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Second harmonic spectra emitted from 1054 nm laser-produced plasmas have been observed in
side- and backscattering and are shown to have angularly dependent, complex structures.
Sidescattered spectra show regularly spaced (~20 A) Stokes components at intensities above
5% 10"* W/cm?. The Stokes components are polarized and stronger in the plane of the
polarization of the incident laser. These Stokes components are interpreted to be caused by a
combination of electron plasma waves generated by the parametric decay instability and the
subsequent electron decay instability. Backscattered spectra show additional finely spaced red-
shifted satellites above 4 X 10'* W/cm?, indicative of the electron decay instability of plasmons

generated from resonance absorption.

. INTRODUCTION

Reported here are spectroscopic studies of second har-
monic (2w) light emission from plasmas produced by 1054
nm irradiation of spherical and planar targets. Earlier stud-
ies! on this subject have shown that the 2o emission results
from both linear and nonlinear laser-plasma interaction
mechanisms near the critical density (n,). Mainly two inter-
action processes contribute to 2w emission: resonance ab-
sorption, which involves linear conversion of incident pho-
tons into electron-plasma (ep) waves at n., and the
parametric decay instability (PDI), in which the incident
electromagnetic (em) wave decays into an ep wave and ion-
acoustic {ia) wave just below n_. The second harmonic light
with frequency 2w, , where @, is the pump laser frequency,
can be generated by scattering incident photons off reso-
nance absorption plasmons. A combination of two PDI plas-
mons can create the 2o light, whose frequency is red-shifted
by twice the ion acoustic frequency. Spectroscopic analysis
of the 2w light can thus provide information about laser-
plasma interactions occurring near the critical density. The
importance of studying these interaction mechanisms lies in
the potential of the generated plasma waves to produce ener-
getic electrons. In case of spherical targets irradiated with 24
laser beams, we observe a primary peak at 2, and as many
as four well-defined down-shifted Stokes components evenly
spaced with successively decreasing intensity. For planar
target experiments, measurements of the angular distribu-
tion and the polarization dependence of the 2w spectra have
been made along with measurements of the signal intensity
in and out of the plane of the polarization of the incident
laser. Sidescattering spectra observed at 45° for planar tar-
gets irradiated at normal incidence are essentially identical
to those observed in spherical illumination. The Stokes com-
ponents of these spectra are polarized and stronger in the
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plane of the polarization than out. In contrast, the back-
scattered spectra at intensities above 4 X 10'* W/cm? show
many closely spaced red-shifted peaks, whereas much
weaker Stokes components are seen at the lower laser inten-
sities with spacings similar to those observed in sidescatter-
ing.

Il. EXPERIMENTAL ARRANGEMENT

The experiments were conducted on both the 24 beam
OMEGA laser® (i, = 1054 nm, 7, = 1 nsec, E, <2 kJ,
I, <5x 10" W/cm?) and the single beam GDL laser system’
(A, = 1054 nm, 7, = 1 nsec, E; <6071, I, <10'> W/cm?) at
the Laboratory for Laser Energetics. Targets were CH, Cu,
or Ta coated CH spheres and glass microballoons (200400
pm diameter) for the 24 beam irradiation, and mostly planar
100 pm thick CH foils for the single beam experiments. For
spherical geometry, the laser was focused through /4 lenses
tangentially onto the targets with overlapping beams. An f/
12 lens was used for planar targets and produced a 100 um
spot. Using a grating spectrograph, the 2w spectra were mea-
sured with a dynamic range of over three orders of magni-
tude with a spectral resolution A4<2 A. In the 24 beam
experiments the sidescattered spectra were observed
between incident beams at about 22.5° with respect to the
nearest beam. In the planar target experiments, both back-
scattering through the focusing lens and the sidescattering at
45°in the horizontal plane were measured, using either hori-
zontal or vertical polarization of the incident laser.

lll. EXPERIMENTAL RESULTS

Figure 1 shows typical 2o spectra obtained from a
spherical CH plasma with 24 beam illumination. The spectra
for three different intensities are normalized to the primary
peak intensity. At the lowest laser intensity, such as seen in
Fig. 1(a), three distinct peaks are seen. The primary peak is
traditionally identified as scattering of incident photons off

®© 1984 American Institute of Physics 2187

Downloaded 31 Oct 2003 to 132.170.162.242. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



1 T
2% 10"
z -
& 10 -
Z
w
-
z
g
N \ 7 X 10" w/em?
-l /Y’\
3 0 T
z 1w —~
o
z
10'3.— |
]
(Blue)  -50 100  (Red)

FIG. 1. Normalized 2w spectra from spherical CH plasma with 24 beam
illumination.

ep waves generated by resonance absorption.>* Two Stokes
peaks are located at 18 and 36 A to the red of the primary
peak. These spectral locations have been found to be inde-
pendent of irradiation intensity (Fig. 1), as well as target ma-
terial. Furthermore these peaks are only observed above
I, =5x 10" W/cm? This type of Stokes component was
observed in Refs. 3 and 5 and was attributed to a combina-
tion of plasmons from the PDI. As seen in Figs. 1(b) and 1(c),
at higher intensities the peaks merge into a continuum on the
red side of the primary peak. More detailed discussions of
these Stokes components will follow below.

In Fig. 2 we show the intensity scaling of the energy in
the primary peak and the first Stokes peak relative to the
incident energy. As evident from the figure, the Stokes com-
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FIG. 2. Energy in the primary 2o peak (@) and the first Stokes peak (O)
relative to the incident energy as a function of irradiation intensity. (Solid
lines are fits to the data.)
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FIG. 3. 2w backscatter spectra from planar CH plasma.

ponent grows much faster with laser intensity than the pri-
mary peak, indicating the existence of nonlinear coupling for
this Stokes component. The primary peak follows an intensi-
ty dependence of E, ,/E,, « I }*, where E,_, E, are the ener-
gy in the 2w primary peak and laser. The observed scaling is
somewhat stronger than the expected linear scaling. This
may be caused by the intensity dependence of inverse brems-
strahlung (IB) absorption: as the incident intensity increases,
IB absorption decreases, causing more of the incident light
to reach the critical density. Since resonance absorption de-
pends on the light reaching critical the flux of ep waves may
be expected to scale faster than linearly, consistent with
Fig. 2.

In the single beam experiments, we have investigated
the angular dependence of the 2w spectra, the dependence of
the sidescattered spectra on the incident polarization, and
the degree of polarization of the various types of 2w spectra.

The sidescattered spectra obtained for planar geometry
are very similar to the ones from the spherical geometry,
showing two to three distinct Stokes peaks in addition to the
primary peak at the lower intensities. If the primary peak
originates from resonance absorption, this should be specu-
larly reflected and should have the same polarization as the
incident laser. The observation at a specular angle of 45°
(target at 22.5° to the laser axis) shows, in fact, that the pri-
mary peak intensity increases by an order of magnitude com-
pared to normal incidence, and is highly polarized (10:1).

The Stokes peak in the spectra should also be polarized
and should be stronger in the plane of the polarization of the
incident em wave, provided that this red-shifted peak is a
result of the combination of two ep waves from the PDI.'?
The measurements for normal incidence of the laser show
that the Stokes peaks are polarized (8:1) and that they are
three times stronger in the plane of the polarization than out
of the plane.

The backscattering spectra from planar CH targets at
three different intensities are shown in Fig. 3. At less than
3 10" W/cm? [Figs. 3(a) and 3(b)] the spectra resemble the
sidescatter spectra in Fig. 1. The shift of the Stokes compo-
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FIG. 4. Scattering diagrams of parametric decay instability (a}, electron de-
cay instability (b), and 2w generation using combination of photons and
plasmons. Plasmon wave vectors are denoted by &, photon wave vectors
by k, (incident laser) and k,,, (scattered 2w light), and ion-acoustic wave
vectors by k;,. Frequencies associated with k,,,, k3, k5, etc., differ by
multiples of 2w, .

nent is approximately 23 A (20 A in the case of the sidescat-
ter), indicating that the same mechanism is likely to be re-
sponsible for this spectrum. However, a slight increase of the
laser intensity brings up the intensities of the red-shifted
peaks to a level comparable to the primary peak, and a num-
ber of narrowly spaced red-shifted peaks become apparent.
We also note that the first one of the red-shifted peaks lies at
12 A, almost half the spectral shift observed in sidescattering
or in backscattering at the lower intensities. A possible
mechanism for the generation of the narrowly spaced peaks
is discussed in the following section.

V. DISCUSSIONS

As mentioned earlier, the Stokes components attribut-
ed to the PDI have an observed threshold I, = 5X<10"* W/
cm?. The theoretical threshold for the PDI® may be written
as

IFPY = 310" (T.y /A2 L,) W/em?, (1)

where T,y is the electron temperature in eV, 4, the pump
wavelength in um, and L, the density scale length in gm.

For typical values of these parameters, 7, = 1 keV,
L, = 15 um, provided from 2-D hydrodynamic code simu-
lations,’ the theoretical estimate becomes I5P' = 2x 10%?
W/cm?. The difference between this and the observed
threshold may be attributed to IB absorption which reduces
the effective pump intensity available for the PDI from the
nominal intensity.

We now examine the Stokes components in the side-
scattering spectra, using the vector diagrams shown in Fig.
4. The k’s and w’s refer to the wave vectors and frequencies
of the electromagnetic (L ), ion-acoustic (ia), and electron-
plasma (ep) waves, respectively. These figures indicate ap-
proximate k-matching conditions. Here the density gradient
is taken parallel to the incoming laser wave vector.

For the first Stokes component, the two mechanisms
shown in Figs. 4(a) and 4(c) are involved. The PDI produces
plasmons almost perpendicular to the incident laser & vector
[Fig. 4(a)]. Two plasmons, each of frequency w., = w,

— wj, , are combined to generate the 2w light with a frequen-
cy shift Aw = 2w;, . Since this generation mechanism can be
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viewed as the inverse of the two-plasmon decay instability
with large k, (component of k perpendicular to Va), the
emission should peak near 45° with respect to the incident
laser axis as shown in Fig. 4(c).'® This is consistent with the
observation that the Stokes components are considerably
weaker in backscattering than in sidescattering. In contrast
to the interpretation in Ref. 5, a combination of PDI plas-
mons and incident photons is not likely to generate a Stokes
component because the k-matching condition cannot be sat-
isfied.

From energy and momentum conservation and the dis-
persion relations, the frequency or wavelength shift for the
first Stokes component may be expressed as

Aw _A/l__lcs( n)‘”

1_ e

n

(2)

Aw,, A V3 Ve
where c, and v, are the ion-acoustic and the electron thermal
speeds, n, is the electron density at which the PDI occurs
and where the 2w light is generated. Substituting the ob-
served wavelength shift of 20 A into Eq. (2), we obtain
n, = 0.83 n.. Evaluating the Debye length (4 1, ) at this den-
sity for a temperature T, = 1 keV, we find k., A p = 0.25,
which is in agreement with the simulation results for the
most unstable wave seen in Ref. 11.

The second satellite peak in the sidescatter spectra
shows exactly twice the shift of the first peak. To interpret
this, another decay process is needed as shown in Fig. 4(b).
Here an ep wave (k) from the primary PDI decays into a
secondary ep wave (K ;,) and an ia wave (k [, ) via the electron
decay instability (EDI).'> The threshold for the EDI is ex-
pected to be very low because of the long effective scale
length normal to the density gradient. The theoretical
threshold may be given as

<

IEP' =4x10°(T%, /L, A,) W/em?. (3)
With T, = 1keV and L, = 80 um (we take the lateral den-

sity scale length to be half of the target radius), we find I ;'

= 5x 10" W/cm’. Thus the second satellite peak in side-
scattering can be produced with a very small fraction
( < 0.1%) of the incident energy converted into the plasmons
via the PDI. Electron plasma waves generated by EDI have a
frequency shift with respect to w, of do=w,
+ o}, = 3w, sincew, =k{,c, =2k, c, = 2w,,. Thus the
combination of two ep waves from the EDI and the PDI can
give rise to further Stokes peaks with frequency shifts equal
to multiples of 2w;, as shown in Fig. 4(c) and referred to as
ki, and &k} .

The backscattering spectra in Fig. 3 show a number of
finely spaced, red-shifted peaks at I, =4 < 10'* W/cm?, very
different from the spectra obtained in sidescattering. We
propose that these peaks originate from the EDI of the ep
waves from resonance absorption traveling down the density
gradient. In contrast to the EDI associated with the PDI we
expect a higher threshold for this instability because of the
shorter scale length applicable here. Refraction causes plas-
mons to be directed along the density gradient. Thus the
relevant density scale length is given by the density gradient
near n.. This explains why we do not observe the narrowly
spaced backscattering peaks below 4 X 10'* W/cm?. Substi-
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tuting the observed wavelength shift of 12 A into Eq. (2), we
obtain n, = 0.96 n_. This indicates that the 2w satellites ob-
served in the backscattering are generated much closer to the
critical density than those obtained in the sidescattering.

V. CONCLUSION

Our measurements have revealed significant details of
the 2w spectra emitted from both spherical and planar plas-
mas. The sidescattered 2w spectra, as well as spectra from
spherically irradiated plasmas, show a primary peak at 2w,
and several Stokes lines separated by approximately 20 A.
We identify the primary peak as caused by resonance absorp-
tion. The first Stokes peak originates from the combination
of two ep waves from the PDI. The second and subsequent
Stokes lines are caused by the combination of the ep waves
from the PDI and secondary plasmons produced by the
EDI. The results are consistent with PDI plasmons generat-
ed with wave vectors near the Landau damping limit
(kA p = 0.25). The backscattering spectra are similar to, but
weaker than, the sidescatter spectra at intensities below
3x 10 W/cm? At higher intensities the backscattering
spectra show many narrowly spaced red-shifted peaks. We
interpret these peaks as resulting from scattering of incident
photons off secondary ep waves generated by the decay via
EDI of resonance absorption plasmons propagating down
the density gradient.
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