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By analysis of data from a specific set of laser-plasma interaction experiments, it is argued that
stimulated Raman scattering (SRS) is responsible for the hard () 30-keV) x rays emitted from the
targets. The Novette laser [K. R. Manes et al. , Laser Part. Beatns 3, 173 (19851] was used to irradi-
ate thick, gold targets with up to 4 kJ of 0.53-pm light in 1-ns, Gaussian pulses at average intensities
of (1—200) X10' W/crn, producing approximately planar plasmas with temperatures of order 3
keV and density-gradient scale lengths of order 250 pm. The spectrum, amplitude, and timing of
the hard x rays emitted by the plasma were measured along with various properties of the scattered
light. All the data are consistent with the hypothesis that SRS is the source of the hot electrons that
emit the x rays, and some data convict with any other plausible hypothesis.

I. INTRODUCTION

In this paper we report a study of the hard ( ) 30-keV)
x rays emitted from targets irradiated with up to 4 kJ of
0.53-pm light in 1-ns pulses. The plasma produced by
these irradiations, at intensities of order 10' W/cm, was
inferred to have a background electron temperature of
about 3 keV and a density-gradient scalelength
[L = n (dn Idx) '] of about 500 laser wavelengths at
0. 1n„where n, is the critical density of the laser light. '

The x rays were produced by bremsstrahlung emission in
the dense matter behind the plasma. In the present work
we report measurements of the x-ray spectrum, spectral
intensity, and timing, as well as inferences of the temper-
ature and energy content of the hot electrons that pro-
duced these x rays. We compare this evidence to mea-
surements of the light scattered from the target, and con-
clude that stimulated Raman scattering (SRS) was re-
sponsible for most of the hot electrons that produced the
x rays.

This research is of interest to plasma physics because
hot electrons can be produced as a result of several in-
teraction processes when a laser irradiates a plasma, lead-
ing to the question of which process dominates under
what conditions. Any process that can produce or trap
electron-plasma waves is a potential source of hot elec-
trons. Such processes include resonance absorption, '

the decay instability, two-plasma decay, ' caviton col-
lapse, and SRS. In the present experiments, with rela-
tively long scalelengths, planar plasmas, warm tempera-
tures, and high laser intensities, SRS is shown to dom-
inate.

In addition, this research is of interest to laser fusion,
which hot-electron production can adversely affect. Hot
electrons, with energies significantly above the thermal

electron temperature, could penetrate the laser-fusion
capsule and preheat the fusion fuel. This would make the
fuel more difficult to compress and would reduce the gain
of a laser-fusion target.

Hot electrons have been attributed to SRS in several
previous papers. In large-scale-length, 1.06-pm experi-
ments with overdense targets, ' the hot-electron fraction
and temperature, inferred from the x-ray spectrum, was
consistent with the production of the hot electrons by
Raman scattering. Hot electrons have been attributed to
Raman forward scatter by Joshi et al. ,

" and to Raman
backscatter by Berger et al. ' Both of these experiments
used 10.6-pm irradiation of underdense plasmas to pro-
duce the Raman scattering and the hot electrons. In ad-
dition, the present observation of efficient SRS and its
correlation with hot electrons has been reported in Letter
form. ' The present paper presents more complete data
and the results of several measurements that were not in-
cluded in the Letter.

The experiments used the Novette laser' at the
Lawrence Livermore National Laboratory to irradiate
Au or Be targets with 0.53-pm light in 1-ns, Gaussian
pulses. The targets did not burn through during the laser
pulse as was verified by measurements of the transmitted
light and the scattered light in the forward hemisphere,
and by images of the x-ray emission at -2 keV and at
-600 eV. The energy on target was typically 3.5 kJ, and
the average intensity, II, was decreased from 2X10' to
1.4 X 10' W/cm by increasing the size of the laser spot
from 150 to 1900 pm. All but two of the experiments
used intensities below 4 X 10' W/cm, with spot sizes
above 380 pm, producing plasmas that are inferred to
remain approximately planar throughout the laser pulse.
Further details of the experimental conditions are de-
scribed in Ref. 1.
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II. THE X-RAY SPECTRUM

An absolutely-calibrated x-ray spectrometer measured
the spectrum of the suprathermal x rays. This spectrom-
eter included several Alter-fluorescer channels and several
K-edge channels. The Alter-fluorescer channels employ a
prefilter, a fluorescer„and a post filter to obtain good en-
ergy resolution. The K-edge channels use K-edge Alters
along a line of sight to obtain more sensitivity but less
resolution. Both types use scintillators and photomulti-
plier tubes as detectors.

The broad spectral response of these x-ray detectors
implies that their sensitivity depends on the shape of the
x-ray spectrum. As a result, the data do not uniquely
determine the x-ray spectrum. However, one can find a
physically plausible spectrum that is consistent with the
data, in which case the signal amplitudes determine the
spectral intensity of the x rays. We use an iterative com-
putation to find a plausible spectrum. A computer pro-
gram calculates the signal amplitudes that would result
from a trial spectrum, compares these to the data, and
iterates the shape and magnitude of the spectrum to
make it more consistent with the data. Figure 1 shows
the results for three of the gold-disk experiments. The
data shown in Fig. 1(a) were from a low-intensity irradia-
tion and produced few x rays. Only some of the K-edge
channels obtained data. Figure 1(b) shows data from an
irradiation producing more x rays, and Fig. 1(c) shows
data from an irradiation that produced a comparatively
large hard x-ray Aux. For the data shown in Fig. 1(c), the
x-ray spectrum below 20 keV is not meaningful because
the diagnostic was behind the target and the spectrum of
these low-energy x rays was significantly modified by
passing through it. The data at energies above 20 keV do
accurately represent the spectrum of harder x rays pro-
duced by bremsstrahlung of hot electrons in the 5-pm
thick, Au targets.

The simplicity of the observed spectra allowed us to
simplify the routine analysis of the hard x-ray data. Note
that in all the cases shown in Fig. 1, the spectrum above
40 keV is adequately represented by an exponential func-
tion with a single slope corresponding to an e-folding en-
ergy or "temperature" of order 20—35 keV. For spectra
with this shape and temperatures in this range, the sensi-
tivity of the channels does not vary significantly. As a re-
sult, we were able to use a trial spectrum with a tempera-
ture of 24 keV to reduce the data. The resulting spectral
intensities were fit by eye with a single-slope x-ray spec-
trum of a similar temperature. The inferred tempera-
tures, in 27 cases, ranged from 20 to 33 keV, with one ex-
periment at 55 keV. We compared the results of this
technique to those of the iterative procedure and evalu-
ated the effects of uncertainties in the detector calibration
to determine the uncertainty in the slope (+20%) and the
spectral intensity (+50%) of the measured spectrum.
(The temperature of 55 keV from one experiment is much
more uncertain. )

The spectral intensity of the x rays increased strongly
as the laser intensity increased. As Fig. 1 shows, a 40-
fold increase of the laser intensity produced a 1000-fold
increase of the spectral intensity of the x rays. Spectra
from Be targets, irradiated at about 10' W/cm, appear

similar to those shown, and have an intensity that is
smaller by the ratio of the nuclear charge of Be to that of
Au.

The inference of the spectral intensity into 4~ steradi-
ans from the measured intensity at one location intro-
duces additional uncertainty when the properties of the
hot electrons are evaluated. The spectral intensity shown
as the ordinate in Fig. 1 is 4m. times the spectral intensity
per steradian measured by the instrument. In order to
minimize the error associated with this assumption, the
instrument was placed 60' from the target normal. As a
result, the total spectra intensity is correctly calculated if
the x-ray emission is either isotropic or Lambertian. The
error in the total spectral intensity, introduced by devia-
tions of the angular distribution of the x rays from these
limits, is probably smaller than either the errors in the
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FIG. 1. The hard x-ray spectral intensity, in units of keV
(keV 4m. Sr), is shown as a function of x-ray energy, for three ex-
periments spanning a large variation in the fluence of the x rays.
Each data shows the intensity inferred from a particular detec-
tor, assuming the shape of the spectrum corresponds to the solid
line. The irradiating intensities and experiment numbers are (a)
1.4 &( 10' W/cm, 93120212; (b) 8.3 &( 10' W/cm', 93100603; (c)
3. 1 X 10' W/cm', 94020303. The experiment numbers refer to
the facility, year, month, day, and laser pulse number.



X-RAY EMISSION CAUSED BY RAMAN SCATTERING IN. . . 3221

determination of the spectral intensity per steradian from
the data (just discussed) or the errors in the inference of
the energy content of the hot electrons from the x-ray
spectrum.

The x-ray spectrum observed in the present experi-
ments differs dramatically from that observed in a similar
experiment using a smaller laser spot. Figure 2 compares
the spectral intensity as a function of photon energy from
one of the present experiments and from an experiment
using the Argus laser. The Argus experiment used a
700-ps Gaussian pulse, a 70-pm-diam laser spot, and
about 30 J of laser energy (at 0.53 pm) to produce an in-
tensity of about 10' W/cm . The x-ray spectrum from
Argus shows a slope of 11 keV. Its temperature and
magnitude were easily explained' as the result of reso-
nance absorption in this plasma with a small density-
gradient scalelength (L /A, -100).

The spectrum from Novette was obtained with the
same average laser intensity, beam quality, and target
material, and almost the same pulse duration (l ns versus
700 ps) as the spectrum from Argus, but with a laser spot
that was ten times larger. The laser spot of the Novette
irradiation was larger than c,~ (where c, is the sound
speed in the plasma and ~ is the duration of the laser
pulse), while the laser spot of the Argus irradiation was
smaller than c,~. It is obvious from the figure that one or
more interaction mechanisms causing hard x-ray emis-
sion were excited much more strongly in the longer scale
length, more planar plasma produced by Novette.

Even without further analysis, Raman scattering is the
most plausible source of the hot electrons that produced
the x rays in the Novette experiment. Processes occur-
ring near critical density, including resonance absorption,
should be less effective in the longer-scale-length plasma
produced by Novette. Two-plasmon decay is well above
threshold in both cases, and the observed level of —~o
light did not change markedly. In contrast, the energy
scattered by SRS, as a fraction of the incident laser ener-
gy, was 2 orders of magnitude larger in the Novette irra-
diation' than in that of Argus. '

III. I-RAY TIMING

An optical streak camera with an S1 photocathode
measured the relative timing of the optical and x-ray
emissions. The photocathode was sensitive to x rays
from 25 to 60 keV with a maximum sensitivity at 35 keV.
The x-ray channel was protected from optical signals by a
thin aluminum filter, and was sensitive enough to detect x
rays when the fraction of the laser energy converted into
hot electrons exceeded 1%. The optical channels were
filtered using colored glass and interference filters. An
optical fiducial allowed timing of the emissions, relative
to the center of the laser pulse, to within +50 ps. The in-
strument was located to detect SRS sidescatter, being
135' from the wave vector and 90' from the electric field
vector of the incident laser light.

Figure 3 shows lineouts of data from this instrument
for a shot with an intensity of 4 X 10' W/cm, which
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FIG. 2. The normalized x-ray spectral intensity, in units of
keV/(keV 4~ sr J ) incident on the target, is shown as a function
of x-ray energy for two experiments, which differ principally in
the size of the laser spot. The experiment with a larger laser
spot produced more hard x rays.
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FIG. 3. Results form the optical x-ray streak camera. A
laser fiducial, the SRS light, the 1ight at —,

'
coo, and the hard x-ray

emission are shown (in arbitrary units on a linear scale), as a
function of time from experiment 94020303.
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FICs. 4. The temperature of the hot electrons, inferred from
the x-ray data as described in the text, is plotted as a function of
the average laser intensity incident on the target. The typical
absolute uncertainty is indicated.

produced a significant hard x-ray signal. The figure
shows relative intensity in each channel versus time, on
linear scales. The onset of the SRS, the =,'coo, and the x

rays is nearly simultaneous on this relatively high intensi-

ty shot. The bursts in the SRS at this angle may corre-
spond to the fluctuations in the x-ray spectra in the
figure. Because the SRS occurs at many angles, we would
expect at best a partial correlation. (The fluctuations in
the —mo signal are about the size of the noise in the in-

strument. ) The x rays drop to half their peak intensity
after the SRS at this angle, but before the —coo. Thus, the
x ray timing is consistent with SRS as the source of the x
rays but does not rule out other mechanisms.

IV. THE HOT-ELECTRON
TEMPERATURE AND FRACTION

For each of the target irradiations reported here, the
temperature and energy content of the hot electrons were
determined. The temperature, Th, of the hot electrons
was taken to be that of the x-ray spectrum. The energy
content of the hot electrons in J, EI, , was determined
from the spectral intensity 0 at an x-ray ener'gy E, = T&,
using

A[keV/(keV 4~ sr)]=5X10''E&, (Z/79),
where Z is the nuclear charge of the target material. This
analysis of the x-ray spectrum has been used in several
other papers' ' '' '' but its justification has never been
described in print. We have included an Appendix to
rectify this omission.

Figure 4 shows the hot-electron temperature T& as a

function of the average laser intensity IL incident on tar-
get. The scatter in the data is about +20%, which corre-
sponds to the uncertainty in the measurement. The tem-
perature appears to increase slowly with intensity. Any
power-law dependence is difficult to discern from the
data, which show that Tz increases less rapidly than Iz
Based on plasma simulations, ' a rough estimate of the

temperature of the hot electrons produced by electron-
plasma waves is kT& =

—,'m, v h, where v„h is the phase ve-

locity of the electron-plasma waves, k is the Boltzmann
constant, and m, is the electron mass. Based on the ob-
served SRS spectra and angular distributions, the range
of phase velocities of the electron-plasma waves produced
by SRS corresponded to hot-electron temperatures of 14
to 40 keV. Thus SRS could easily have produced an
average Tz of 20 to 30 keV. In addition, the small varia-
tion of T&, with intensity is consistent with SRS. In con-
trast, resonance absorption and two-plasmon decay are
unlikely to have produced the observed Th. Resonance
absorption would be expected to produce a more rapid
increase of T&, with Iz, the mean hot-electron energy pro-
duced by resonance absorption is predicted '' ' and ob-
served ' to scale as Iz to Iz

Two-plasmon decay would be expected to produce
values of T&, more than twice those observed (about 70
versus 25 keV). However, the scaling with laser intensity
of the Tz produced by two-plasma decay is expected and
has been observed ' to be weak. The discrepancy with
regard to the value of the temperature indicates that
two-plasmon decay is not responsible for the hot elec-
trons but is not conclusive. The relation of the hot-
electron temperature to the plasma wave properties is not
understood in sufficient detail to be certain of discrepan-
cies as small as a factor of 2 or 3. Past experiments in
which hot-electron production has been attributed to
two-plasmon decay have found the temperature to be
comparable to ' higher than, or lower than ' that
expected from the plasma-wave phase velocity.

Figure 5 shows the hot-electron fraction fz as a func-
tion of Il, where fh is the ratio of Ez to the energy of the
laser light incident on the target. The f& increased much
more than the uncertainty in its determination as Iz in-
creased from 1 X 10' to 4 X 10' W/cm . It reached a
few percent at the highest laser intensities. The scatter in

fz, at intensities near 10' W/cm, is larger than the un-

certainties in fz and IL. This suggests that the hot-
electron production depends on the detailed properties of
the laser beam and the plasma, which may vary from one
experiment to the next.

In contrast, the quantitative and qualitative variations
of the SRS correspond very well to those of the hot elec-
trons. Figure 6 shows fh as a function of the fraction of
the laser light scattered as SRS light f~. We see that,
within the uncertainties, these two quantities are very
well correlated as they vary by more than 2 orders of
magnitude. The line in the figure shows the fraction of
the laser energy converted into electron-plasma waves as
a function of f~, based on the observed spectrum of the
SRS light. Within the uncertainties, the line intersects all
the data. This suggests that the dominant energy-loss
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FIG. 5. The fraction of the laser energy converted into hot
electrons, inferred from the x-ray data as described in the text,
is plotted as a function of the average laser intensity incident on
the target. The typical absolute uncertainty is indicated.
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FIG. 6. The fraction of the laser energy converted into hot
electrons is plotted as a function of the fraction of the laser en-

ergy scattered as SRS light. The typical absolute uncertainty is
indicated. The line shows the energy inferred from the SRS
fraction and spectrum to have been present in the electron-
plasma waves, which produce hot electrons by Landau damp-
ing.

mechanism for the electron-plasma waves is Landau
damping, and is further evidence that the SRS is respon-
sible for the hot electrons. Note that there is some ten-
dency for fh to lie above the curve when fz is low. This
may reflect hot-electron production by two-plasrnon de-
cay, which has previously been observed at comparable
levels. A linear-regression, power-law fit of fh to fR
gives a power of 0.88+0.06 and the rms deviation of the
data from this curve is a factor of 1.6, which is less than
the uncertainty of the data.

A number of experiments ' '~ ' have measured the
efTiciency of hot-electron production under conditions in
which two-plasrnon decay was well above threshold while
Raman scattering was quite weak. In every such case, at
laser wavelengths from 0.35 to 1.06 pm, fz has been
directly proportional to the fraction of the laser energy
scattered as ( —)coo light, f3&2. Thus, in spite of the fact
that the ( —)co„ light is produced by only a fraction of the
plasma waves driven by two-plasmon decay, it appears to
be a good indicator of the integrated energy converted
into electron-plasma waves by two-plasrnon decay. In
the present experiment, for which we attribute the pro-
duction of hot electrons to Raman scattering, fh is not
directly proportional to f3&2, as Fig. 7 shows. A linear-
regression fit of fz to f3&~ gives a power of 1.58+0. 18
and the rms deviation of the data from this curve is 2.2,
which is larger than the uncertainty of the data.

Consideration of Fig. 6, Fig. 7, and previous data gives
one several reasons to conclude the hot electrons are
dominantly the result of SRS rather than two-plasmon
decay, particularly when fz is large. First, the previous
paragraph that discussed Fig. 6 showed that the hot-
electron data are quantitatively as expected from the Ra-
man data, with perhaps a small contribution from two-
plasmon decay at low f&. Second, the scaling of fz with

f,&2 shown in Fig. 7 is different from that observed in

previous experiments in which hot-electron production
has been attributed to two-plasmon decay. Third, the
rms deviation of the data in Fig. 7 from the power-law fit
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is larger than the uncertainty in the data, in contrast to
the result for Fig. 6.

V. DISCUSSION

All the evidence is consistent with the hypothesis that
SRS produces the hot electrons. First, the magnitude
and slope of the x-ray spectrum is quantitatively as ex-
pected from the observed SRS, assuming the plasma
waves convert a11 their energy to hot electrons. Second,
the timing of the x rays is consistent with that of the SRS.
Third, the variation of the x-ray amplitude (and inferred
hot-electron fraction) tracks that of the SRS amplitude
over more than 2 orders of magnitude, both as the laser
intensity changes in the Novette experiments and as the
scalelength changes by comparison with experiments
from Argus.

One or more pieces of evidence weighs against every
other mechanism that might produce hot electrons.
Two-plasmon decay should produce (and has produced) a
larger hot-electron temperature than is observed; the hot
electron fraction is less well correlated with the ( —,

' )coo

emission than with the SRS as laser intensity and density
scalelength vary; and the slope of the best-fit scaling of
the hot-electron fraction with the ( —, )coo emission is larger
than would be expected if the two-plasmon decay insta-
bility were responsible for the hot electrons. Second,
mechanisms near critical density (resonance absorption,
parametric decay, or cavitation resulting from these)
should be less evident in the long scalelength plasmas
produced in the Novette experiments than they were in
those of Argus or other similar experiments. In addition,
the temperature of the hot electrons produced by these
mechanisms is lower than that observed here and scales
differently with laser intensity. Third, the relatively long
scalelength of the plasmas discussed here might, in prin-
ciple, be overcome by very strong filamentation. This
could enhance the SRS, but might also enhance two-
plasmon decay or critical-surface phenomena. If the
filamentation were so strong as to be saturated in all these
experiments, then the x-ray and scattered-light emissions
ought to be relatively independent of average laser inten-
sity, because the strongest laser-plasma interactions
would occur within the filaments. In contrast, the data
show a very strong intensity dependence.

In conclusion, the measurements of hard x-ray and
scattered-light emissions reported here provide a compel-
ling case that stimulated Raman scattering is responsible
for the hot-electron generation in, and consequent hard
x-ray emission from, the plasmas under consideration.
The plasmas are relatively planar, with scale lengths of
several hundred laser wavelengths, and with densities and
temperatures that are relevant to laser fusion. The laser
intensities are also relevant to laser fusion. If hot elec-
tron fractions above 1% (as observed here) were pro-
duced in a high gain target, and if their energy were
efficiently coupled into the fuel, then the gain of the tar-
get would be significantly reduced. Further studies of
hot-electron production and transport in laser-produced
plasmas will be necessary to accurately assess the threat
they may pose to laser fusion.
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APPENDIX: ANALYSIS GF
X-RAY SPECTRA

This appendix describes our calculation of the relation
between the energy content and the temperature of the
hot electrons and the measured x-ray spectra, and some
of the caveats that apply. The calculation assumes that
the electron distribution function is Maxwellian over a
sufficient range of energies and is based upon the proper-
ties of thick-target bremsstrahlung emission by a
Maxwellian distribution of electrons. Both measure-
ments of the electrons emitted by laser-irradited plas-
mas" and simulations' have generally observed
Maxwellian distributions of electrons, so this assumption
is not unreasonable. However, the analysis cannot
guarantee that the electron distribution is actually
Max wellian.

The calculation of the x-ray spectrum proceeds as fol-
lows. The energy radiated per unit frequency interval
and into 4' steradians by an energetic electron as it slows
down in a thick target is known and has been measured.
When this expression is integrated over a Maxwellian dis-
tribution of electrons, one finds that the resulting x-ray
spectrum decays with x-ray energy E, as exp( E„/T„), —
where Th is the temperature of the Maxwellian distribu-
tion of electrons. Thus, the "temperature" inferred from
the x-ray spectrum in Sec. II can be taken to be the tem-
perature of the hot electrons, Tz. One also finds that the
spectral intensity A at an x-ray energy E, =Tz, is as
given in Eq. (1) of the text. The electron distribution
function in a real target is generally taken to be piecewise
Maxwellian, producing a piecewise exponential x-ray
spectrum that can be analyzed as the sum of two or more
spectra of the form and magnitude just described.

This calculation was tested in two ways, both of which
gave the same result as Eq. (1) to within a factor of 2.
First, the Bethe-Heitler cross section was used to calcu-
late the emission of x rays by an electron (by electron-ion
collisions) while the electron loses energy via electron-
electron collisions. This result was then integrated over a
Maxwellian distribution. Second, the x-ray spectrum
produced by a Maxwellian distribution of hot electrons
was calculated using the LASNFX (Ref. 29) computer
code, which includes improved cross sections for the
bremsstrahlung emission and properly distinguishes be-
tween bound and free electrons when computing the en-
ergy loss. In addition, similar calculations, with similar
results, have been reported by others. Finally, even if
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the inference of the energy content of the hot electrons
from the x-ray spectrum were perfect, it would only re-
veal the energy that is lost in the thick target. This mea-
surement cannot detect any energy the hot electrons lose
before reaching the thick target, such as to hydrodynam-

ic expansion. Based on all the above considerations, we
assign an absolute uncertainty of a factor of 2 to the ener-

gy content of the hot electrons inferred from the mea-
sured x-ray spectrum. The relative uncertainty is sma-lier

but is equally difficult to quantify.
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