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Sideway scattered second-harmonic spectra emitted from a 1064-nm-laser-produced plasma have been
observed to originate from nonlinear coupling near the critical surface. The time evolution of the
second-harmonic optical density confirmed the possibility that a plasmon issued from the resonant ab-
sorption of the incident beam can recombine with a photon (w,) to give a transverse wave of frequency
2w,. A plasmon issued from a parametric decay instability may also, by coalescence with an incident
photon, give a transverse wave at a shifted second-harmonic frequency. The threshold of such a com-
bination is determined. Moreover, irregular plasma-parameter variations and the perturbed spatial uni-
formity of the incident beam appear to alter the second-harmonic spectra. An oscillatory structure of
the optical density of the observed second harmonic is interpreted as a result of the coupling physics in-

volved and of laser-beam filamentation.

PACS number(s): 52.40.Nk, 52.35.Nx, 52.25.—b

I. INTRODUCTION

Spectroscopy of 2w light generated through sum fre-
quency originating from linear (resonant absorption), as

well as nonlinear processes in a inhomogeneous plasma, -

can be a powerful tool to diagnose the laser-plasma in-
teraction. It has the same diagnostic capability as the
spectroscopy of Brillouin backscattering light. The latter
can be used to measure the electron temperature and esti-
mate the plasma turbulence and related parameters. The
second-harmonic light can give, in addition to the same
sort of information, more insight into the behavior of the
laser-beam structure.

It has been mainly studied in the presence of a critical
density layer where its generation is far more probable,
[1-3]. Only a few works report on the observation of 2w
emission from undercritical plasma [4]. The mechanism
of such generation and information on the plasma param-
eters that can be obtained are completely different in the
two cases.

We report here on spectroscopic studies of second-
harmonic light emission from plasma produced by 1.064-
pm irradiation of planar targets. The observations and
the analysis show that the 2w emission results from both
linear and nonlinear laser-plasma-interaction mechanisms
near the critical density (n,).

There are two main interaction processes that contrib-
ute to 2w emission: resonant absorption, which involves
linear conversion of incident photons into Langmuir
waves at n, and the parametric decay instability (PDI), in
which the incident electromagnetic wave decays into a
Langmuir wave and an ion acoustic wave just below 7.
Qualitatively, the latter possibility of exciting longitudi-
nal oscillation arises at a sufficiently high density of laser
radiation energy flux, where parametric instabilities de-
velop at certain thresholds. This situation has been well
studied in Ref. [5]. Our results serve to confirm these ori-
gins and to extend the investigation of the coupling phys-
ics.
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The present understanding of the physical essence of
the phenomenon of second-harmonic generation has re-
vealed new possibilities of laser-plasma diagnostics.
Analysis of the spectrum can provide information about
laser-beam behavior [6]. As the photon beam impinges
on the critical surface to create the harmonic, its struc-
ture is altered by filamentation. It self-focuses, develops
substructures, and collapses into a number of filaments
[7,8].

Filamentation instability in laser-produced plasmas is
of great interest because of its possible role in degrading
the coupling of lasers to inertial confinement fusion tar-
gets. Filaments have been invoked to explain numerous
experimental phenomena, one of which is the observation
of emission at the second harmonic of the laser frequency
from underdense plasma at angles perpendicular to the
incident laser beam [9]. However, no direct link between
filaments and this emission has been demonstrated to
date. In the present analysis, one of our tasks is to find
such a link between the second-harmonic-generation
spectrum behavior and the laser-beam spatial structure.

This type of relation is mainly due to the origin of the
2w generation which is formally stated as follows: The
generation of a transverse electromagnetic wave of fre-
quency 2w in such a plasma is possible only if at least one
of the combining waves is a longitudinal oscillation (/)
with frequency @ whose value is equal or near to the fre-
quency of the transverse wave [5,10]. The processes
which are then possible, of coalescence of a transverse
wave t with a longitudinal Langmuir oscillation / to form
a transverse wave t, or coalescence of two Langmuir os-
cillations / into a transverse wave ¢ can be written in the
form

t+l—t, I+]l—t.

In a weakly inhomogeneous plasma the wave vector
still depends on the coordinates, so that the phase-
matching condition k=k’+k"’ is satisfied only at certain
surfaces in space. If there are no such points on the
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electron-density profile, then the probability of the effect
is exponentially small [10].

The second-harmonic intensity is proportional to the
energy fluxes of the waves involved in its production and
is significant only when the intensity levels of the electron
Langmuir oscillation and the transverse waves are high
enough. Furthermore, any process which should come to
perturb or alter the Langmuir spectrum near the critical
density should be clearly observed on the second-
harmonic spectra since at least one Langmuir wave is in-
volved in the recombination process.

Strong Langmuir turbulence, where localized Lang-
muir wave packets have energy densities several orders of
magnitude higher than the average energy density [11]
and are extremely dynamic before collapsing, has an ob-
served effect on the second-harmonic spectra [12]. Laser
bandwidth has been observed to have an effect on the
coupling physics [7]. Similarly, any variation of the
incident-beam density, such as an anomalous local
intensification like the phenomena of filamentation,
should have its effect on the second-harmonic spectra
behavior.

Some evidence of such effects will be presented in the
present analysis. This work is organized as follows: First
the experimental arrangement will be described briefly.
Then, in order to confirm the origin of the second-
harmonic generation, an analysis of the time-integrated
spectra will be presented. The optical density of this har-
monic, being very sensitive to all effects related to its pro-
duction, will be studied as time dependent in connection
with the critical surface motion and Doppler shifts. The
coupling physics will be treated by a simple analytical
model to correlate plasma parameters to the second-
harmonic behavior and their eventual relations with the
impinging laser-beam instability.

II. EXPERIMENTAL ARRANGEMENT

In the present experiment, a plasma was produced by
focusing a Nd:YAG (where YAG denotes yttrium alumi-
num garnet) laser pulse of 7,=0.7 nsec with a wavelength
of A;=1.064 um through a f /1.2 lens on a slab target of
polyethylene (CH,),. The intensity range used was such
that

7.0X102< I, <3X 10" W /cm?

with an incident angle 0°<60<11.7°. The focal spot re-
ceiving the 80% of the incident energy was measured and
has a value d =(22+4) um, i.e., d =204,

The sidescattered 2w spectra were observed at about
45° with respect to the p-polarized incident beam (Fig. 1).
Using a 1200-lines/mm, 1-m-long spectrograph coupled
to a streak camera (Imacon 675), the time evolution of
the 2w spectra have been recorded.

An image of the target is accurately focused at the en-
trance slit of the spectrograph. The output plane of the
spectrograph is then imaged on the entrance slit of the
streak camera. In order to obtain A-z photograph, it was
necessary for the images of the spectrograph slit and the
streak camera slit to be at a right angle. To obtain a
good resolution, the spectrograph-—streak-camera dis-

INCIDENT LASER

STREAK CAMERA

SPECTROGAAPH

FIG. 1. Experimental setup showing the main elements used
for the detection of the second harmonic at 45° and the incident
beam normal to the target.

tance was chosen such that the dispersion on the screen
was about 10 A/mm. The spectrograph streak-camera
combination was calibrated using a mercury arc lamp, a
HeNe laser, and a frequency-doubled Nd:YAG laser.

The overall time resolution of the streak camera is lim-
ited by two factors: the first due to the camera itself and
the second resulting from the temporal broadening in the
spectrograph which is given by the maximum difference
between the transit time of light incident at different
parts of the grating and the output plane of the spectro-
graph. The amount of grating filled was approximately
0.8 cm, giving a time resolution of 16 psec. The instru-
mental time resolution of the camera is given by the
manufacturer and for our working conditions it is about
2 psec. The spectrograph slit was set to 40 um and the
camera slit was set to 50 um. The slit width of the spec-
trograph is near the diffraction limit of the system, so it
will be the same at the output plane of the spectrograph.
The magnification from the output plane of the spectro-
graph to the camera screen was three times, giving a
spectral resolution of 0.4 A and a temporal resolution of
3 psec. From the temporal broadening of the spectro-
graph, the absolute limit on the spectral resolution given
by the incertainty principle is 0.6 A, so the temporal reso-
lution is estimated to be 16 psec and the spectral resolu-
tion, 0.6 A.

A microdensitometer has been used to measure the op-
tical density from the photographic films with dynamic
range of over two orders of magnitude. The microdensi-
tometer resolution was set to 1 A and 15 psec. The band-
width of laser beam used was estimated to be much less
than any wavelength measured value.

III. SECOND-HARMONIC SPECTRA

A. Time-integrated 2w spectra

These spectra present a general structure with a main
peak and one or more secondary peaks, depending on the
incident flux intensity. At a given incident flux (Fig. 2),
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FIG. 2. Time-integrated spectra of the second-harmonic rela-
tive intensity as a function of the wavelength shift distinctly
showing the main peak and the two satellites peaks at an in-
cident flux of 1.08 X 10'* W/cm?. For lower fluxes (2.65X 103
W/cm? and 9.36X 10> W/cm?), no peaks can be distinguished
and the main peaks are less shifted.

the main peak is produced through the scattering of in-
cident photons off electron waves generated by resonance
absorption giving 2w light [2,3].

The secondary peaks are quite distinct and better
resolved at relatively higher fluxes (Fig. 2, 1.08x 10"
W/cm?) than those obtained at lower fluxes (Fig. 2,
2.65%10'% and 9.36 X102 W/cm?) where the spectrum
is less shifted and no secondary peaks can be dis-
tinguished.

Moreover, the n}ain peaks are slightly redshifted from
the nominal 5320 A, due to the Doppler effect associated
with the critical density motion (resonance region).
These observed shifts are flux dependent, confirming their
relation to the critical surface motion through the
Doppler effect.

Since the process of linear conversion of light into lon-
gitudinal waves is possible in an inhomogeneous plasma
near the plasma resonance in the presence of an incident
wave whose electric-field vector component is directed
along the density gradient, second-harmonic radiation is
emitted from such a system where Langmuir waves and
light waves are both present. The harmonic frequency so
generated is shifted in the presence of motion of the criti-
cal surface as follows [13]:

(O2=2600_2(k0_koz)'u .

u is the critical surface velocity. The shift relative to the
nominal value of 2w, will be in the blue or the red direc-
tion, depending on whether the critical density surface
moves towards (# > 0) or away (# <0) from the beam.
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The maximum value of the shift is attained when the
pump wave is incident along the direction of the diver-
gence of the plasma, i.e.,

ko= —koz or Aw=4wyu /c .

Moreover, the change in the velocity ¥ during the time of
registration of the harmonic should lead to additional
broadening of the spectrum for a sufficiently long time of
exposure.

The first secondary peak indicates that parametric de-
cay instability produces electron waves, from which two
plasmons, each of frequency wgp=wy—wy,, are combined
to generate 2w light with a frequency shift Awo=2w,.
Since this generation mechanism is viewed as the inverse
of the two-plasmon decay instability with a large wave-
number component perpendicular to V,, the emission
should be largest near 45° with respect to the incident
laser axis [14], as the present detection was conducted.

The second satellite peak in Fig. 2, at 1.08X 10
W/cm?, has exactly twice the shift of the first peak. An
interpretation of this observation has been proposed in
Ref. [5]; it seems consistent with the present experimental
results and will be generalized here.

Electron decay instability (EDI) has a very low thresh-
old [15], and when an electron plasma wave (wgp) from
the primary PDI decays into a new electron wave (wgp)
and an ion acoustic wave (wp,) through EDI, these new
electron waves may combine with any other plasmon
present at the phase-matching point, giving rise to a shift-
ed 2w light.

As a rule, the combination of two plasmons from PDI
gives rise to a peak with a frequency shift equal to 2w;,;
if one plasmon originates from PDI and the other from
EDI, the harmonic peak so generated will be redshifted
by 4w, with respect to wg, and if both plasmons take
their origin from EDI, the peak of such generation will
be shifted by 6w;,.

Moreover, in the presence of such a turbulent Lang-
muir spectrum, further peaks with shifts, regularly
spaced, equal to 2nwy,, n integer, can be expected. In
Fig. 3, optical density as a function of the wavelength
shift is shown. Secondary peaks regularly spaced with
2nwp, shifts are clearly distinguished at an incident flux
of 1.08 X 10 Wem ™2

However, for higher incident flux (3X 10 Wcm™?)
where no secondary peaks can be seen, this mechanism is
likely to be responsible for the broadening of the spec-
trum. The shifted peaks which are rather narrowly
spaced (not well resolved) get to a level comparable to the
primary peak and contribute to the widened spectrum.

From energy and momentum conservation and the
dispersion relations of the waves involved in these mecha-
nisms, shifts can be evaluated from ion acoustic frequen-
cy. In the present experiment, the laser was focused
through an incident cone of 8=11.7° so the density the
photons can reach is n,(z)=n.cosf, to which corre-
sponds an ion frequency of

oa=+13w(Zm,/m;)"*sind , (1)

and the wavelength shift related to this frequency is
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FIG. 3. The time-integrated spectra represent the optical
density as the wavelength shift. Several secondary peaks with
2nwy, shifts are observed at 9.4 X 10'> W/cm?. For the incident
flux around the PDI threshold and below, in the optical density
of the second harmonic, no secondary peaks are expected and
the main peaks are again relatively less shifted. For higher in-
cident flux (1.67 X 10'* W/cm?), the Langmuir spectrum is tur-
bulent and the electron decay instability has an important con-
tribution to the second harmonic which makes the time-
integrated optical density spectrum broaden with a relatively
higher amplitude.

=(A/2V3)(Zm, /m;)" ?sin@ . @)

Then the range in which shifts are included should be as
follows: 0 A <AA<12A.
Shifts at different fluxes have been measured; they are
all included in this interval and are shown in Table I.
Secondary peak components attributed to PDI have a
theoretical threshold [16] which can be written as

[IFPT (W /cm?)]
—3X10"'{[T (eV)]/[A, (um)PL, (pm)]} ,
(3)
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FIG. 4. Experimental determination of the parametric decay
instability threshold through its contribution to the second-
harmonic generation. The second satellite peak intensity in ar-
bitrary units is drawn as a function of incident laser flux intensi-
ty. The observed threshold is equal to 2 X 10'* W/cm?.

where T (eV) is the electron temperature in electron volts,
A, the pump wavelength in pm, and L , the density scale
length in um. For typical values of these parameters,
where the density scale length is of order of the focal spot
diameter, i.e., L #=22 pm, and the temperature is taken
from some scaling law model [17] as a function of the in-
cident flux, T (eV) ~1 keV. The theoretical estimate be-
comes

ITPT=1.2X 10" W /cm?
Our experimentally observed value of this threshold is

IPPI=2% 10" W /cm?

expt

This result with the behavior of the second-harmonic in-
tensity peak originating from PDI, as a function of in-
cident flux, is given in Fig. 4.

B. Time evolution of second-harmonic spectra

To construct the evolution of the critical surface veloc-
ity, we recorded the spectrum of the harmonic with a
time resolution of 0.06 nsec in Fig. 5 (photograph). A

TABLE 1. Wavelength shifts of the second harmonic where the secondary peaks are regularly

spaced with 2nw;, frequency difference.

Incident flux First satellite

Second satellite Third satellite

(Wem™2) shift (A) shift (A) shift (A)
9.4X 10" 3.0 5.9 8.5
1.08 X 10'* 2.0 4.3

1.6Xx 10" 2.4 4.1
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FIG. 5. Second-harmonic optical density time evolution for
an incident flux of 4.05X 10'> W/cm? The shifts are observed
to switch from blue to red as the critical density velocity
changes sign.

typical time scan of the 2o spectrum is seen and it has
been obtained with the aid of a spectrograph and a fast
streak camera. In the same figure is also shown the spec-
tral distribution obtained in processing the time scan
through a microdensitometer. The wavelength of the
main peak of the second harmonic is observed to increase
with time. For ¢ <0.03 nsec, the spectrum has an in-
creasing blueshifted amplitude as more photons arrive
with time to n, and the Doppler shift indicates the
motion of the critical density towards the beam as the
plasma starts its expansion.

The velocity of the critical surface can thus be calculat-
ed as u =cAw /4w, where Aw is the shift, ¢ the speed of
light, and w, the pump frequency (e.g., at #=0.21 nsec,
AA=5 A, and ¥ =1.4X10" cm/s). At t>0.03 nsec, the
intensity of the second harmonic increases with a
stronger red shift. This is the result of the Gaussian laser
pulse used, where the bulk of photons arrive at times
around 0.27 nsec. Here the Doppler shift indicates that
the velocity of the critical surface is directed toward the
target in the same direction as the beam.

In Fig. 6 the spectrum of the 2w is obtained at an in-
cident flux of 3 X 10'* W/cm?, the highest flux in our ex-
periment. This intensity is above all thresholds of the
parametric instabilities. The optical density has been
enhanced in comparison to Fig. 5 at an equivalent time.
The shifts also indicate that the critical density moves to-
ward the target from the start of the interaction, in the
same direction as the beam.

The main feature of the optical-density time evolution
is its oscillatory structure, where the peaks experience

2z
H ! t (psec)
= Ll
= )
£ :
i
E i
D |
-4 v
o |
o ,.
- 390
< ]
Q
o
<
270 T
=
5]
4
\_\ d
210 z
] =
H
i
i o
! B
/ ©
- 90
| — <]
TIME (psec) 0
120
o o o o
- N @ <
™ ] I} [}
0 0 v} )

WAVELENGTH (A)

FIG. 6. At an incident flux of 3.0X 10'* W/cm?, the optical
time evolution of the second harmonic shows an oscillatory
behavior attributed to the filamentation of the laser beam. Dark
spots on the photograph show the optical density variation due
to the plasma-parameter perturbation and its effects on the spa-
tial structure of the laser beam.

highs and lows as the Gaussian beam impinges in the in-
homogeneous plasma.

In the photograph in Fig. 6, some dark spots are ob-
served, indicating that the critical density surface is
presenting a roughness to the arriving photon beam.
This large enhancement of harmonic emission is possible
because of the formation of electrostatic resonant struc-
ture resulting from the modification of the density profile
where cavitons are seeded [18]. The incidence of such
high intensity flux on a rough critical surface perturbs
both ponderomotive and thermal forces, and the laser
beam structure will be altered by filamentation. Decom-
position of the beam in dense filaments sequentially aris-
ing and collapsing, before reaching n., creates hot spots
in the plasma (Fig. 6, photograph) with temperature in-
crease and density perturbation in the phase-matching
zones. Some of the filaments (beamlets) may survive up
to n., where they arrive as dense light packets with vary-
ing intensity and there produce plasmons through reso-
nant absorption.

These, ultimately, recombine to produce second-
harmonic light at a varying rate. As a result of such a se-
quence of plasmon production, we observe in Fig. 6 an
oscillatory second-harmonic spectrum. Unstable critical
motion and self-focusing of the laser beam have been ob-
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served to have a strong effect on the 2w spectrum [6]. Ir-
regular plasma-parameter variation, such as the tempera-
ture and the density scale length, are at the origin of the
oscillatory structure of the second harmonic.

IV. DISCUSSION

Observation of burst phenomena of the second-
harmonic emission has been reported by several authors
[18-23]. Explanations vary from one author to another
depending on experimental conditions as well as theoreti-
cal hypotheses.

However, most of them do not contradict each other.
The various relevant explanations offered to the observa-
tions [19] include oscillatory motion of the critical sur-
face driven by the ponderomotive force, modification of
the dielectric function of the plasma by a burst of hot
electrons generated at the critical surface, and rapid vari-
ation in the direction of the emission due to the rippling
of the critical surface. However, most of these explana-
tions were, by the authors admitted, rather tentative.

The oscillation of the second-harmonic emission has
also been predicted theoretically before [18,2]. The driv-
ing mechanism of such emission in a burst is a direct
consequence of the fact that in a inhomogeneous plasma,
the momentum relation (phase-matching condition) for
the process [+t —t is fulfilled only locally at the phase-
matching point. Erokhin, Moiseev, and Mukhin [2] were
the first to show that when the resonance absorption
dominates, the second-harmonic emission may oscillate
as the electron temperature in the plasma increases. The
coalescence of the plasmon with a photon occurs at a dis-
tance from the critical surface,

d,,~9v,/c)’L ,

where v, is the electron thermal velocity, ¢ the speed of
light, and L the plasma density scale length near the criti-
cal surface. With increasing temperature, it can be
shown by using the dispersion relation for longitudinal
(Bohm-Gross) and transverse waves, d,,, increases toward
low densities, thereby passing the standing-wave struc-
ture of the fundamental transverse wave. When the
phase-matching point coincides with a node of the pump
field, the second-harmonic intensity will assume a
minimum value, whereas in the opposite case it will pass
a maximum. In this way high and low values of the
second-harmonic intensity will alternate until the longitu-
dinal wave is Landau-damped. Thus the temperature
dependence of the second-harmonic intensity is correlat-
ed with the spatial structure of the local density and
electric-field perturbations which play the decisive role in
the generation process. The temperature increase associ-
ated with this process is usually attributed to the tem-
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poral evolution of the laser pulse as a whole heating the
plasma.

In the present experiment, in addition to the oscillation
behavior of the second-harmonic intensity, hot spots are
observed (Fig 6) and are most probably the major source
of the temperature rise. Regarding this subject, Oben-
schain et al., [7] through use of the technique of induced
spatial incoherence (ISI), introduced rapidly changing (on
a laser coherence time scale) spatial nonuniformities in
the laser coherence time; the would-be nonuniformities
average out to produce uniform illumination [24]. By
smoothing the beam this way, the effects of the hot spots
seeding the self-focusing instability have been suppressed.
Before the smoothing ISI technique, correlation of hard x
rays with increased second-harmonic emission has been
observed [7].

In the experiment conducted here, no smoothing has
been used; hence, the laser beam is subject to self-
focusing where it develops substructure and collapses
into a number of filaments. These filaments become very
intense and small. The strong gradients in intensity and
density enhance the 2w emission at first. In the next step
ion waves are expected to be generated in the final, nona-
diabatic stage of the formation of such intense narrow
filaments. These ion waves can provide density modula-
tion which acts to delocalize or spray the filaments [25].

As the beam impinges into the plasma, this sequence of
events is reproduced during the pulse width, making the
second-harmonic amplitude vary. This is the most prob-
able sequence of events which may explain the oscillatory
structure and the presence of hot spots experimentally
observed in Fig. 6.

V. CONCLUSIONS

Sideway scattered second-harmonic spectra are experi-
mentally observed to originate from the critical surface
laser-plasma-interaction system. Due to the nonlinear
processes involved, local plasma parameters are altered
by the events. As a consequence of the changes, laser-
plasma-interaction physics couples the harmonic genera-
tion to laser-beam behavior. it has been observed that the
2w time-resolved spectrum presents an oscillatory struc-
ture due to the formation of unstable filaments. More-
over, the decomposition of the incident beam into intense
beamlets is at the origin of the critical surface roughness.
Quantification of this effect and the critical surface dy-
namics may deserve further investigation.
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FIG. 5. Second-harmonic optical density time evolution for
an incident flux of 4.05X 10" W/cm?. The shifts are observed
to switch from blue to red as the critical density velocity

changes sign.
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FIG. 6. At an incident flux of 3.0X 10" W/cm?, the optical
time evolution of the second harmonic shows an oscillatory
behavior attributed to the filamentation of the laser beam. Dark
spots on the photograph show the optical density variation due
to the plasma-parameter perturbation and its effects on the spa-

tial structure of the laser beam.



