noise.
For our detector geometry, Thomson scattering from a
thermal level of ion waves would give a scattered pow-
er of approximately 5 mW into the detector. Sincea
typical observed value is about 10* times this, or 50 W,
there are approximately 9 e foldings above thermal.
Thus, we let N=9. The quiescence of the initial plas-
ma has been verified in a subsequent Thomson scatter-
ing experiment.”®® The interaction length L is fixed by
the depth of focus, which we take tobe L=3 cm. The
electron temperature is relatively well known from Fig.
12; we take T,~50 eV for He. For these parameters,
the intensity predicted by Eq. (35) for He is shown in
Fig. 13 as a function of 7,/7 encountered during
prompt scattering, as taken from the numerical results
of Fig. 6. The range of n, comes from the calculations

|0l2

o!!

I (W/em?)
5
(=]

108
Te/Ti

FIG. 13. Theoretical threshold intensity versus temperature
ratio for various electron densities n; (in units of 10'" cm™.
The curves are drawn for Z=2, T,=50 eV, N=9, and L =3 cm.
The ranges of intensities encountered in prompt scattering
(Ipea) 2nd in delayed scattering (I uu ) are shown for compari-
son. The shaded area represents the experimental parameter
range.
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(Fig. 6), which give n,~2x10'" ¢cm®, and from spec-
troscopy (Sec. IVA), which indicates n, ~4x10"" ¢m™.
This range determines the range of intensities J; re-
quired to generate prompt backscatter. The observed
intensities I,,, are seen to agree well with ; the
agreement would be better if the effects of self-focusing,
neglected here, are included. On the other hand, the
intensities occurring in the tail of the pulse are much
too low to explain delayed backscatter, especially since
T,/T; is expected to fall below 2 at late times. Note
that prompt scatter is not seen earlier (i.e., before
peak intensity) because one must wait for laser heating
to lower the threshold by increasing 7,/T; and decreas-
ing the Landau damping. The exponential term in Eq.
(35) gives this effect; the factor T,/n, does not vary
greatly, inasmuch as both 7, and n, are increased ten-
fold by laser heating and ionization.

In summary, the agreement between the predicted
and observed threshold intensities shown in Fig. 13
supports the convective theory of stimulated Brillouin
scattering, as summarized by Eq. (6). Although sev-
eral subsequent experiments®!%*® have also confirmed
this theory, we believe that the present work remains
the only one in which stimulated Brillouin scattering is
seen to grow from thermal fluctuations in a quiescent
plasma.

B. Delayed backscatter

A puzzling feature discovered in this experiment is
the occurrence of backscatter during the tail of the CO;
input pulse, as shown in Fig. 10. The delay from the
time of peak intensity varies from 0.2 to over 1 usec
and is typically 0.5 usec. This is much longer than
any obvious time constant in the system. For instance,
ion waves excited at laser peak would be damped in ap-
proximately 1 nsec, and radial shock waves would tran-
sit the focal radius in less than 100 nsec. This elimi-
nates the possibility of a rarefaction wave followed by
a recompression, giving a high density at late times.
Large T,/ T, ratios located near laser peak would decay
in less than about 10 nsec. The input power in the tail
of the pulse is 0.05-0.2 times that at the peak, but be-
cause of the weak dependence of T, on P [Eq. (27)}, T,
could be as high as 25 eV there. However, the elec-
tron-ion equilibration time is of order 20 nsec at that
temperature, and a separation of 7, and T cannot be
maintained. Thus, not only is [ decreased in the tail,
but the Brillouin threshold is substantially increased.

We therefore looked for explanations other than stim-
ulated Brillouin scattering for the late signals. Modu-
lation of the laser output by the reflected light would
again have too short a characteristic time; further-
more, no irregularities were seen in the stray light
signal. Refraction of the beam into a metallic elec-
trode by a high-density arc filament was considered.
However, increasing the stray light in this manner
would not give the spiky signals characteristic of stimu-
lated Brillouin scatter, as was confirmed by introduc-
ing a metal object into the beam. The forbidden-line
diagnostic was correlated only with the spiky signals,
not the smooth late signals which could indeed be due to

J. J. Turechek and F, F. Chen 1139



refraction. Although the late scatter could not be fre-
quency analyzed because of poor reproducibility, a
spectrum was taken in a subsequent experiment.’” The
late signals were found to be red-shifted.

We found an interesting effect in the high-frequency
response of photoconductor detectors such as the Hg: Ge
crystal we used. As shown in Ref. 18, the detector is
20 times more sensitive to slow signals than to fast
ones at the power levels (~ watts) in question. The
response is indeed linear with input power, but the

slope of the line is not 1 but 0.85. The same effect has .

been seen by previous workers,*® who found the same
slope, 0.85, but did not point it out. To check that our
delayed signals were not due to a greatly increased
sensitivity at late times, we performed a test with a
quasi-de 10.6 um signal impinging on the detector. It
was found that the transition between the low and the
high response curves occurred at approximately 50
kisec. This is too long to be applicable to the delayed
scatter. The detector effect is still unexplained.

Finally, we discuss two mechanisms for late back-
scatter that have not been eliminated. One is the for-
mation of a dense ionization front followed by a long
region of uniform, heated plasma. The backscatter is
seeded by a small amount of dielectric reflection at the
sharp front and grows parametrically in the uniform
region. This was found to occur in a later experiment™
with an 7/7. 5 final focus and a radial incidence into the
arc column. With f/20 and axial incidence an ionization
avalanche of this type is not as likely to occur. Spec-
troscopic observations side-on to the arc column did
not show any evidence of moving fronts. Nonetheless,
such a front could have formed inside the hollow elec-
trodes, where they could not be seen. Note that the
forbidden-line diagnostic does not contradict this pos-
sibility because it viewed the entire laser axis. A
second mechanism is the formation of a laser-initiated
z pinch, giving rise to a filamentary region of hot,
dense plasma suitable for Brillouin scatter. The rise
time of such a pinch, limited by its inductance, would
be approximately 0.25 psec, which is the right order of
magnitude. This hypothesis has neither been proved
nor disproved, and the late scatter is still unexplained.

C. Other observations

The remarkable coincidence of forbidden-line emis-
sion with delayed backscatter has been discussed in
detail in Sec. VIB. The effect is not explained and de-
serves further study because of its possible value as a
diagnostic technique.

The spiky nature of Brillouin scatter seen here and in
subsequent experiments is apparently a characteristic
of stimulated Brillouin scattering. A number of possi-
ble explanations have been offered, but as yet there has
been no way to distinguish among them.

Filamentation may be expected to occur along with
Brillouin scatter because of the long growth lengths
available in this experiment. Indeed, burn paper held
at the beam dump often shows a number of small spots
indicative of filamentation. However, this did not
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necessarily occur at the same time or the same axial
position as the Brillouin scatter. The effect was not
studied in this work.
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