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Pulsation of lcoo and 2roo emission for laser-produced plasmas. II. Theory
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It is demonstrated that stimulated Brillouin scattering (SBS) saturated by a nonlinear shift of the
wave number of the ion-acoustic wave can be responsible for temporal oscillations of the radiation
reflected from an expanding laser-produced plasma. Repetitive amplification and quenching of the
SBS result in rapid motion of the reflection point, thus causing large sweeps of the phase of the
emitted light. Both temporal pulsations and modulation of time-integrated spectra of the back-
reflected radiation and its harmonics are in accord with experimental observations.

I. INTRODUCTION

Two of our recent papers' described extensive experi-
mental measurements of the time-integrated' and time-
resolved emission spectra at frequencies near the laser
frequency (1coo) and its second harmonic (2coo} from plas-
mas created by focusing moderate intensity ( ) 10
W/cm ) Nd-laser pulses onto solid targets. The experi-
ments demonstrated that the time-integrated spectra
showed random spectral modulations whose character
was essentially unaffected by changes in the laser (pulse
duration, laser intensity, etc.) and target parameters,
while time-resolved measurements showed that the emis-
sion occurred in bursts of duration 10-20 psec separated
by 20-50 psec. The characteristics of the temporal
bursts were also insensitive to the same parameters, sug-
gesting that a clear link existed between these two phe-
nomena.

We showed' that the spectral modulation and the
overall characteristics of the time-integrated spectra
could be adequately explained if it was assumed that the
emission within a relatively narrow band underwent rap-
id phase modulation (equivalent to a nonlinear Doppler
shift) during the laser pulse. It was also shown that
profile modification induced by the ponderomotive force
was capable of inducing sufhcient phase modulation of
the reflected laser light to generate the experimentally ob-
served spectra. In the light of these observations we un-
dertook a series of experiments where we time resolved
the emission spectra to search for temporal sweeping of
the emission frequency. This was in fact observed, al-
though the temporal structure was considerably more
complex than the simplest case consistent with the theory
presented in Ref. 1.

A search of the literature demonstrated that rapid tern-
poral bursts characterized emission from laser produced
plasrnas in a very wide range of conditions. Not only did
lcoo and 2coo emission pulsate, but also —,'coo emission
(originating from the two-plasmon decay instability);
emission near tao/2 (Raman); and visible harmonics
(more than the tenth, etc.) of the laser frequency in exper-
iments using CO2 lasers. Bursts were observed in experi-
ments using uv (351-nm) to infrared (10.6-pm) lasers em-

phasizing that the phenomenon leading to the bursts was
little affected by laser frequency. Taken in conjunction
with evidence from our experiments that the bursts were
little affected by laser and target parameters, it seemed
logical to search for a universal phenomenon that could
occur in laser-produced plasrnas and lead to both modu-
lation and pulsations of the emission.

As a starting point for this paper, where we attempt to
explain the origin of the bursts and the phase modulation,
we refer the reader to the time-integrated and time-
resolved spectra in Figs. 1(b} and 7(a), respectively, of pa-
per I (Ref. 2) of this series as a summary of the data in-
cluded in Refs. 1 and 2. Both spectra were of second-
harmonic emission from Nd-laser-produced plasmas, the
time-integrated spectrum being recorded using a 70-psec
duration laser pulse at an intensity of = 10' W/cm on a
plane glass target. The emission at 45' to the target nor-
mal was passed through a 1-m grating spectrograph
(resolution 0.02 A) and recorded using Reticon diode ar-
ray detector. All the structure in the time-integrated
spectrum represents "real" spectral modulation since the
detector noise was insignificant. Figure 7(a) of Ref. 2
shows a time-resolved 2coo spectrum obtained using a
220-psec duration laser pulse at an intensity of 4.3X10
W/cm, again using a glass target. In this case the grat-
ing in the spectrograph was carefully apertured to pro-
vide good temporal resolution ( =10 psec) and the spec-
trum recorded using an Imacon 500 streak camera. Care-
ful inspection of this figure reveals that the bursts of
emission are not parallel, indicating that the frequency is
sweeping more or less continuously during each burst.
(Interpretation of the time-resolved spectrum is compli-
cated by pincushion distortion in the image intensifier
used with the streak camera, however, the fact that the
bursts are not parallel is unequivocal evidence of frequen-
cy sweeping since this is not a feature of the distortion. )

Our observations' clearly suggest that the burst
phenomenon and the spectral modulations are intimately
linked —a conclusion that fits comfortably within our
model involving phase modulation. This link is illustrat-
ed by the following argument where the process by which
the phase modulated time-resolved spectrum constructs
the modulated time-integrated spectrum via manipula-
tion in Fourier space. This construction involves multi-
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plication in Fourier space of two components, one
representing the spectrum of phase event and the other
representing the amplitude modulation. The multiplica-
tion operation preserves the dominant character of the
Fourier transform of the amplitude function that gen-
erates the spectral modulations.

Before introducing our model to explain the observa-
tions, we consider that it is essential to summarize the
other observations of burst phenomena and the previous
explanations that have been offered in the literature.

II. SUMMARY OF PREVIOUS EXPERIMENTS
REPORTING TEMPORAL PULSATIONS

OF HARMONIC EMISSION

Tarvin and Schroeder time resolved the spectrum of
the reflected laser light from microballoon targets irradi-
ated with 500-psec duration 1.06-pm pulses at intensities
between 4 X 10' W/cm' and 10' W/cm . They observed
that the overall spectrum displayed a time-varying blue
shift but that it was also modulated in both time and fre-
quency. The blue shift was interpreted as reflecting the
trajectory of the critical surface via the Doppler effect
while the spectral modulations were attributed as
reflecting a range of velocities with which different parts
of the critical surface moved. The rapid ( =20-psec dura-
tion) bursts of reflected power were apparently interpret-
ed as due to "coherence effects" in the collection optics.

Jackel, Perry, and Lubin simultaneously streaked the
2coo and —,coo emission (in the direction perpendicular to
the axes of the heating beams) from a Nd-laser-produced
plasma in an attempt to measure the velocity of the criti-
cal and quarter critical density surfaces. During this ex-
periment they found that both these harmonics were ir-
regularly modulated in time with a spacing between the
intensity minima of 40-60 psec. No explanation for
these bursts was offered.

Carter, Sim, and Hughes investigated the 2coo emission
from a D-T filled microballoon irradiated using F = 1 op-
tics by two 100-psec duration counterpropagating beams
from a Nd laser at an intensity of =10 W/cm . Streak
records showed intense spectrally ( & 1-A) and temporally
(& 10-psec) resolution limited spots of emission. Various
explanations were offered including oscillatory motion of
the critical surface driven by the pondermotive force;
modifications of the dielectric function of the plasma by
bursts of hot electrons generated at the critical surface;
and rapid variations in the direction of the emission due
to rippling of the critical surface. These explanations
were, however, admitted by the authors to be rather ten-
tative.

Recent observations of 2coo emission by Xu, Zhan, and
Zhao using 200-psec duration Nd-laser pulses to irradi-
ate planar targets at intensities up to 10' %/cm re-
vealed that the emission was often temporally modulated
with the discrete bursts separated by 30—50 psec. They
offered an explanation similar to that proposed by An-
dreev et al. ' involving the growth and collapse of cavi-
ton structures arising from resonant electrostatic fields
near the critical surface.

Gray et al. time resolved the spectrum of 1~0 and 2coo

emission from plane or spherical targets irradiated using
a single beam Nd-glass paser producing 1.6-nsec duration
pulses focused using F=1 optics to intensities up to
5X10' W/cm . The lcoo spectra were found to pulsate
on a time scale of about 80 psec (the temporal resolution
of the recording system was, however, only 40 psec) and
this phenomenon was stated to be "not well understood"
by the authors. Pulsations were also observed in the 2coo

spectra for laser intensities above 10' W/cm, with the
bursts in this case lasting &15 psec and separated by
30—40 psec. The authors suggested that one possible ex-
planation for these pulsations was that the ablation flow
across the critical surface was unstable giving rise to
strong local density fluctuations. They supposed that the
time scale of these fluctuations ~ was given by ~=LM/c„
where I =3 pm is the scale length of the modulations
and c, =2 X 10 cm/sec is the sound speed, hence obtain-
ing reasonable agreement with the observations.

The same explanation was preferred by Carter et al. '

to explain pulsations of =,'coo emission less than 10 psec in

duration observed in experiments where two counterpro-
pagating 100-psec duration Nd-laser pulses irradiated mi-
croballoons at intensities around 2X10' W/cm . As an
alteroative, however, these authors also considered the
possibility that the pulsations could be caused by the pon-
derative force or by ion waves.

The model based on unstable ablation flow becomes
unsatisfactory, however, when the two-dimensional simu-
lations of unstable critical surface bubbles and corruga-
tions by Estabrook" are taken into account. Estabrook
has explained that for the process to be important "the
density gradient must be long enough so that at least one
wavelength of light can be trapped. ~ . . We have tried us-

ing steeper gradients and bubbles do not occur because
there is not enough plasma in the 1ow density region for
large amplitude ion compression to occur. " In particu-
lar, although bubbles occurred for the plasma density
scale lengths L =—7A,o at the critical, no such bubbles were
observed for I.—= 2A, O (here A,o is the wavelength of the
pump). Thus the scale of 3A,O suggested in Refs. 9 and 10
as necessary to produce 15-psec duration bursts would
appear to be too short for the production of such bubbles
and corrugations. Furthermore, the major limitation of
the simulations was that they did not include plasma flow
which would have a stabilizing effect on the hydrodynam-
ic instabilities since it pushes the unstable modes out of
the unstable region.

Time-resolved —,'coo emission was also studied by Lin
et al. ' Planar targets were irradiated by 250-psec dura-
tion Nd-laser pulses at (0.3 —2) X 10' W/cm and viewed
at 90' to the beam axis. The —,'coo emission was observed
to be strongly modulated on a time scale of =20 psec and
appeared to originate from unstable filaments in the re-
gion of the plasma where n & n, /4 (n, is the critical den-
sity). It was argued that transient n, /4 density surfaces
provided temporary regions where the two-plasmon de-
cay instability could operate, which then generated the
—,
'

coo harmonic.
The observations of temporal pulsations have not been

restricted to plasmas generated by 1-pm neodymium
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lasers, but also extend to results taken using CO& lasers
and various harmonics of the Nd laser ( —,

' and —,
' pm).

For example, Jaanimagi, Enright, and Richardson, '

while recording emission of the 10th and 11th harmonic
of a CO& laser emitted from plasmas created by
nanosecond duration pulses at =10' W/cm observed
that the emission occurred in bursts lasting about 100
psec. After eliminating any role for temporal structure
on the laser pulse itself, they attributed this behavior to
rapid variations in the resonant electrostatic field in-
volved in harmonic generation possibly due to rapid vari-
ations in the density profile, although they did not sug-
gest an origin for such variations.

The second harmonic of a Nd laser was used as the
pump in Ref. 14 for an investigation of time-resolved
transmission and backscatterer from foil targets irradi-
ateed by 0.9-nsec duration pulses at intensities between
10' and 5 X 10' W/cm . The transmitted light was spa-
tially resolved and revealed pulsations of emission occur-
ring at different points across the target and lasting only
about 10 psec. This was explained as being due to the
formation of unstable filaments. The backscattered light,
which was both temporally and spectrally resolved,
showed fast temporal bursts on the time scale of 5-20
psec with the emission in each burst covering a broad-
band of frequencies (similar to our Fig. 7 of Ref. 2). The
authors offered an explanation of the lcoo pulsations sug-
gesting that they were due to beating between Brillouin
backscattered light originating from different plasma den-
sities with, as a result, slightly different frequencies.

Neither of these explanations seem entirely satisfactory
to us, particularly in the light of our own observations.
The question of filamentation will be dealt with in a fol-
lowing paper where we will present evidence that sug-
gests it does not occur in our experiments. The second
explanation involving beating of stimulated Brillouin
scattering (SBS) waves is also hard to accept since it
seems unreasonable to suggest that only a very restricted
range of frequencies would be generated by SBS. Even if
this were the case when only a very small region of the
plasma was viewed as in Ref. 14, it is far less likely in our
experiments where a scattering screen was used to spa-
tially average the emission from the hole plasma and yet
bursts of emission in frequency space were still observed.
Furthermore, it is difBcult to accept that the scattering
densities and hence the beat frequency would remain un-
changed throughout the laser pulse since, for one thing,
the density scale length in the underdense region would
be expected to increase considerably in time changing the
threshold conditions for SBS and affecting the back-
scattering spectrum. In general, an increase in SBS band-
width should occur both near the pulse peak and as the
density scale length increases with time suggesting that
the beat frequency would be rather sensitive to experi-
mental parameters, e.g. , pulse duration. This is not con-
sistent with the experimental data.

The third harmonic of a Nd laser was used in Ref. 15
as the pump for experiments to investigate co&/2 emis-
sion. The laser pulse duration was 800 psec and the laser
intensity between 5 X 10' and 10' %/cm . Pulsations of
the emission less than the resolution of the recording sys-

tern (20 psec) and separated by 50—90 psec were ob-
served. The same explanation as used in Ref. 9 and 10
was suggested. There is, however, an inconsistency wave-
length and this would predict that the burst duration and
separation should be three times shorter than was ob-
served in Refs. 9 and 10, yet this does not correlate with
the data.

Adding our own observations to these, it seems very
reasonable to conclude that virtually all emission pulsates
and that the nature of these pulsations is virtually in-
dependent of the parameters of the experiment. A wide
range of intensities (varying by three orders of magni-
tude) and pulse durations (=10 psec~ 1 nsec) produced
essentially similar pulsations as did a variety of target
materials including CH, and %,' Al, ' ' glass, ' ' '
Pb, ' and a wide range of polymers and U. Further-
more, different laser wavelengths produce similar effects
and emissions ( lcoo, 2coo, —,'coo, and coo/2) created by very

different physical processes all seem to pulsate. There-
fore our aim has to be to find a mechanism that can give
rise to such pulsations lasting typically 10 psec and
separated by 30-50 psec that is independent or only
weakly dependent on parameters such as those listed
above.

Before introducing our ideas, we continue with a sum-
mary of the theories that exist that predict pulsation phe-
nornena.

III. SUMMARY OF EXISTING THEORIES
PREDICTING TEMPORAL MODULATION

OF HARMONIC EMISSION

Erokhin, Moiseev, and Mukhin' were the first to show
that when resonance absorption dominates the second-
harmonic emission may oscillate as the electron tempera-
ture in the plasma increases. This is a direct consequence
of the phase-matching conditions of an inhomogeneous
plasma for the 2coo production mechanism, the coales-
cence of a plasmon with a photon, which occurs at a dis-
tance from the critical surface given by

dz„=9(v, /c) L,
where v, is the electron thermal velocity c the speed of
light, and I. the plasma density scale length near the criti-
cal surface. As the temperature rises during the temporal
evolution of the laser pulse, and dz„ increases, the 2coo

0
emission point passes the standing-wave structure of the
fundamental electromagnetic wave and the second-
harmonic energy oscillates accordingly. Andreev et al. '

have investigated these effects numerically and also ex-
tended the analysis to third-harmonic generation. How-
ever, from their results it is clear that long scale lengths
around critical (L 5A.O) and very high thermal velocities
(v, ~0. 1c) are necessary for oscillations to occur. These
conditions are not relevant to the plasmas created in our
experiments. '

Reference 17 also considered the effect of temperature
on the second-harmonic emission when it arises from the
intense resonant field structures created inside cavitons
(density wells). Again, oscillations can occur because of
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the temperature-dependent dispersion relationship for
plasma waves. This time the code showed significant os-
cillations with temperature even for steep profiles L =A.o,
provided u, «0. 1e. In order for cavitons to occur, how-
ever, it is necessary for the flow to be subsonic and that is
unlikely to occur in the underdense region of our plasmas
created by short, high-intensity pulses since the sharp
leading edge of the pulse drives a heat wave into the plas-
ma, thus providing uniform heating of the ablated mass.
It was numerically shown in Ref. 7 that when subsonic
flow does exist then, for the case of 3 X 10' W/cm, 1.06-
pm radiation obliquely incident on a homogeneous plas-
ma (T, =1.25 keV), the characteristic period of the
second-harmonic oscillations, and the out-of-phase
refiected fundamental, was r=(koc, ) '=1 psec where
ko=2n/Ao is the pump wave number. On the other
hand, when the flow was supersonic no such oscillations
were found.

Several papers have already appeared in the literature
that have attempted to explain the temporal modulation
of the backscattered heating radiation in terms of an in-
stability of stimulated Brillouin scattering, where the SBS
is saturated by a nonlinear phase shift of the ion acoustic
wave involved in the scattering process.

Kurin and Permitin' have considered scattering by
SBS off an initially homogeneous slab of plasma, under
the assumption of subsonic flow. The scattered ion wave
was allowed to develop a nonlinear phase shift due to two
mechanisms: (a) the displacement of plasma from the
wave interaction region by the pondermotive force and
(b) the inherent nonlinear coupling between the velocity
of the density perturbations and the perturbation ampli-
tude. In this case, saturation of the three wave interac-
tion, which leads to a steady state, resulted from a com-
petition between the pump and a detuning of the three
waves induced by the nonlinear phase shift. The non-
linear phase shift was characterized by the parameter

n, Eoa=ao=
noE

(2)

n, Eoa=a2=
6k o~DnoEp

(3)

where A,D is the Debye length. Once again, the nonlinear
phase shift was important for a «1. Therefore, since the

where no is the electron density in the slab, Eo is the am-
plitude of the incident radiation, and E is the charac-
teristic plasma field given by Ez =(16mnoT, )'~ where T,
is the electron temperature. The analysis showed that the
nonlinear phase shift becomes important for a ~ 1.

At high pump intensities, other nonlinear efT'ects be-
come important, such as trapping of particles and the ex-
citation of harmonics of the sound wave. In the latter
case, when there is a nonzero dispersion of the ion sound
wave, the harmonics that are excited affect the phase of
the fundamental ion wave, causing it to deviate from the
optimum value for the interaction, thus limiting the
scattering level. This problem has also been treated in
Ref. 19. In this case the nonlinear shift was character-
ized by

wave number of the ion-acoustic wave k2 —=2ko, i.e.,
a ~ k2 ', it is the longer-wavelength ion sound waves that
undergo the greatest nonlinear phase shift due to har-
monic generation. When the steady-state solution of this
problem was discussed, it was shown that for a &&1 the
amplitude of the pump was almost uniform across the
slab, which led to excitation of perturbations which were
out of phase with the steady-state solution. Thus no
steady-state SBS can exist when the nonlinear phase shift
is substantial.

The self-modulation that arises from this unstable solu-
tion was further investigated by Kurin, ' who solved a set
of coupled equations for the temporal and spatial evolu-
tion for the three waves involved, using numerical
methods. The important parameters were the slab thick-
ness Lo, the critical interaction length I, and the di-
mensionless pump amplitude Q, the last two of which
were defined as follows:

ono 0r=
n, E

Q =(c, /c)' I I.o .

Lo

c,Q
(6)

For a fixed value of noln„r scales as r~ T,' (IOAo)
while for fixed incident wavelength, pump intensity and
electron temperature, the period scales as
r ~ (no ln, )

In contrast to these predictions, however, we do not
see any clear dependence of r in a wide range (approxi-
mately three orders of magnitude) of intensity Io. More-
over, the conditions of our experiments are such that we
expect the plasma to flow supersonically in the under-
dense region, in contrast to the assumption of subsonic
flow in these mode1s. Kurin and Permitin ' have
developed a theory of the problem for supersonic flow.
In the linear approximation it has been shown that the

The critical interaction length defines the propagation
distance of the waves over which the phase mismatch
changes by m. The behavior of the reflectivity and the
spectrum of the reflected signal were investigated as a
function of the pump amplitude Q for the case of zero
damping and fixed no and T, . It was found that as Q in-

creased, the process of scattering passed from a periodic
regime through a quasiperiodic regime up to a completely
stochastic regime of stimulated scattering. Then, when
damping was steadily increased, all other parameters now
being fixed, the sequence was reversed and the temporal
evolution changed from stochastic to quasiperiodic to be-
come eventually periodic again. Such self-modulations of
SBS are equivalent to self-excited oscillations in a non-
conservative system.

If for a given set of parameters ko, no, T„and Lo
characterized by a single paraineter P =—4ac, /cI Lo, the
threshold for the onset of self-modulation a =—1 [which
occurs when Q =Q,d

=3(c, /c) /P J is below the
threshold for the scattering Q,„=0.5n(c, /c)', the self-
modulation is "softly" excited with the period
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transfer of energy from the supersonic flow to the ion-
acoustic wave (which in this case has negative energy) re-
sults in explosive amplification of all three waves in-
volved in the scattering process. Introducing a nonlinear
phase shift removes the mathematical singularity from
the problem and causes the scattering to saturate. In
contrast to the subsonic case, which is characterized by
the presence of an infinite set of bifurcation points on the
line R =0 in the (R,a) plane, here the refiectivity from
the slab was found to be multivalued within some range
of the pump amplitude, but became single valued when
the pump exceeded some critical value corresponding to
a-=1. One may again speculate about the stability of
such a steady solution but, even if it is unstable, the time
scale of the resulting self-modulation would again be
'1 =LO/c, Q as it was in the subsonic case.

Each of the models considered above assumed no
reflections from the boundaries of the expanding plasma
slab, on the basis that the boundaries were smooth on the
scale of the wavelengths of the interacting waves. This is
appropriate in only those situations where the plasma in-
homogeneities occur on a gradual scale and where the
linear phase-matching conditions are approximately
satisfied. If, however, even a small amount of energy of
the daughter waves is reflected off the boundaries (e.g. ,
due to a discontinuity in the density profile at these
points), then the feedback, which is thus introduced,
turns the problem into one that is qualitatively quite
different from those described above. Baumgartel and
Sauer have investigated stimulated Brillouin scattering
from a supersonically expanding slab of plasma, where
this feedback mechanism was introduced by allowing the
scattered wave to reflect off both boundaries. Whereas
for supersonic flow the SBS is absolute, and for superson-
ic flow the SBS is convective, here the introduction of
feedback into the supersonic problem changes the charac-
ter of the instability back to absolute, provided the pump
intensity exceeds a certain threshold. Then, for certain
phase jump conditions across the two boundaries, the
scattered radiation oscillates with a period ~ which is
long compared with the period of the acoustic wave. ~ is
given by

~L (1 no ln, )—'

8(1+M)c,

where M is the Mach number of the flow and it has been
assumed that co,, =2koc, ). The authors claim that
scales with wavelength, leading to values of ~=10 and
100 psec for Nd and CO& laser light, respectively, where
no=0. 3n„~2, c, /c =0.001, and L =25k,o has been as-
sumed. However, this is true only if one assumes that koL
is same for both 1 and 10-pm plasmas. In fact, Eq. (7)
predicts ~~ 2, but this contradicts our experimental data
and apparently others' data as well.

Randall and Albritton have combined aspects of
Refs. 19 and 23 and have presented a numerical simula-
tion of the supersonic problem which includes both
reflection boundaries and a nonlinear phase shift due to
the generation of harmonics of the ion-acoustic wave.
Their results clearly indicate oscillations in the reflected

wave while their numerically obtained spectra are re-
markably similar to those obtained experimentally by
Turner and Goldman. The period of the oscillations
that were illustrated [=3(koc, ) '], however, is much too
short to explain the time-resolved data reported previous-
ly in the literature as well as our results, and, moreover,
would display the same intensity and scale-length depen-
dence as the analytic solutions previously discussed,
which contradicts our observations.

Finally, we note that numerical analysis of Pattinkan-
gas and Salomaa of the so-called double stimulated Bril-
louin scattering (DSBS) reveal a periodic behavior for
the scattered radiation. However, according to their re-
sults the interval between the bursts varies linearly with
the pump intensity, in contrast to the experimental obser-
vations.

IV. MODEL LEADING TO PHASE MODULATION
AND PULSATION OF HARMONIC EMISSION

As an alternative to the various different explanations
given above, we now wish to present a model that incor-
porates all of the features necessary to explain the large
body of experimental evidence now available on the tem-
poral and spectral properties of the emission. In accor-
dance with our conclusions from Refs. 1 and 2, where we
showed that phase modulation of the emission could lead
to all the observed features of both time-integrated and
time-resolved lcoo and 2eo emission spectra, we concen-
trate on a situation where the plasma contains two
reflecting surfaces, one of which is the usual critical den-
sity surface, and the other which is assumed to be located
in the underdense region of the plasma where n & n, /4.
The reflectivity of the underdense region switches on and
off in time, for reasons that will be explained later, and
hence the reflection point moves cyclically between this
region and the critical density surface. As the reflection
point moves, the phase of the reflected light itself varies
rapidly leading to frequency sweeping of the back-
reflected light. Furthermore, since the underdense
reflection point lies below the quarter critical density, as
its reflectivity switches on and off this leads to the pump
intensity for processes occurring at higher densities (n,
or n, /4, for example) to pulsate. The time scale of the
bursts of reflection from the low-density region is, there-
by, imprinted on all mechanisms that occur only at
higher density. As a result as was shown in Ref. 1, cyclic
variations in pump intensity lead to phase modulation of
second-harmonic emission, as is observed experimental-
ly, through the action of the pondermotive force.

To account for pulsation of the reflectivity of the low-
density plasma we invoke a model where the reflection is
generated by SBS possibly seeded either by reflection
from the critical surface or by long wavelength ion waves
which propagate down the density profile in the super-
sonically expanding plasma. The growth of the ion den-
sity fluctuations results in the appearance of a nonlinear
phase mismatch term that forces the instability to satu-
rate. The hydrodynamic properties of the plasma which
results in a steady increase in the extent of the under-
dense corona with time, and hence an increase in the size



2170 R. A. M. MADDEVER, B. LUTHER-DAVIES, AND R. DRAGILA 41

of the scattering region, in combination with this non-
linear phase mismatch causes the reflectivity to pulsate.
The pulsations are driven not only by the constructive
and destructive interference of the back-scattered wave
due to changes in the interaction length but also by
changes in the ion wave amplitude that respond to the
relative phasing of the incident and reflected waves.

Although we have now introduced SBS into the prob-
lem and hence presuppose the existence of ion waves re-
sulting from that instability, we point out that the fre-
quency of these waves is too small for them to directly
modulate the time-integrated spectra in the manner that
is observed. In our model, therefore, SBS leads primarily
to the temporal modulation of the intensity of the light
reaching the high-density regions by providing the
second reflection point for the incident wave. Note that
since the ion-acoustic waves are of such low frequency,
little broadening of the spectra would occur due to the
SBS itself.

This explanation has a simple analogy that permits
some additional modeling to be performed, namely, it
produces a similar effect on the phase of the emitted wave
as is obtained by reflecting light off an etalon with a
time-dependent thickness. It is conceivable that etalon
effects may occur in the plasma itself due to the growth
and decay of cavitons, as is often observed in simulations
and have been seen in experiments. In our case we use
the etalon analogy to demonstrate that phse modulation
and frequency sweeping of the refiected light does in fact
result from such a structure and show that the calcula-
tions mimic features of the experimental data.

V. THEORY

Let us consider a laser-produced plasma expanding
into vacuum. We assume that the heating radiation un-
dergoes stimulated Brillouin scattering within some re-
gion x&(t) &x &xz(t) in the underdense plasma and that
the plasma flow through this region is supersonic. For
the sake of simplicity we begin with several additional as-
sumptions which are listed below.

(i) The electron density within x& &xz is homogeneous
and has a value no&n, .

(ii) The scattering region flows with constant velocity
u &c, .

(iii) The linear size of this region Lo=xz —x, is con-
stant.

(iv) Within the scattering region the frequencies and
the linear phases of the interacting heating (co0, ko), back-
scattered (co1,k1) and ion-acoustic (coz=kzu —kzc„kz)
waves are perfectly matched, i.e., coo+co2=co„with the
linear phase mismatch given by 6kL =ko+k2 k& =0.

(v) We assume kzA, D «1. Such an approximation is
acceptable for high-intensity heating when I (LHD
/kz)' »1 where

LHD =max[n (dn/dx) ', u (du, dx) ']

characterizes the actual inhomogeneity of the underdense
plasma and I is the previously introduced critical in-
teraction length of the convective instability [see Eq. (4)].

(vi) We finally assume that 5kt » I outside the plasma
layer (x, ,xz).

In a steady state the dimensionless amplitudes of the
three interacting waves are then described by the follow-
ing set of equations

dao
1 2

da)

dg
= —a a0 2

da2
(1—M) =aoa *, +i 5ktvt Over 1 a 2, (8)

where

E =eEO aoexp(i coot +ik0x)

co~]+
C )6)o

' 1/2

a, exp(iso, t +ikox)+c c.
is the net electric field of the heating and backscattered
waves, Eo is the amplitude of the heating wave, co and c,
are the corresponding group velocities,

5n =2in0 [azexp(icozt +ik3x)+c.c. ]E

i [anz~d 2( g) ]az= z5e
(9)

where ~=c, I t is the dimensionless temporal variable and

DAO=0, AQ, , +502=0 .

Inserting Eqs. (9) into Eqs. (8) obtains

dA = —A Akcos1t, mj, k =0, 1,2, mWjWk (10)

and

dQ d 5k1vt+ tang ln( A 0 A
1 A z ) = + 1I', (l l )

dg ' I (M=1)
where p=p, +$2 and 1II is an arbitrary constant which is
defined by the requirement that sing~0 when A, 2~0
(see Ref. 21). The bondary conditions read as follows:

is the density perturbation associated with the ion-
acoustic wave, (=I x is the dimensionless spatial vari-
able, M = u /c, is the Mach number of the fiow, and 5k'
is the nonlinear wave-number shift of an arbitrary origin.
The nonlinear phase shift is then given by 5k&L multi-

plied by the distance of propagation of the wave. It is
this, generally introduced, 5k&L that removes the
mathematical singularity from the steady state problem
which is of explosive character ' and that brings the
system to saturation allowing one to investigate the
steady-state solution.

Now, we will replace the three complex amplitudes ao,
a „and a z by a set of six real functions A 0, z and $0
by the following transformation:

(M 1)1/2A (g) 0, 1 0, 1

7 7
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Ao(/= I Lo ) =(M —I )'i

A o((=0)—Q, = A, o
= A i (/=0),

Ao(/=0) —
Qq

= A ~o
= A2(/=0),

(12)

6kNL =4o. A 2I (17)

Finally, it remains to evaluate the nonlinear wave number
shift 6kNL. According to Kurin and Permitin' and Ku-
rin, '

6kNL can be expressed as

where A, 0 and 320 are the "seed" amplitudes of the
secondary waves and Q, 2 are the two integrals of the sys-
tem (10)

Q, = A v(g) —A, (g) =const,

Qz= Ao(g) —A, (g)=const .
(13)

In what follows we will treat Eq. (10) as a system
describing parametric generation in a weak coupling limit

(5k&i & I ). Assuming that the heating wave is intense
and that Ao(g) —=const, and following the standard pro-
cedure (see, e.g. , Ref. 30), one obtains the following ex-
pression for the gain of the output wave which has been
normalized to 320, the amplitude of the ion seed ion-
acoustic wave:

'2
I

gi =G sin 5kNLL0,
NL

(14)

k0

6kNLL0

Let us now drop assutnptions (i) and (iii), which restrict
the above equation to a homogeneous plasma having a
scattering region which is constant in length, and consid-
er a inhomogeneous plasma where the scattering takes
place in a bounded region of size LHD. Since LzD is, in

reality, a slow function of time compared to the time
scale of the ion-acoustic oscillations, and is given by
L~D =c,t, then one can replace L0 in Eq. (15) by c,~.
This results in the temporal oscillations of the coefficient
reAectivity:

R ~sin (5k~1 c, t)

with an oscillation period ~ given by

77=
5kNLc,

(16)

where G is a constant dependent on the phase relation be-
tween the pump (heating) wave and the "seeds." For ex-
ample, if A2o »A, o, then G~1 (independently of the
phase relation between the seed and the pump since the
generated field 3, will adjust its own phase to provide
maximum gain gi ——A, ((=I Lo)/A 2o). In fact, the ab-
sorption results of Perry, Luther-Davies, and Dragila
indicate that there is a narrow region near the critical
density which acts as a good absorber even in the condi-
tions that favor neither resonance absorption nor para-
metric processes. The data obtained at that time thus
seemed to be consistent with absorption induced by the
presence of a long wavelength [k2A.D =0.04—0.2 (see, for
example, Ref. 31)] ion-acoustic waves. These waves, in
turn, may provide a good seed for the SBS. In such a sit-
uation, the coefficient of reAectivity R for SBS back-
scattering, behaves like

2

R cc ssn 5kNLL0

where either a=o.0 if produced by displacement of the
plasma by the ponderomotive force associated with the
heating and back-scattered waves, or a =f2))a0 if 5kNL
results from generation of higher harmonics of the ion-
acoustic wave. There is, however, a competitive process
of ion trapping that also causes a nonlinear wave number
shift:32

6kNL

k2

1/2ee'0 ~2 T
-=1.6 F

e k2Ui Ti
(18)

where U is the group velocity of the ion wave. For com-

parison, if determined by generation of harmonics, 5k'
becomes [from Eq. (17) after setting a =a2]

5kNL

k2

2
1 5n

12k 02k, 2D no
(20)

Let us now evaluate 5kNI for some realistic parameters.
If we assume that the nonlinear phase shift is due to

particle trapping then from Fig. 2 of Ref. 32, one obtains
5k~1' —=6X10 k2 under the assumptions of k2 =—ko,
T, /T, =10, and e@o/T, =0.05. Assuming further that
c, =1X10 cm/sec, one obtains from the separation be-
tween the bursts of the backscattered light w'"=40 psec,
which means that the corresponding half-width of the
bursts themselves would be =20 psec. On the other
hand, if one assumes that generation of harmonics is the
cause of 6kNL, then, for the same plasma parameters, Eq.
(20) gives

5kNL 2. 5 X 104

k,'A,
D

Therefore, for T, =1 keV and n0/n, =0.1, one obtains
6kNL'/k2=1. 6X10, which is well below the corre-
sponding value due to ion trapping. As can be seen by
comparing Eqs. (18) and (20), 6kNL is much more sensi-
tive to the amplitude of the density Aucutations associat-
ed with the ion-acoustic wave. However, since it is the
ion trapping in particular that imposes the upper limit on
the amplitude of the ion waves 6n /n 0, such that
5n /no &0.2 (e.g. , see Ref. 33), then for the considered set
of realistic plasma parameters, we always have
6kNL ) 6kNI'. If the dephasing length =6kNL' is short
relative to the average value of LHD during the laser

where e is the electron charge, 40 is the electrostatic po-
tential associated with the density perturbations
(e4~/T, =5n/no), T, is the ion temperature, and v; is
the ion thermal velocity. Assuming that the ions have a
Maxwellian velocity distribution and that the ion waves
are weakly damped, the introduced function becomes

c,z(z —1)exp( —z /2)

2m[(z —1)(1+k~AD )T, /T, —1]vs
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pulse, then the back-scattered radiation is emitted in a
series of many short bursts. The effect of the dephasing
on shortening in the interaction length to a value that is
well below L&D was, in fact, experimentally observed in
Ref. 34. We note that for the modulation effect to occur
the size of the "parametric resonator" has to be
Lo =n—/5k&L (at the end of the laser pulse) where n is the
total number of bursts. Since 6k&L «k2 and since one
also has to satisfy the linear wave number matching
(5kL =0) within the "resonator, " such an effect can occur
only in that region of the underdense plasma where the
plasma is either weakly inhomogeneous or rare, i..e., well
below the critical where k2-=2ko (ko is the vacuum wave
number of the incident radiation). However, it does not
mean that SBS does not occur at higher densities as well.
It only means that the modulation of the backscattered
radiation originates from the low-density plasma.

Finally, the separation between the bursts, ~'", and
consequently the duration of the bursts, v'b", both scale as

(t) (r) ~ g T
—1/2

7 Vb 0 e (21)

i.e., both would be 10 times longer for a CO2 laser-
produced plasma than for a Nd-laser-produced plasma,
for otherwise identical conditions. Also, most important-
ly, both are only very weakly dependent on the intensity
of the heating radiation through T, (for our plasmas
T, ~IO'). This is in agreement with our observations,
since variation of the laser radiation by two orders of
magnitude had no significant effect on the burst duration
and separation. Notice that since the intensity of the
scattered wave behaves as sin (5k&1 Lo), the ratio of the
burst duration to the burst separation is 1:2. Dependence
on the target material is also very weak and is brought in
by the speed of sound c, 0-(Z/A)'~, where Z is the
charge and A is the atomic weight. As a result of these
weak dependences of the plasma and laser parameters,
the mechanism appears able to explain the observed tem-
poral modulations of the back-scattered heating radition.

Summarizing, therefore, the basic physics involves SBS
in a supersonically expanding plasma. A mismatch of the
three interacting waves then arises due to an ion trapping
induced nonlinear wave number shift of the ion-acoustic
wave. The same mechanism is responsible for saturation
of the otherwise explosive instability. As in the experi-
ment, the theoretically obtained burst duration and the
burst separation is virtually insensitive to the plasma and
radiation parameters, with the exception of the wave-
length of the heating radiation. This result is consistent
with the only available data from an experiment which
used 0.5-pm radiation, ' which the burst duration and
separation was typically shorter than those observed in
our and others' experiments, as well as the emission
bursts observed in CO2 experiments' and also the more
recent CO2 experiments of Baryanov et a/. However,
the results of Ref. 15, although obtained under relatively
similar experimental conditions as those of Ref. 14, reveal
slower temporal modulation than one would expect from
the linear dependence of the time scale of the modulation
on the wavelength of the heating radiation.

The presence of SBS can, however, have further conse-

n-
o

', reflection point

incident wave

reflected wave

0 x„~ a b x

FIG. l. Electron density profile of a stepwise homogeneous
plasma designed to model the oscillatory motion of the
reAection region.

quences and result in temporal modulation of the other
harmonics. If SBS occurs at densities below n, /4, then
all harmonics of the heating radiation starting from coo/2
have to reveal corresponding temporal modulation driven
by the modulation of the pump. Since harmonic genera-
tion is a nonlinear process, one may expect that the dura-
tion of the bursts will be shorter than those of the funda-
mental, while their separation remains unchanged. These
conclusions are consistent with observations of a wide
range of harmonics, from coo/2 to 11~0, in agreement
with our scaling law (21).

The model also predicts that phase modulation of the
emitted lcoo wave will occur as a result of the reflection
point moving back and forth between the critical density
surface and the region where SBS is taking place. Al-
though this can be seen qualitatively from the model,
complex computer codes are necessary before it can be
quantitatively investigated and this has not been done
during this work. The phase will be further affected by
the action of the ponderomotive force on the density
profile, although this mechanism also requires a complete
fluid and radiation code before its effect can be adequate-
ly determined.

For the SBS mechanism just considered, the separation
between the bursts is given by Eq. (16). Since the non-
linear phase-shifting mechanism is assumed to reach sat-
uration, 5k~I is considered to be constant, and therefore
Eq. (16) leads to the desired dependence of r on the vari-
ous plasma parameters.

The effect of oscillating reflection point has a simple
analogy with the reflection properties of an etalon with
time-dependent parameters, e.g. , thickness. Modeling the
plasma reflection properties by such an etalon effect mim-
ics the effect of the presence of cavitons in the plasma
which are expanding and/or collapsing. Therefore the
temporal behavior of this mechanism is also associated
with the plasma dynamics.

Consider a one-dimensional, step wise homogeneous
plasma, consisting of three regions of uniform density,
n, &n, (x c), n, &n, (0&x a), and n3&n, (a &x b),
as depicted in Fig. 1. Since the overdense region is semi-
infinite in extent then, if n 2

= n 3 =0, total reflection
would occur at the x =0 interface. For the more general
case of n3%0, however, which we will now consider (still
assuming n2 =0 for simplicity), the incident radiation is
partially reflected from each of the three interfaces at
x =0, x =a, and x =a+b. The amplitude and also the
phase of the reflected wave depend on how near, or how
far, the system is from resonance.
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etalon
kovo+e2

(22)

If we now allow a to become a function of time,
a t)=ao+vot and we keep the width b of the densit
step constant, then each time a moves a distance of A,o/2,
the system will pass through a resonance res lt'

p in e reflectivity. These peaks will therefore be
separated in time by

Notice that the only substantial difference between this

ko 1/e2 and Eq. (22), therefore, displays the same depen-
dence on the laser wavelength and electron temperature
as previously [see Eq. (21)).

Assuming that all field quantities are normalized to the
amplitude of the incident wave then, for the acse n2 =0,
the complex amplitude of the reflected bwave can e writ-

—2ikoa
k (1—Pe ' )(1+ac '

)
—k (1+Pe )(1—ae '

)

—2ikoa 2ik b
k, (1+Pe ' )(a —e '

) —k (1—p pe )(a+e '
)

(23)

where

k3 —k3 0

ko+k3 '
lko lk )

iko+ ik

Here k =k 3/e h, where e= 1 nln, —iv/—co, and the sub-
scripts 1 and 3 denote the regions x & 0 and a & x b, re-
spectively, as before. To obtain a feel for the temporal
behavior of the reAected fundame t 1, hmen a wave, we have eval-

y. n is analysis,uated the a ove expressions numericall . In thi
approximately 30% absorption was modeled by means of
the effective collision frequenc h' hy v, w ic was made ro-
portional to the density.

P

Figures 2(a) and 2(b) show the time evolution of the

reAectivity, respectively, obtained from a moving d 'toving ensity
ere t"e input parameters were n = 1.1n

n2=0, n =0. n = Q=
n„

3
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x=0 see i . 1.
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E(t) cr-QI~(t)e'~'" of the reflected wave. Here IR(t)
represents the temporal envelope of the intensity of the
reflected 1coo wave. In the spectra, f )0 represents a
blue shift, with respect to the purely Doppler-shifted fun-
damental.

The numerically obtained reflection coefficient, the
time-resolved spectrum, and the time-integrated spec-
trum all display features which are in qualitative agree-
ment with experiment. The detailed shape of the peaks
(or troughs) in the reflectivity and the time-resolved spec-
trum is a complex function of the listed parameters. The
dips are sharpest for certain combinations of n&, and b,
which result in the strongest resonances. These are also
the conditions which produce the broadest spectra.
Where these stronger resonances occur is difficult to see
from the analytic expressions. The simulations showed,
however, that variation of the bump density n~ and its
width b over a fairly wide range produced relatively
minor differences in the sharpness of the peaks, except
when n& was (0.2n, in which case the peak widths were
almost equal to that of the troughs. On the other hand,
the modulation depth and the breadth of the spectra de-
creases as the bump density was lowered, so that the
strong effects were not observed for n~ &0.3n, . Increas-
ing v/co, the effective collision frequency, had little effect
except to lower the average level of the reflectivity. The
ratio of peak to trough widths remained unchanged by
quite a large variation in v/cu. Obviously, the model is
very crude and so somewhat arbitrary, but the basic
features in Fig. 2 are qualitatively in agreement with the
experiment.

VI. CONCLUSIONS

We have suggested a mechanism that can lead to tem-
poral modulation of the phase and the amplitude of plas-
ma emission at a variety of frequencies. Its basis is the
existence of two reflection points for the fundamental
wave in the plasma, one corresponding to the normal
critical density surface and the other located in the low-
density region. The reflectivity in the latter region is pro-
duced by SBS, which saturates due to the growth of a
nonlinear phase-mismatch term proportional to the ion
wave amplitude. Plasma expansion then leads to pulsa-
tion of the reflectivity on a time scale r=rri(5k&Lc, )

where 5k&L is the nonlinear wave number mismatch. It
has been shown that the most dominant source of this
mismatch is ion trapping and that this results in a
reflectivity time scale that scales only very weakly with
most experimental parameters, in accordance with the
experimental observations. Its major sensitivity is to
laser wavelength where a linear dependence is expected.
This is in reasonable agreement with the observation that
the pulsations are about ten times slower for CO& radia-
tion' ' than is observed using Nd lasers and observation
of faster pulsations for 0.5-pm heating radiation. ' How-
ever, the data obtained in the 0.35-pm experiment' un-
der very similar experimental conditions as in Ref. 14 re-
veal pulsations that are slower than prediction following
the linear scaling law.

The mechanism leads directly to phase modulation of
the reflected light as the reflection point moves back and
forward between the low-density region and the critical
surface. This accounts for the frequency sweeping ob-
served in our experiments. ' Additionally, the
reflectivity pulsations from the low-density region result
in the intensity of the laser light at higher densities being
modulated in time, thereby imprinting the same modula-
tion characteristics on all processes occurring at those
densities (resonance absorption, harmonic generation,
two-plasmon decay instability, Raman scattering, etc.).
This explains the reason for similar bursts in emission
produced by a wide range of different physica1 processes
each of which, however, is sensitive to the amplitude of
the pump.

Phase modulation of second-harmonic emission as we
have also observed experimentally is not a direct conse-
quence of this model, but we have shown in Ref. 1 that a
time varying pump intensity can produce phase modula-
tion of the second-harmonic because the plasma density
profile then undergoes rapid cyclic changes through the
action of the ponderomotive force. Phase modulation is
thus produced indirectly.

In conclusion, therefore, we consider that the model
presented here provides a very good explanation of most
of the observations of burst phenomena reported in the
literature. To fully simulate all the physics involved
would take a quite massive computational effort, which is
outside the scope of our resources. However, such a
simulation might be essential if the physics of short-pulse
lsaer-produced plasmas is to be fully understood.
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