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The ion acoustic decay instability has been studied by monitoring the Stokes sideband of the second-
harmonic emission from a laser-produced plasma. The intensity threshold decreased as the laser spot
size increased. It reached homogeneous-plasma collisional values in planar plasmas produced using large
laser spot sizes (D2 600 um), for laser wavelengths of either 1.06 or 0.53 um. These observations show
that the ion acoustic decay instability may well play a more important role in laser fusion than had been

generally believed.

PACS numbers: 52.40.Nk, 52.35.Mw, 52.50.Jm

The ion acoustic parametric decay instability! (1ADI),
in which an electromagnetic wave decays into an electron
plasma wave (EPW) and an ion acoustic wave (IAW)
near the critical density N. (where electromagnetic wave
frequency equals plasma frequency), is a fundamentally
important subject in plasma physics. In addition, mi-
crowave?3 and computer®® simulations have shown that
the EPW product of IADI can produce significant quan-
tities of hot electrons. Such hot electrons are of concern
to proposed laser-fusion targets because they can preheat
the target and degrade compression. In spite of the
simulation results, it had been hoped that IADI would
not constrain laser-fusion target designs, for two reasons.
First, once the plasma has formed, the laser intensity
would be significantly attenuated by collisional absorp-
tion before it reached the densities near the critical sur-
face where IADI occurs. Second, the threshold for IADI
would be substantially increased by convective stabiliza-
tion in the steepened density profile near critical density.
The present work, however, shows that for conditions
now of interest the threshold can be much lower than an-
ticipated. The IADI could be important for laser fusion.

A number of authors®!3 have studied emissions near
the second harmonic 2w of the laser frequency from
laser-produced plasmas. Emissions at 2w were observed
which were attributed®'3 to resonance absorption. In
addition, a Stokes sideband was often observed that was
attributed to the beating®'? of two IADI EPW’s, and is
thus shifted in frequency from 2e¢ by twice the frequen-
cy of the ion acoustic wave driven by the IADI. In the
previous experiments, the use of either very short (100
psec) laser pulses, very high laser intensities, or small
laser spot sizes produced complicated signals or high
threshold values. It had been generally believed that the
density profile near N, would be quite steep even in a
high-gain laser-fusion target, due to both ponderomotive

and ablative steepening. As a result, it was anticipated
that the threshold of the IADI would be determined by
convective losses. Indeed, previous experiments'3 using
relatively small (100 um) laser spots confirmed these ex-
pectations. In contrast to such previous experiments, the
present experiments used relatively long laser pulses
(zz~1 ns) and large (D =900 um) laser spots of rel-
evance to laser fusion. We find that the IADI threshold
decreases dramatically and reaches homogeneous-plasma
collisional values. These new results indicate that the
IADI could potentially impact laser fusion. The experi-
mental observations are discussed next, followed by a
suggested explanation, after which the implications for
laser fusion are considered.

In the present experiments, the laser intensity (/.),
laser wavelength (A¢), and laser spot diameter (D) were
systematically and independently varied. The experi-
ments were conducted using two laser facilities: the
Phoenix (Janus) laser facility at Lawrence Livermore
National Laboratory (LLNL) and GDL laser facility at
the Laboratory for Laser Energetics (LLE). In all cases,
the laser normally irradiated a planar target (CH of 50-
um thickness) with a 1-nsec-FWHM Gaussian pulse and
a maximum energy of 200 J. For each laser spot size,
the laser intensity was varied by changing the laser ener-
gy. We monitored the second-harmonic spectrum by
collecting the emission at 135° from the incident laser
wave vector and in the plane of the laser electric field. In
the experiments at Phoenix, the focusing lens was f/2,
the signal was collected by an f/5 lens, and the time-
resolved spectrum was measured using a LLNL streak
camera (resolution of 1 A and 30 psec). In the experi-
ments at GDL, the focusing lens was f/3, and the signal
was collected by a focusing mirror. Experiments were
conducted using 1.06-um (at both facilities) and 0.53-
um (at GDL) laser light, and verified the expected
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FIG. 1. (a) Two-dimensional contour plot of IADI (the rel-
ative intensity vs time and wavelength). I, =6x10"> W/cm?,
Ao=1.06 um, and D =350 um. (b) Time-integrated spectrum
near the second-harmonic frequency for, curve a, I =5.6
x10'2 W/em?, D =350 um, Ao=1.06 um; curve b, 3x10"3
W/cm?2, D=350 um, Ao=1.06 um; and curve ¢, 3x10"
W/cm?2, D=900 pm, X=0.53 um. The vertical scale for
curve c is different from the other curves.

laser-wavelength scaling of the IADI.

Figure 1(a) shows a typical time-resolved spectrum
with I; =6x10'> W/cm? A narrow, strong feature at
2wq is clearly observed, and is attributed to resonance
absorption as discussed above. The Stokes structure at-
tributed to the IADI is seen to the right (the red side) of
the 2w signal, and begins about 100 psec after the onset
of the 2w¢ signal. The change in the time-integrated
spectrum with laser intensity at a given spot size is illus-
trated in Fig. 1(b). At a low laser intensity (curve a),
emission is observed only at 2wo. Above a well-defined
threshold, the Stokes sideband appears with a wave-
length shift Ax =23 A (curve b). The intensity of the
Stokes sideband was observed to increase strongly with
laser intensity near threshold. Curve b also shows a
weak second Stokes peak with AA=46 A. No sig-
nificant anti-Stokes signals were observed. By changing
the incident laser wavelength to 0.53 ym, AL decreases
to 12 A (curve ¢). This is about half of the value ob-
tained in the experiments with Ao =1.06 um, as expected.
As expected, the emissions at 2w¢ were not significantly
Doppler shifted.

We found the IADI threshold to be quite sensitive to
the laser spot size. The threshold is defined as the laser
intensity above which the Stokes mode is observed, and
below which no Stokes mode is observed. Figure 2 shows
the observed threshold versus laser spot size for 1.06-
and 0.53-um laser irradiations. For the smallest spot
size¢ (D=100 um), the threshold is about 6x10'"
W/cm? for 1.06-um laser light, in agreement with the
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FIG. 2. The threshold vacuum laser intensity for observa-
tion of the IADI as a function of the laser spot diameter. Solid
circles, 1.06-um laser; open circles, 0.53-um laser. The 1.06-
um data are from Phoenix for D =600 ym and from GDL for
D =800 um.

result of Ref. 13. The threshold value decreases as laser
spot size increases, reaching a constant value with a
large enough spot size. Similar trends are observed for
both 1.06- and 0.53-um laser light, with the 0.53-um ex-
periments having a higher minimum threshold.

We find the minimum threshold values shown in Fig. 2
to be approximately equal to homogeneous-plasma col-
lisional values. The threshold for the IADI in a homo-
geneous plasma is'

r. T
o sz ’

N§=2.2x10"T,(keV) ()
in which C; is the sound speed, I, and I'; are the damp-
ing rates of the electron plasma waves (collisional and
Landau damping) and ion acoustic waves (Landau
damping), respectively, and k is the wave number of the
ion acoustic wave (which is approximately equal to that
of the electron plasma wave). The solid curve a in Fig.
3(a) shows the threshold IA¢ versus plasma density. As
density decreases, the wave number k increases, and
once k becomes large enough, Landau damping of the
plasma wave rapidly increases, increasing the threshold.
The growth rate of the IADI, slightly above threshold,
increases approximately as k. Therefore, the location of
the observed minimum threshold is near the Landau
damping limit at N,/N.=0.86. The threshold value
weakly depends on T, in the collision-dominated region
(N,/N, > 0.86), being inversely proportional to +/T.. In
calculating the threshold shown, we used 7, =0.4 keV
based on the computer calculations described later. The
data point (solid circle) in Fig. 3 shows the observed
minimum threshold. The density is determined from the
wavelength shift AA using the dispersion relations' of the
waves involved. The average intensity at the instability
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FIG. 3. (A) The observed (solid circle) and calculated
(curve a) threshold intensity 7A¢ [(W/cm?) um?] for the IADI
in a homogeneous plasma as a function of plasma density, ex-
pressed as a fraction of critical density. The calculated density
of the underdense plateau is shown vs the local laser intensity
by curve b (T.=0.4 keV). (B) Inset: Density-profile calcula-
tion for a flux limiter of 0.1 (——) or 0.03 (---).

location was calculated from the incident laser intensity,
including effects of collisional absorption and swelling
near the critical point. The observed minimum threshold
agrees favorably with the calculated minimum. The ex-
periments using 0.53-um irradiation produced similar re-
sults.

The following simple theory gives consistent results
with the observed low threshold. Small laser spots (that
were smaller than Cst;) produce spherical plasma ex-
pansions'# and, therefore, steep profiles near critical den-
sity. This geometric-steepening effect increases the
threshold of the IADI. In contrast, for larger spot diam-
eter D> C;t;, the plasma expansion can be considered
to be planar.'® In this planar case, one can analytically
estimate the underdense plasma density and plasma scale
length using a one-dimensional theory.>'* The plasma
density is modified by the ponderomotive force>!>'¢ of
the incident laser, and a density profile with a steep den-
sity gradient at the critical surface and an underdense
plateau is produced. The average plateau density (the
horizontal axis) is plotted versus the local laser intensity
(the vertical axis) in curve b of Fig. 3(A). In the context
of early experiments for laser fusion, in which high in-
tensities were reached early in the driver pulse, it had
been generally expected that the plasma density profile
would be steepened to below the densities at which IADI
occurs. Present day design constraints impose more gra-
dual intensity increases with a long duration, implying
the importance of the large-spot results of Fig. 3(A). It
appears that the threshold curve a is well below (or to
left-hand side of) curve b, showing that the IADI thresh-
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old can be reached before the laser intensity becomes
large enough for the steepening to become strong. At
the threshold laser intensities, the plasma density
modification is quite small (as shown in curve b) so that
the IADI can be excited on the underdense plateau.
Computer simulations, discussed next, show that there
can be very little ablative steepening, as well.

The hydrodynamic simulations used the LASNEX com-
puter code.'” Figure 3(B) shows the calculated density
profiles for I; =5x10'> W/cm? and Ao=1.06 um.
When the flux limiter'* was taken to be 0.1, the density-
gradient scale length was calculated to be 34 um at
n=0.86n, (the instability region), which is large enough
that the convective threshold'® becomes comparable to
the homogeneous threshold. In contrast, when the flux
limiter was taken to be 0.03, the density-gradient scale
length was calculated to be only 5 um at n=0.86n,,
which is so small that convective losses should increase
the threshold to well above the observed value. Thus, we
found that the observed low threshold is consistent with
hydrodynamic simulations, but only if the actual density
profile corresponds to that calculated using a flux limiter
of 0.1, which is well known to be roughly equivalent to
classical heat flow in plasmas.

We now consider the implications of the present re-
sults for laser fusion. The initial phase of a high-gain,
laser-fusion implosion, with a duration of up to several
times 10 ns, will employ a low laser intensity to launch
an initial, weak shock wave into the fusion fuel. During
this period, the target will be particularly sensitive to
hot-electron preheat because the Fermi energy of the
fuel will still be quite small.'® Fortunately, the laser in-
tensity will be low enough to avoid most parametric in-
stabilities during this phase. However, the laser light
that penetrates to the critical density during at least the
first part of this phase may be intense enough to excite
the IADI, given the low thresholds discovered in the
present work. Whether the IADI will turn out to con-
strain the design of this phase of the laser fusion implo-
sion, requiring specific tailoring of the laser pulse, the
laser wavelength, or the target composition, will depend
upon the quantitative examination of several further is-
sues. These include the saturation amplitude of the elec-
tron plasma waves, the volume over which they are excit-
ed, the efficiency with which they produce hot electrons,
and the energy distribution and the transport properties
of such electrons. Such issues can be examined by future
experiments in relevant plasmas. Already there is evi-
dence, from microwave simulation experiments,>* that
significant electron heating can occur even when the
I1ADI is weak, if the unstable volume is large enough. In
any event, it is clear that the IADI should be considered
in the design of targets for high-gain laser fusion.
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