Three-Halves-Harmonic Radiation
from Long-Scale-Length Plasmas Revisited
Introduction
Starting with the very early experiments relating to laser
fusion, observations have shown acharacteristic spectral emission near the 312 harmonic of the irradiating laser ~ a v e 1 e n ~ t h . l
For simplicity we will name this emission "312 self-emission"
to distinguish it from similar spectral features that may be
induced by a separate probe beam. This spectral signature was
immediately recognized as being related to the underlying
t w ~ - ~ l a s m o n - d e c aITPD)
~ ~ - ~instability near quarter critical
density. The detailed generation mechanism for this emission
is, however, still a subject of considerable controversy and
active research. This article represents another attempt to
explain the detailed origin of this emission and its consequences for diagnostic applications. These conclusions can be
succinctly summarized as follows: ( 1 ) The observed threshold
for this 312 emission is not a good indicator of the threshold of
the underlying TPD instability; (2) the absence of 312 emission
is not a reliable indicator of the absence of the TPD instability;
and (3) the value of the spectral features as a temperature
diagnostic is very limited at best.
These conclusions are contrary to the majority of published ~ o r k . On
~ - the
~ other hand. LLE's position on this
subject has been one of caution for quite some time,lO,'l
clearly de-emphasizing the diagnostic value of this signature. More recently, Meyer and zhu12 reported on Thomson
scattering experiments on C02-laser-plasma interactions
that showed broadening of the k-vector spectrum of TPD
plasma waves well above threshold. Their conclusions are
essentially similar to ours, although they did not discuss the
detailed 312-harmonic spectra and their relevance to shorter
wave interaction physics.
The continued interest in the TPD instability lies primarily
in its potential for generating energetic electrons,13 which
could prove detrimental for laser fusion. The energetic electrons are produced as a consequence of the large-amplitude
plasma waves generated by the TPD instability. The threshold
of the TPD instability is a few times l o i 3 w/cm2 for typical
laser-fusion applications." In long-scale-length plasmas this
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instability is apparently not influenced significantly by current
laser-beam-smoothing schemes. such as smoothing by spectral
dispersion (ssD).'~ Contrary results were obtained in experiments with induced spatially incoherent14 (ISI) beams.
However, these experiments were single-beam, solid-target
experiments with short density scale lengths andmay therefore
lead to different interaction results.

Experimental Setup and Data
The experiments were carried out on the 24-beam OMEGA
UV (35 I-nm) laser system using eight beams to explode masslimited targets (6-pm-thick, 600-pm-diameter CH targets).
Another set of eight beams was delayed by 0.6 ns and maintained the electron temperature at 21 keV over periods of I ns.
An additional interaction beam was then incident on the
plasma perpendicular to the original target surface and could
be timed within a few nanoseconds of the heating beams. A11
beams were outfitted with distributed phase plates (DPP) for
increased average irradiation uniformity (ignoring the highfrequency DPP speckle pattern). The plasma produced in this
way has been carefully characterized15 and modeled using
the two-dimensional hydrodynamic code SAGE.

-

Streaked 312-harmonic spectra were taken primarily in the
backscatter direction at -30' with respect to the interaction
beam. Details of these and other data have been reported in
Ref. 11. Here we would like to discuss in more detail the
312 self-emission, which was only perfunctorily dealt with
in Ref. 11.
In Fig. 57.12 we have reproduced two typical streaked
spectra. The upper streak was taken with secondary heating
beams, while the lower streak was taken without secondaries.
The weak signal around 1 ns is due to the primary heating
beams and is of no interest in this discussion. The typical, split
312 emission of interest is located between 1.4 and 2.1 ns in
this figure. The temporal pulse shape of the secondary heating
beams is shown superposed in the upper half. (The primary
heating beams have the same pulse width and peak at 1 ns but
are not shown in this figure.) The dotted line superposed on
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both streaks represents the normalized interaction beam intensity. which peaks at 2.2 ns. Note that the two curves are not
drawn to scale: the on-target peak intensity of the interaction
beam is - l o i 5 w/cm2, while the peak intensity of each of the
secondary (and primary) beams lies around 5-6 x 1 013w/cm2.
There is one obvious difference between the two streaks
shown in Fig. 57.12. The upper trace contains an additional
spectral component that starts at -1.4 ns, well before the onset
of the main 312 emission, and exhibits a smaller frequency
shift relative to 30012. This component has been discussed in
detail in Ref. 11, where it was tentatively identified as due
to Thomson scattering off TPD plasmons excited by one
particular secondary heating beam. In this case the interaction
beam plays only the role of aThomson probe. Separate experiments have since verified this identification. This
Thomson-scattering feature is thus a very sensitive diagnostic
for the TPD threshold. The threshold was found to be -2-3 x
1013 w / c m 2 for the following plasma conditions near
nc/4 :T, = 1 keV, density scale length L, = 250 pm, il, =
351 nm. The theoretical TPD threshold4 is given by

This intensity is -2-3 times higher than the experimental
threshold but is consistent with the intensity distribution of a
typical DPP speckle pattern in which -60% of the energy is
found at intensities above the peak of the smooth Airy enve-

Figure 57.12
Streaked, 312-harmonic self-emission spectra from long-scalelength laser plasmas. Upper streak: spectrun~in the presence of
primary (PI. secondary (S), and interaction (I) beams timed at
r = 1 ns. 1.6 ns, and 2.2 ns, respectively. The intensities of the
individual primary and secondary beams are -5 to 6 x 1013
Wlcm2; that of the interaction beams is -101% Wlcmz. Lower
streak: sanie as above but without secondary heating beams.
--

lope. The latter is the generally accepted nominal beam intensity, but significant energy content is found right up to -3 times
the nominal peak intensity.
By contrast, the main 312-harmonic, self-emission feature exhibits larger frequency splitting (- 18-A red shift and
-12-A blue shift) and has a threshold of a few 1014 w / c m 2
(see Fig. 57.12). This threshold is 5-10 times higher than
the TPD threshold determined above. Thus the 312 selfemission threshold is not a good measure of the TPD
threshold nor is the absence of 312 self-emission proof that
the TPD instability is not excited. Here we make the usual
assumption that all 312 emission is due to some form of
Thomson scattering involving incident photons of the interaction beam and plasmons of frequency close to w0/2, which
are in some way related to the TPD instability. The problem
with this assumption is the difficulty of satisfying the
required phase-matching conditions.

Interpretation of Data
Reference I I pointed out that the frequency splitting of the
self-emission spectra is consistent with Thomson scattering of
the interaction beam off TPD plasmons near the Landau
cutoff. However, the phase-matching conditions for this scattering process are not easily satisfied, as will be discussed
below. In addition, the theoretically predicted, maximum TPD
growth occurs closer to n c / 4 with correspondingly smaller
frequency splitting between the plasma waves, yet we find
no evidence of these plasmons in the 312-harmonic selfemission spectra. However, it should be kept in mind that the
growth rates drop off only very slowly with decreasing
electron density.4
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In Fig. 57.13 the TPD decay diagram is shown in k-vector
space with k,, aligned with the density gradient prevailing in
the interaction region. All TPD decay triangles terminating
on a given horizontal line result in plasma waves with the
same frequencies, w0/2 - + A m . The TPD growth rate has its
maximum along the hyperbola shown in the graph and drops
to zero near the Landau cutoff, and also for kl = 0 . The
growth rate4 decreases quite slowly as one moves away
from the hyperbola of maximum growth, as is also shown in
Fig. 57.13 ( y = 0.6 ymaxat edge of shaded area).

wo/2 also corresponds closely to that observed for the blue
312-harmonic feature as was already pointed out in Ref. 11.
This kind of secondary decay process has been variously
l ~ theoretically
'~~~~
l 8 but was usuinvoked e ~ ~ e r i m e n t a land
ally combined with propagation of plasmons in the density
gradient. However, thc importance of a threshold of these
secondary decays has not been recognized.

,
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Figure 57.13
Two-plasmon decay diagram in k-space with k aligned parallel to incident
I1
beam and local density gradient. The Landau cutoff is given by kkD = 0.3.
The frequency shifts of the two TPD daughter waves are proportional to the
ordinate of the apex of the decay (riangle as shown. The shaded areas
correspond to the observed shifts for the red and blue components of the
312-harmonic self-emission.

Figure 57.14
k-vector diagrams of the primary TPD decay and the secondary Thomson
scattering process leading to 312-harmonic self-emission. The upper part of
the figure shows the primary TPD decay, while the circle in the lower part
represents the locus of the 312-harn~unicem wave generated by summing an
incident photon (ko) with a plasmon. With the exception of a small range of
"red" plasmons giving rise to near-90"-sidescattering, 312-harmonic radiation: all plasmons participating in the Thomson-scattering process must first
undergo a secondary electron plasma wave decay for the "blue" plasmons or
must be scattered by appropriate ion waves ("red" plasmons).

--

The upper. stippled, horizontal arca indicates the range of
312-harmonic rcd shifts seen in the experiments. The observed
blue shifts are smaller and correspond to the lower stippled
area as though the two 313-harmonic features originated from
different decays. This difficulty can be removed as follows:
First we assume that the primary TPD decays occur near
the Landau cutoff and close to the maximum growth rate
hyperbola. Second, to approach the phase-matching conditions for Thomson scattering involving an incident photon
(wave vector kg) and a "blue" plasmon, we must invoke a
secondary electron plasma wave (EPW) decay of the "blue,"
i.e.. longer k-vector plasmon. This results in a reduced blueshifted secondary plasmon whose direction is parallel to that
required for phase matching for Thomson scattering (see
lower half of Fig. 57.14). The blue shift of this plasmon from
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Invoking the secondary EPW decay has a number of intereqting consequences: ( I ) It explains the higher threshold for
the 312 self-emission compared to the TPD threshold since
the plasma waves have to build up to where their intensity
exceeds the threshold of the EPW decay instability. (2) The
EPW decay growth rate is proportional to kand thus maximizes
near the Landau cutoff. This could cxplain why the dominant
312 emission reflccts TPD decays just below the Landau cutoff
density. Furthermore. the decay process, while peaking in back
direction. is not restricted to exact backscattering. It can thus
generate the plasma waves with the proper direction for phase
matching to Thomson scattering as discussed above (see
Fig. 57.14). (3) Once the EPW decay instability is above
threshold, ubiquitous ion waves are produced, which has been
variously reported in PIC code simulation^^^^'^ and in experiments on 312-harmonic generation.21,22

Direct experimental evidence for the TPD instability near
the Landau cutoff is shown in Fig. 57.15. The scattering
configuration for this streaked spectrum is indicated at the top
of the figure. One of the secondary beams was selected as the
"interaction beam" while the nominal interaction beam was
delayed to peak 1 ns later as indicated in the figure. The very
strong Thomson signal exhibits exactly the predicted shift
and is only visible in the presence of the secondary beam acting
as interaction beam. (Note that the polarization was chosen to
optimize this signal and that experimental constraints forced
us to probe TPD decays below the maximum growth rate
hyperbola. The exact decay triangle probed was located in
the lower stippled area (see Fig. 57.13) and very near the
Landau cutoff.
The spectral splitting of the 312-harmonic self-emission is
of very dubious diagnostic value for estimating the coronal
temperature. The above model for generating this 312 selfemission involves two competing effects: the spectral splitting increases with temperature for any given plasmon k-vector
length AOJ - k 2 ~ e )but
, this cffect is counterbalanced by
the k-vector cutoff set by Landau damping:

(

Thus, one would not expect any significant temperature
dependence of the 312 spectral splitting. which corresponds
well to most of our observations. The lower streaked spectrum in Fig. 57.12 is a notable exception: here, the intense
interaction beam is incident on a very cold plasma (no
secondary heating beams), and very strong heating (and
filamentation) is expected.

Conclusions
In this article we propose a new interpretation of the
ubiquitous 312-harmonic emission from laser-produced plasmas. This emission is a consequence of the strongly driven
TPD instability whose plasma waves (daughter waves) undergo secondary electron plasma wave decays above a certain
threshold. The plasma waves produced in this process can then
be Thomson scattered using again photons of the interaction
beam. The resulting spectral shifts are in accord with experimental observations. On the other hand, the 312 self-emission
threshold reflects the threshold of the EPW decay instability
rather than that of the primary TPD instability. While the
existence of the 312-harmonic emission is always associated
with the TPD instability. its absence is not conclusive proof
for the absence of the TPD instability. Within the framework
of this model the 312 self-emission spcctra are not a useful
temperature diagnostic.
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Figure 57.15
Direct evidence of TPD decay near the Landau cutoff using Thomson scattering. The TPD decay was driven by a
particular secondary beam focused to -6 x 10'" W/cm2 (averaged over the DPP speckle pattern). The Thomson probe
beam was delayed to peak at 2.6 ns to avoid any accidental 312-harruonic gcncration from the prohe beam itself.
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