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Measurements of three-halves harmonic emission from laser-produced plasmas are presented. The
emission from molybdenum targets irradiated with 1.06-pm laser light is simultaneously spectrally and
spatially resolved. The data show a clear spatial separation between the blue-shifted and red-shifted
components of the three-halves emission. Spectral structure suggests that ion mode coupling is involved
in the scattering process.

PACS numbers: 52.35.Mw, 52.40.0b, 52.40.Nk, 52.50.JI

The two-plasmon decay (TPD) instability ' is the
parametric decay of an electromagnetic wave into two
electrostatic waves in the region of the plasma where the
electron plasma density n, is one-quarter of the critical
electron density n, of the incident laser light. The insta-
bility has long been of interest both theoretically and ex-
perimentally, ' in part because the electron plasma
waves generated by TPD can produce suprathermal elec-
trons which can degrade the performance of inertial
confinement fusion targets. The TPD instability has
been associated with observations " of emission at half
harmonics of the incident laser frequency, mo. The spec-
tral feature at 3top/2 typically appears as a pair of peaks,
one blue shifted and the other red shifted with respect to
3top/2. Attempts ' to explain the production of the
blue-shifted (red-shifted) component by Raman-type
scattering of incident laser photons from TPD plasmons
propagating up (down) the density gradient have not
adequately explained the angular variation of the relative
intensities of the two peaks.

In the experiment reported here, the emission has, for
the first time, been simultaneously spatially and spectral-
ly resolved with the result that the blue-shifted feature is
observed to originate closer to the target than the red-
shifted feature. This is evidence that the blue-shifted
(red-shifted) components are associated with TPD
plasmons propagating up (down) the density gradient.
However, we observe other features, including spectral
structure in the emission, which suggest that scattering
of the 3cop/2 photons from ion waves must be considered
in order to explain our results.

The experiment used the Phoenix laser facility at the
Lawrence Livermore National Laboratory. The laser
pulses were of wavelength X0=1.06 pm, Gaussian in
time with a FWHM of 120 ps, and incident normal to
the target. The targets were thick molybdenum slabs
which did not burn through during the laser pulse. Dur-

ing the experiment, the 3cpp/2 emission was observed (in
the plane of the laser polarization) by imaging the target
edge-on through a —,

' -m Czerny-Turner spectrometer
onto a two-dimensional, optical multichannel analyzer
(OMA); data were obtained at many spot sizes and in-

cident laser energies.
The optical system is composed of an f/5, 250-mm fo-

cal length lens followed by an f/1. 9, 50-mm focal length
relay lens; the magnification of the system is 12.7 and
the resolution is 10 pm. The object plane of the imaging
system is chosen to be at the center of the incident laser
beam. An alignment pin is used to focus the imaging
system and to align the incident laser beam (which is im-

aged at the target plane in transmission) to the same
point. The major alignment error occurs in the focusing
of the 3tpp/2 imaging system and is within the depth of
focus of the imaging lens (~ 50 pm). The entrance slit
of the spectrometer is aligned collinear to the laser axis.
The target is backlit with a 3coo probe beam which ap-
pears in second order at the OMA as a 3cop/2 wavelength
fiducial. Measurement of the FWHM of this line shows
that the spectral resolution is limited by the crosstalk of
the OMA channels to approximately 0.4 A. Some
smearing of the image will occur because the OMA
records a time-integrated picture of the emission which
moves with time, but the smearing is limited by the use
of short laser pulses.

Typical data are presented here for a spot size of 100
pm and an intensity of 3X10' W/cm, which are com-
parable to the parameters in Refs. 6 and 9. Spectral
features upshifted and downshifted from the center fre-
quency are observed (see Fig. 1) with the upshifted com-
ponent coming closest to the original target surface. If
we separately sum over wavelength for both the shifted
features seen in Fig. 1, and plot as a function of space,
we confirm that the peak emission for the two features
are separated by 20 pm. Since the collecting optic is an
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FIG. 2. The data in Fig. 1 have been averaged over space to
given an integrated spectrum. Note that the wavelength shift
of the peak of the red-shifted feature is slightly larger than
that of the blue-shifted feature.
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FIG. 1. Plot of the spectral data vs spatial position. The
peak at 3coo/2 is a wavelength fiducial. Note that there is

clearly a region where there is a red-shifted feature but no

blue-shifted feature.

f/5 lens, the object plane would have to be offset -200
pm from the laser axis to produce the observed spatial
separation if the red and blue photons were originating
from the same point on the side of the plasma opposite
the lens. On two occasions separated by six months, we

reconstructed and aligned the optical system and ob-
tained similar data; we interpret this to mean that ran-

dom alignment error is relatively small. Later in this
Letter we will consider refraction eA'ects on the photon
propagation and find that they cannot explain our obser-
vations.

We also see two interesting features which are not sen-

sitive to refraction or alignment. First, we observe a
large spatial extent of the red-shifted component (150
pm) away from the target. We will show later that it is
diScult to explain the propagation of TPD plasmons to
the observed extent of the emission. Second, the data in

Fig. 1 also show the presence of spectral structure in

both components. The structure in the red-shifted peak
in particular often appears to be periodic in wavelength.

Similar structure has been observed in CO2 laser plas-
mas' where the TPD plasmon k's are much larger than
the laser wave number ko. Previous experiments (with

Xo ~ 1 pm) have integrated the light over the entire plas-
ma volume and have observed no structure. Figure 2
(which is a sum over space of the data in Fig. 1) shows

that the structure is substantially reduced when integrat-
ed over the entire plasma.

In order to interpret our results, we need to model the
electron temperature and density profile. The production
of plasmas by intense, short laser pulses has been investi-

gated both theoretically' ' and experimentally ' ';
these plasmas are composed of a low-density, high-
temperature component and a high-density, low-tem-

perature component. It is necessary to invoke a two-

temperature plasma in order for significant densities to
move 150 pm during the laser pulse. A single-frame in-

terferometer was used on each shot, and although the
probe beam pulse (100 ps) is too long to resolve fringes,
it has confirmed that the lowest densities of the plasma
are expanding at -3X10 cm/s (corresponding to a
low-density expansion driven by a suprathermal electron
component with T, h„-30keV). From Ref. 14 we esti-
mate that the density of the high-temperature plasma is
-0.05n, . We have used the LASNEX fluid code to
model the electron temperature and the density profile of
the cold plasma component, and find that at n, /4, T, is
-2 keV, which gives a sound speed of c, =(ZT, /M)'
=3.1X10 cm/s (for Z/M=0. 5). The distance that
n, /4 moves is -c,r (where r is the laser pulse length)
= 50 pm; this is consistent with the location of the max-
imum intensity of both of the peaks of the 3oio/2 emis-
sion. Also, since c, r & the laser spot diameter, the plas-
ma can be considered to be one dimensional (1D). The
local plasma-density-gradient scale length I.(-35 pm)
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predicted by LASNEX is consistent with being above the
predicted TPD threshold: kpLvplv =0.0505L„X„Ii4/

Tq, v & 3 where v, = (T,/m, ) ' is the electron thermal
velocity, vp =eEp/m, rvp is the electron quiver velocity, L„
and X„arethe scale length and laser wavelength in mic-
rons, I~4 is the laser intensity in units of 10' W/cm,
and Ty y is the electron temperature in keV.

Next, we will find that Raman-type scattering produc-
tion of 3cop/2 photons cannot adequately predict the ob-
servations of this experiment (as well as those of previous
experiments). First, we calculate the growth rate y of
the TPD plasmons as a function of the plasmon k using

Eq. (51) of Ref. 4 (for PC&1) for an inhomogeneous

plasma:

Z
= (1/2p I/2) (1 2pq ) 1/2aq I/2p I/2

where q =(k~/kp), p=9v, /vpc, a =8m(vp/c)(L/A, p),
and k~ is the component of the plasmon k perpendicular
to ko. For the parameters of this experiment, we calcu-
late a broad range of k~'s (0.1 & k~/kp & 1.0) with simi-

lar y's; the maximum growth rate occurs for k~
= ~0.4kp. The component of the plasmon k parallel to
kp is given approximately by k„=(kpl2)]ii+4(kz/
kp) ]'/ ~ 1]. For maximum growth rate, the inward-

propagating blue plasmon has k ~
=1.2kp, while the

outward-propagating red plasmon has k2 =0.5ko.
Once the TPD plasmons are created, they must propa-

gate through the plasma until they can k match with

photons of frequency coo to produce photons near a fre-
quency of 3rpp/2 in a Raman-type scattering process,
i.e., k =kp+k3/2 2kpk3/2cos8 where 0 is the angle be-
tween kp and k3/2, and k3/2 (3rop/2c)(1 —4n/9n, )'
As the plasma wave propagates towards higher densities,
the wave-number component k„decreases and goes to
zero at the reflection point. This means that the magni-
tude of the fastest growing plasmon, for example, is nev-

er large enough to directly produce sidescattered
(0=90') photons. Even if we consider the entire range
of k~'s, calculated above, that can produce significant
TPD growth, we can at most (neglecting momentarily
the k-matching condition) get a scattering angle of 45'.
From the analysis of Ginzburg, ' the reflection point
for 3rop/2 photons occurs at a density n/n, = —', [1
—(1 —4np/9n, )sin 8] where np is the density at which
the photons originate. Photons originating at n, /4 with
0=45' have a turning point at n =1.25n, ; some of these
photons might exit from the plasma within the collection
angle of the lens (5.7') if their turning point is near the
edge of the plasma. However, these photons will be re-
fracted between the object plane and the lens, and when

projected back to the object plane, will appear to be
coming from behind the target surface; instead, the
blue-shifted emission peaks 50 pm in front of the target.

The red-shifted feature appears to extend to densities
which are too low to allow propagation of the TPD
plasmons. The distance that the downward-propagating

plasmon can travel is limited by Landau damping. If we

neglect kkD at n, l4, the plasmon dispersion relation can
be used to relate the change in kXD to the change in den-

sity down the profile: /tn/n, = —,
' h(kkD) . As a sample

calculation, for kiD=0. 3, we calculate the minimum al-
lowed density to be (n/n, );„=018. which is sig-
nificantly larger than the inferred density of 0.05n, at
the outer extent of the observed red component. LASNEx

predicts that the distance between 0.25 and 0.18n, is

& 10 pm at the end of the laser pulse, so even if T, =4
keV, then 0.18n, must be less than 100 pm from the tar-
get. If the observed extent were due to an error in focus-

ing, the error would have to be -750 pm to account for
the 75-pm extent of the red component from the peak
emission to the lower-density cutoff. If there were an

alignment error of this size, we would expect to see a
much larger separation of the red and blue components.

The presence of emission from low densities and spec-
tral structure in this experiment, and the observation of
sidescattered blue-shifted light in this and other experi-
ments might be explained if the observed 3rvp/2 photons
have scattered off ion fluctuations in the plasma. Scat-
tering from ion waves in the three-halves emission pro-
cess has been investigated in the past' and would pro-
vide a mechanism by which the scattered photon wave

numbers could be changed substantially without
significantly changing the photon frequency. This mech-
anism allows a wider density range for the 3rpp/2 emis-

sion since Landau damping does not limit the propaga-
tion distance of the photons. Although one might
wonder if substantial scattering can occur at very low

densities, the observed emission does decrease by a factor
of 100 over a density change from 0.25 to 0.05n, . Since
most of the scattering and absorption of the blue peak
(either plasmons or photons) occurs at n & n, /4, fewer
photons (relative to the red-shifted photons) remain to
be rescattered at n & 0.18n, .

We note that enhanced ion turbulence seeded by hot
electrons has been observed in simulations' of two-

temperature plasmas such as the one reported here. Also
Barr and Chen have considered modulation of the
plasma-wave frequency by ion waves driven by stimulat-
ed Brillouin scattering which have k;=2kp. Using the

wavelength of the spectral structure (-3.3 A) we can
estimate the k of the ion wave from the dispersion rela-
tion co; =k;(c, —u), where u is the expansion velocity.
From the LASNEx-predicted velocity profile, we take
u —1.5c, and find that k;-ko, this is consistent with the
magnitude of k; required to sidescatter the 3rvp/2 pho-
ton.

A 2D expansion of the plasma does not explain either
the extent of the red component or our observation of
spectral structure. As we noted earlier, the plasma ex-
pansion of the low-temperature component should be 1D.
We further note that in a 1D plasma of finite extent, the
refraction angle a of a directly sidescattered 3cop/2 pho-
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ton is given by
' a =0.22(n, /n, ) (1/L) rad; a photon orig-

inating at 0.3n, (which is above the turning point for the
TPD plasmons) at the laser axis will travel a distance
i =50 pm and be refracted by a =5.3' (assuming i=35
pm) which is within the collection angle of the imaging
lens.

In conclusion, we have shown that the two components
of three-halves emission are separated in space, an obser-
vation which is consistent with photon scattering from
TPD plasmons as the source of the 3coo/2 emission. We
find that ion wave scattering of the three-halves photons
can qualitatively explain these observations: (1) sides-
cattered blue photons, (2) red photons originating from
low densities, and (3) spectral structure in both com-
ponents. Further work needs to address the origin of the
ion waves responsible.
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