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We report simultaneous time-resolved measurements of second-harmonic and K a emission from lay-
ered, planar targets irradiated by 180 ps, Nd-laser pulses focused to an intensity of (1-3)X 10'® W/cm?,
We observe that pulsations of the second-harmonic emission appear to coincide with pulsations of the
x-ray fluorescence with each burst lasting about 20 ps and separated by 30-50 ps. The x-ray pulsations
indicate that fast electrons are produced in short bursts which can modulate the effective “temperature”
in the quarter critical region thereby affecting emission from the two-plasmon decay instability. We sug-
gest these pulsations appear because the laser intensity reaching the critical surface is modulated by a
chaotic time-dependent Brillouin reflection from the underdense plasma. Some implications of such a

process are discussed.

PACS number(s): 52.40.Nk, 52.25.Nr

I. INTRODUCTION

Pulsations of w,, 2wy, and 3w,, and other harmonics
emitted from laser-produced plasmas created by an in-
tense (IA2=~10-10"7 W/cm?), short-pulse (20-200 ps),
laser radiation incident on solid targets has been studied
both experimentally [1-6] and theoretically [7-11] for
some time. These emissions generally appear in random-
ly occurring bursts typically lasting 10-30 ps and
separated by 20-50 ps. In our own work [1,2,7,12] we
have found that the temporal bursts are always accom-
panied by the appearance of fine, random modulations in
the corresponding time-integrated spectra. We pointed
out that these particular spectral and temporal features
alter only slightly with laser parameters (intensities be-
tween 10" W/cm? and 107 W/cm?, pulse durations
30-1000 ps, and wavelengths from 0.35 to 10.6 um) and
target materials (from CH to 2*%U).

We argued in [7,12] that this insensitivity to the experi-
mental parameters ruled out many of the mechanisms
that had been previously suggested would produce pulsa-
tions. We further concluded that since the time-resolved
and time-integrated data are related via Fourier transfor-
mation, the spectral and temporal features were only
compatible if the emission swept in frequency during
each burst. Such frequency sweeping was in fact mea-
sured for second-harmonic emission [2]. To explain the
frequency sweeping we developed a model where the
plasma contained two reflecting regions for the incoming
light: one the critical surface and the other a Brillouin
zone in the underdense plasma. The reflectivity of this
latter region varied cyclically in time due to the influence
of plasma expansion on the three-wave interaction de-
tuned by a nonlinear phase mismatch caused by ion trap-
ping on the intense sound waves generated by the Bril-
louin instability itself.

The complete description of the process is given in
[1,7]. A direct consequence of this model is that the in-
tensity of a laser light reaching the critical density sur-
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face would be modulated in time since when the Brillouin
reflectivity is high, little laser radiation penetrates to the
critical surface, whilst when it is low, the intensity at crit-
ical approximates the vacuum intensity. Since many im-
portant plasma physics processes (resonance absorption,
the parametric decay instability, etc.) are localized at the
critical surface, pulsation of the laser intensity at the sur-
face would be expected to become imprinted on those
processes. Thus, for example, second-harmonic genera-
tion (SHG) at the critical surface should exhibit similar
pulsations to those observed in the reflected laser light, as
is indeed observed.

The consequences of this model are far reaching and
could well affect the interpretation of much previous ex-
perimental data on plasma created using short-pulse in-
tense laser light. For example, it would lead to the plas-
ma absorption varying in time, especially since the
strongest absorption generally occurs at densities close to
critical. Our own measurements of absorption of short
(20-150 ps) Nd laser pulses at intensities above 10'*
W/cm? showed that the time-averaged absorbed fraction
was typically 40% [13] and similar values have been re-
ported from several other studies [14—16]. But this num-
ber was measured using calorimeters to determine the
fraction of laser light not absorbed by the plasma. If, as
is the case, the overall plasma reflectivity pulsates in
time, at some times (those we would suspect as corre-
sponding to the times the light penetrated to the critical
density) the absorption must be much greater and at oth-
er times much less than this time-averaged value. (Note
that the experiments have shown that the reflection pul-
sates synchronously over the whole plasma.)

This scenario leads one to examine other conclusions
regarding absorption. For example, several experiments
have shown that the absorption coefficient for short Nd
laser pulses at high intensity is rather insensitive to laser
intensity and has a value around 40% [13-16]. This re-
sult now has two possible interpretations: (1) that the ab-
sorption mechanism yields an intensity-dependent ab-
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sorption of =~40%, or (2) that the laser light only
penetrates to a region of =100% absorption for 40% of
the time. Since the plasma reflectivity pulsates, it is this
latter which is the more likely, but seldom discussed,
scenario. Obviously, if the absorption instantaneously
reached a value near 100%, it would be necessary to ex-
amine which absorption processes could lead to such
high absorption. Resonance absorption, for example,
which is often invoked as dominating in plasmas pro-
duced by picosecond duration pulses, provides a max-
imum of 50% absorption.

Other phenomena, such as fast-electron generation by
resonance absorption or the parametric decay instability,
would be also affected by modulation of the laser intensi-
ty at the critical surface. Thus fast electrons would be
generated in bursts synchronized with other critical sur-
face phenomena such as second-harmonic generation.
Observation of fast-electron pulsations, therefore, would
certainly lend support to the “two-reflection-point” mod-
el, especially if they correlated with pulsations of second-
harmonic emission.

An additional motivation, however, underpinned the
experiments reported here. We had also observed that
2w, emission, associated with the two-plasmon decay in-
stability, displayed the same complex temporal and spec-
tral modulations found in the reflected laser light and
second-harmonic emission. Hence we concluded that the
2w, light had to be phase modulated just like the w, and
2w, emission. These observations have partly been re-
ported elsewhere [4,17]. We include here examples of the
2w, behavior. Figure 1(a) shows a typical time-resolved
spectrum recorded at an intensity of 5X10' W/cm?
Notice that the separation of the usual red and blue peaks
varies between bursts. Since it is normal to interpret this
separation as reflecting the local plasma temperature (at
the quarter critical density), the data suggests that this
temperature varies from burst to burst within the range
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1-6 keV [Fig. 1(b)], although it should be noted that the
spectra are often quite broad introducing a large uncer-
tainty in the temperature so determined. Nevertheless
these values far exceed the thermal temperature of the
plasma as determined from x-ray measurements
(=0.5-0.8 keV) although this discrepancy should not be
surprising since thermal x rays are generally produced
from densities much higher than the quarter critical den-
sity leading to the possibility of large errors if thermal
values are used to deduce the quarter critical tempera-
ture. One can, therefore, postulate that the effective tem-
perature of the quarter critical region is increased by a
flux of superthermal electrons, probably generated at the
critical surface and ejected down the density gradient.
The “effective” temperature T.; is hence related to the
average temperature of the thermal and superthermal
groups weighted by their densities. Thus a small density
of very energetic electrons can increase this effective tem-
perature to several times the thermal value provided the
superthermal electron-energy is high enough. We report-
ed earlier measurements of the total number and energy
of the fast electrons generated in our plasmas and found
that the superthermal electrons predominantly had ener-
gies in the 50-150-keV region and compromised some
3-5% of the total absorbed laser energy. These earlier
measurements, therefore, provided firm evidence of the
presence of superthermal electrons in the corona of the
plasmas. )

Figure 2 shows a typical time-integrated spectrum cor-
responding to time-resolved data similar to that shown in
Fig. 1. Notable are the strong spectral modulations
which when Fourier analyzed contain no regular struc-
tures but can be characterized as “pink” noise (see the
inset).

As argued in detail in our previous work, fine spectral
modulations over a wide spectral bandwidth are only
consistent with the appearance of emission in short tem-
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FIG. 1. Time-resolved spectrum of %wo emission (a) and the effective plasma temperature in the quarter critical region deduced
from the separation of the red and blue spectral peaks in each burst (b).
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FIG. 2. Time-integrated %a)o spectrum ob-
tained at an intensity of 7X10'® W/cm? show-
ing random spectral modulations (a); Fourier
spectrum of these modulations (b).
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poral bursts when the emission itself is phase modulated,
i.e., the instantaneous emission frequency must sweep
rapidly during each burst. Careful analysis of data such
as that in Fig. 1 supports this view although not une-
quivocally because the bursts last only about twice the
spectrograph response time.

The association of the separation of the red and blue
peaks with the local plasma temperature indicates that
this temperature must change rapidly. The two-plasmon
decay instability has a sufficiently high growth rate for it
to be able to follow temperature changes on the pi-
cosecond time scale. The most likely cause of rapid tem-
perature modulation would be the appearance of bursts
of fast electrons flooding into the quarter critical region.

The experiments reported here were designed to detect
fast-electron pulsations both to support our previous
model where pulsations @, and 2w, emission were a
consequence of the two-reflection-point model, but also
to provide a plausible explanation as to why the Zwq
emission frequency could sweep on the picosecond time
scale.

II. EXPERIMENTS

Previous experiments on time-integrated Ka emission
[18] indicated that large numbers of fast electrons with
energies in the range 50-200 keV are produced by irradi-
ating planar solid targets with high intensity (>'10'
W/cm?), short ( <100 ps) pulses of Nd-laser radiation.
These electrons have sufficient energy to penetrate quite
thick (>10 um) low-Z transport layers and excite
fluorescence in a high-Z fluorophore on the rear of the
target. We, therefore, planned to search for fast-electron
pulsations by streaking the intensity of the K« emission
produced from fluorophores on the back of a layered,
laser-irradiated, planar target (Fig. 3). Simultaneously,
2w, emission was recorded by a second streak camera
viewing from the front. Comparison of these images al-
lowed us to search for a correlation which could indicate
that both were being similarly affected by modulation of
the pump (laser) intensity at the critical surface.

The experimental details were as follows. The targets
were irradiated close to normal incidence by 7-9-J pulses
of 180-ps duration using a single beam from a Nd:glass
laser. The beam was focused using an F =1 aspheric lens
to a spot 10—15-um diameter on the target surface. In
fact the target was positioned behind the position of the
best focus of the F=1 lens since previous experiments
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had shown this was close to the optimum for production
of fast electrons and second-harmonic emission via reso-
nance absorption [12,13]. The on-target laser flux density
was (1-3)X 10'* W/cm®.

The layered targets were made of 9-um-thick alumi-
num and = 5-um-thick carbon (in the form of an epoxy
adhesive) as electron-transport layers and an iron layer as
a fluorphore. We have shown that the energy spectrum
of superthermal electrons which are responsible for Ka
production in layered targets irradiated by a short high-
intensity laser pulse is well approximated by an electron
beam with energy within the range 50-200 keV [18].
The choice of the atomic number and thickness of the
transport layer was made taking this into account and us-
ing a simple analytic description [19] of energy transport
and deposition in multilayer targets. The penetration
depth A, for electrons with an energy E, can be evalu-
ated as A, ~2X10"’E, for carbon, and
A,~1.5X10""E, for aluminum; here A,, is in cm, E, in
keV. Therefore, the 9-um-thick Al layer together with a
5-um C layer filtered out those electrons with E, <50
keV.

Iron was chosen as the fluorophore since, firstly, K-
shell ionization by Bremsstrahlung radiation from the
plasma would not occur because its K edge is at an ener-
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FIG. 3. Schematic of the apparatus used to measure hot-
electron pulsations.
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gy far above the thermal plasma temperature [13,20], and
secondly, the Ko line radiation was at an energy that
could be conveniently collected by an available x-ray
analyzer crystal and directed to the input slit of a Had-
land Photonics X-Chron streak camera. The plasma
thermal-electron temperature was estimated by recording
the Al x-ray line spectrum and measuring the relative in-
tensity of the resonance line AlXII and it’s j, k satellites
[21]. The thermal temperature so determined was ap-
proximately 0.8 keV which is well below the Fe K« line
radiation at 6.4 keV. The Fe-layer thickness, on one
hand, had to be large enough to absorb the superthermal
electrons with energies E, <200 keV, whilst being reason-
ably transparent to its own Ka fluorescence. The op-
timum thickness was found using the electron-transport
model [19] from which the penetration depth for iron is
A,~4X1078E, and Fe x-ray-absorption data [21]. An
optimum thickness of 6 um was deduced, taking into ac-
count the angle at which the monochromator crystal
viewed the target (=70° from normal).

A cylindrically curved pyrolytic graphite crystal with
35-mm radius was used in the Von Hamos geometry with
x-ray focusing in the direction perpendicular to the
dispersion direction (Fig. 3) to collect and focus the Ka
emission onto the streak camera. Graphite has, prob-
ably, the best [22] integrated reflectivity (2X 1073 rad for
2 A) in the spectral range below 3 A and good spectral
resolution, A/AA=~ 103, when used in the Von Hamos
geometry. The width of the plasma Ka image recorded
on x-ray film was =1 mm which approximates the source
size determined in previous two-dimensional measure-
ments using a penumbral imaging camera [23]. The tem-
poral behavior of Ka emission was measured using an
Hadland Photonics X-Chron x-ray streak camera fitted
with a casesium-iodide photocathode. The temporal
resolution of the system at 6.5 keV was not better than 15
ps. The expected period of the Ka pulsations (based on
the measurements of second-harmonic pulsations) was
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about 10-30 ps; consequently, the relatively poor tem-
poral resolution could have prevented very rapid pulsa-
tions, such as those often observed in second-harmonic
emission at high intensities, being resolved [2]. However,
sufficient numbers of 2w, streak images had also been
recorded where the bursts were separated by an easily
detected 30—-50 psec to make the experiment meaningful.

The 2w, emission was collected by a F =35 lens viewing
the target at 45° to the normal, and focused on a scatter-
ing screen located ~5 cm in front of the entrance slit of
an S-20 Imacon 675 streak camera. The time resolution
of this system was about 5 ps.

III. RESULTS

Data from several hundred laser shots were recorded.
The major difficulty proved to be that high laser intensi-
ties were required to get an adequate signal level at the
x-ray streak camera but in such conditions the second-
harmonic pulsations were too short and occurred too rap-
idly for synchronized K a emission pulses to be resolved
by the x-ray streak camera. By working with the
minimum possible laser intensity (consistent with a good
signal-to-noise ratio at the x-ray streak camera) it proved
possible to obtain a situation where the second-harmonic
split into bursts separated by more than 20 ps and in
these conditions similar pulsations were clearly observed
in the x-ray streak records (Fig. 4). When this occurred it
also became apparent that the time history of both emis-
sions was very similar. Unfortunately it was not possible
to provide an absolute timing cross reference between the
cameras with the necessary picosecond accuracy to prove
definitively that the x-ray and second-harmonic pulsa-
tions were synchronized. However, the similarity be-
tween the records for those shots where structure could
be clearly resolved makes us confident that this was, in
fact, the case. Examination of a typical pair of records
shown in Fig. 4 illustrates this. Both second harmonic
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FIG. 4. Temporal behavior of the laser pulse, the x-ray fluorescence from the target, and the second-harmonic emission for the

same laser pulse.
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and x-ray signals last about the duration of the laser pulse
(180 ps); both Ka and 2w, emissions occur in bursts
about 20-ps long and separated by 25-30 ps; there ap-
pears a direct correspondence between the individual K«
spikes and those in the second-harmonic emission.

IV. DISCUSSION

We have obtained evidence that x-ray fluorescence
from layered targets pulsates on the 20-30 ps time scale.
This implies that the fast electrons that create the fluores-
cence are also generated in short bursts. The bursts ap-
pear to correlate with bursts of second-harmonic emis-
sion as would be expected if both were responding to
temporal modulation of the laser intensity at the critical
surface. It is thus likely that bursts of fast electrons
modulate the temperature at the quarter critical surface
affecting the spectrum of the 3w, emission. The data
support the two-reflection-point model which predicts
that the intensity of the laser light at the critical surface
is modulated by pulsation of the reflectivity of the Bril-
louin zone. Before concluding we would like to make
some further observations on the nature of the pulsations
and elaborate the mechanism which we believe produces
them.

Using the two-reflection-point model as the starting
point for this discussion, it is worth examining the details
of that model and how they affect the character of the
pulsations. The basic linearized set of differential equa-
tions describing a three-wave parametric interaction has
stable solutions for arbitrarily large pump powers. Hence
calculation of the Brillouin reflectivity using those equa-
tions will yield a stable, but intensity-dependent solution.
In [7] we pointed out, however, that as the amplitude of
the ion sound wave grows, there are at least two process-
es (ion trapping and second-harmonic generation) that
would give rise to the growth of a nonlinear phase
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mismatch Ak, which detunes the three-wave interaction
from perfect phase matching (Ak,; is proportional to the
ion sound-wave amplitude). If one assumes a steady situ-
ation where the sound-wave amplitude is fixed, but allows
the interaction length L (the size of the Brillouin zone) to
increase in time, simulating plasma expansion, the Bril-
louin reflectivity varies cyclically as a function of Ak L.
The physics here is quite transparent and simply reflects
the sensitivity of any parametric process to imperfect
phase matching. Regular pulsations would be expected as
L increases accompanied by movement of the reflection
point for the laser light moves backwards and forwards
between the Brillouin zone and the critical surface. This
can be regarded as the zero-level approximation to the
physics of the pulsations in these plasmas.

An important question remains, however; namely, is
this model sufficient to explain all the details of the obser-
vations? Its major deficiency lies in the fact that it pre-
dicts regular pulsations rather than the randomness ob-
served experimentally. To illustrate the randomness we
have analyzed data on the second-harmonic pulsations
from plasmas created by 400-ps duration pulses at an in-
tensity ~ 10'® W/cm? incident upon a planar glass target.
A typical time streak record is shown in Fig. 5(a), whilst
in 5(b) we present the corresponding Fourier power spec-
trum which shows that no dominant periodicity is
present in the modulations. It is perhaps easy to gloss
over this feature by imagining that the plasma expansion
may not be linear with time, etc., but in that case the
more realistic explanation may be missed. Furthermore,
this simple model assumes that as the plasma expands the
amplitude of the sound wave is constant, whereas in reali-
ty it will also vary affecting Ak ; and introducing an addi-
tional nonlinear feedback to the system.

It is well established that such nonlinear feedback al-
ters the fundamental nature of the solutions of the cou-
pled wave equations and specifically permits a transition
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to the stochastic (chaotic) regime. Kurin [10] discussed
this possibility for stimulated Brillouin scattering (SBS)
when second-harmonic generation on the ion sound
waves provided the nonlinear feedback. Ion trapping
would be expected to behave similarly. Most relevant to
the situation described here, however, is the work of Ran-
dall and Albritton [11] who discussed the transition to
chaos of the SBS instability in the presence of a reflection
of the pump from the critical surface of the plasma. In
this case the necessary nonlinear feedback was provided
by pump-wave reflection rather than the *“‘saturation”
mechanisms mentioned above. More recently work by
Gaeta, Sceldon, and Boyd [24] and Narum et al. [25] dis-
cussed the influence of counterpropagating pump beams
on the transition of the SBS instability to chaos for a
“simple”” Brillouin-active medium. They found that even
a low-intensity counterpropagating pump could induce a
transition into the stochastic regime and in many cir-
cumstances this occurred at intensities considerably
below those required for the normal SBS instability.

In other words, in a laser-produced plasma even when
the laser intensity is below the normal SBS threshold, it is
possible for nonlinear feedback of the pump to induce
chaotic Brillouin scattering. In the absence of pump
feedback, ion trapping, or second-harmonic generation
on the ion sound waves can do the same thing. The more
complex processes nevertheless produce very similar net
results in terms of laser penetration into the plasma as
does the simple two-reflection-point model. However, we
are now dealing with a better, perhaps first-order, ap-
proximation to ‘“reality.” Obviously successively higher-
order approximations can be envisaged, involving several
nonlinear feedback processes acting simultaneously, in-
cluding damping of the interactng waves and absorption
for the light waves followed by a host of other linear and
nonlinear plasma phenomena. It is doubtful that these
higher-order approximations would add much to the un-
derstanding of the physics beyond the scenario described
by Randall and Albritton [11] where under the influence
of pump feedback caused by a reflection of some of the
laser light from the critical density surface, Brillouin
scattering in the underdense plasma undergoes a transi-
tion into the chaotic regime, resulting in random Bril-
louin reflectivity pulsations from these plasmas. In mac-
roscopic terms it is useful to retain the two-reflection-
point concept since then the origin of the phase modula-
tions which lead to the fine structure in the time-
integrated spectra becomes apparent. Furthermore, the
two-reflection-point model predicts explicitly that the
laser intensity at the critical surface will also be varying
rapidly in time.

As a final point we illustrate some of the consequences
of this model in interpreting data on other phenomena.
The absorption mechanism for the laser light is of major
importance in any study of laser plasma interaction phys-
ics. In the Introduction we outlined the way in which
pulsation of the plasma reflectivity must alter thinking re-
garding the instantaneous absorption rate of the plasma.
Clearly an average absorption of 40% implies the max-
imum absorption was close to 100% at times when the
radiation penetrated to the critical density surface. Al-
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though the maximum and minimum Brillouin reflectivity
could not be deduced from the experiments, the general
character of the pulsations, namely that the fotal plasma
reflection is high for about 50% of the time and the max-
imum to minimum reflectivity is large (> 2), is only con-
sistent with a time-averaged absorption of about 40% if
the local absorption near the critical surface lies between
70% and 100% and at the same time the maximum SBS
reflectivity is greater than 70%. Thus, resonance absorp-
tion can no longer be the dominant absorption mecha-
nism, as stated in some of the earlier research [15,16],
since it, at best, can provide only 50% absorption. Of the
few other mechanisms available, enhanced collisional ab-
sorption localized near the critical density surface be-
comes the only viable mechanism. In previous work [18]
we concluded independently that a wide range of data on
absorption could only be explained when enhanced col-
lisional absorption played the dominant role, but we left
rather vague the origin of the long-wavelength ion tur-
bulence essential for this mechanism to operate
efficiently. In the context of the scenario presented here,
it is possible to be more definite on this point. Not only
would the pulsation of reflection-seeded SBS provide a
source of long-wavelength ion waves in the underdense
plasma that could convect up the density gradient to
affect the critical surface, but the pulsating laser intensity
at that surface could excite turbulence by cyclically
“pushing” the critical surface via the ponderomotive
pressure. Waves of dimensions ¢, /7, (c; being the ion
sound speed and 7, the approximate period of the bursts
of radiation reaching the critical surface) would be pref-
erentially excited, and these correspond to waves of di-
mension = A,—the laser wavelength. It has been shown
previously [13] that such waves result in strong, local ab-
sorption near the critical surface.

In conclusion, we have observed pulsations of Ka
emission from laser-irradiated planar targets which imply
fast electrons are generated in bursts lasting around 20
psec within these plasmas. The bursts appear to correlate
with bursts of second-harmonic emission and are con-
sistent with the view that critical surface processes are
responding to modulation of the pump intensity due to
the nonlinear dynamics of SBS in the underdense region
of the plasma. Furthermore, the appearance of bursts of
fast electrons provides an explanation of the frequency
sweeping of the emission from the two-plasmon decay in-
stability which responds to the time-varying temperature
of the quarter critical region caused by those electrons.

We suggest that the randomness in the bursts of both
emissions reflects a transition of the SBS instability into
the stochastic regime due to the nonlinear feedback pro-
vided by reflection of some of the pump laser light from
the critical surface and/or by various nonlinear processes
(ion trapping, second-harmonic generation) which
influence the dynamics of the instability. Although some
of our discussions is admittedly speculative, we are con-
vinced that the weight of evidence supports our com-
ments and that pulsation phenomena provide the essen-
tial clue for understanding the detailed interaction phys-
ics that really dominates the short-pulse, high-intensity
regime.
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FIG. 1. Time-resolved spectrum of 3w, emission (a) and the effective plasma temperature in the quarter critical region deduced
from the separation of the red and blue spectral peaks in each burst (b).
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FIG. 4. Temporal behavior of the laser pulse, the x-ray fluorescence from the target, and the second-harmonic emission for the
same laser pulse.



