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Self-phase modulation of laser light in a laser-produced plasma
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A spectrum broadening due to the self-phase modulation of laser light was observed in a laser-
produced deuterium and hydrogen plasma. Qualitative treatments of the density modulation due
to the self-focusing process and the modulational instability are discussed. The theoretical estima-
tion of spectrum broadening agrees fairly well with the experimental results.

The mechanisms responsible for absorption and
reflection of laser light in a plasma are very im-
portant problems in laser-fusion research. The
scattered light from a plasma yields information
on the nonlinear phenomena in a plasma. There
have been a number of recent experimental® ~® and
theoretical®™® works on the light-scattering prob-
lems in plasmas. In this paper we describe the
angular distribution of scattered light from a
plasma and the backscattered spectrum which
shows the broadening due to the self-phase modu-
lation** ™8 of laser light in a plasma.

The laser system was composed of a yttrium
aluminum garnet oscillator and glass amplifiers.
The output energy was 25 J in 2 nsec. The spec-
tral width and the beam divergence were 3 A and
less than 1 mrad, respectively. The laser beam
was focused onto a solid deuterium and hydrogen
target, whose dimensions were 2X2X10 mm, by
an aspherical lens, f=50 mm. The image of the
target was magnified 20 times to check the focal
condition. The accuracy of the focal adjustment
was 25 um. The incident laser light and the re-
flected light through the focusing lens were moni-
tored by a HTV-R317 biplanar photodiode with an
IR-80 filter. The time-integrated scattered spec-
tra were observed using an infrared vidicon, the
photocathode of which was PbS, through a Czerny-
Turner grating spectrometer with a mean disper-
sion of 8 A/mm in the first order. The intensity
profile was recorded by a video recorder to be
reproduced on an oscilloscope. The time-resolved
spectroscopy of the backscattered light was per-
formed using two channels of the optical fibers
comnected to the HTV-R317 photodiode, the spec-
tral resolution of which was 6 A at 1.06 um.

We performed measurements of the angular dis-
tribution and the spectra of the scattered light
around the wavelength of the incident laser, 1.06
um, and its second harmonics, 5300 A. Table I
summarizes the results for the scattered light at
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the directions of 0° (backward), 45°, and 90° from
the laser beam. The second harmonic and its
satellites on the red side were observed in all
directions when the electric-field vector of the in-
cident laser light was perpendicular to the plane
including the vector K of the incident laser light
and the scattered light. But they were only ob-
served in the backward direction when the electric-
field direction was in that plane. The detailed be-
havior of the second harmonic and the satellites
was reported elsewhere.®

The spectrum of the scattered light around the
incident wavelength was dependent upon the focal
position of the laser beam as shown in Fig. 1. The
backscattered spectrum had two peaks above the
laser intensity of 5X10'® W/cm? when the focal
point was in the ranges of 50-150 um and 100-200
pm beneath the surface of the hydrogen and deuter-
ium targets, respectively. One was at the red
side of the incident wavelength and another was at
the blue side as shown in Figs. 1(a) and 1(b). How-
ever, the backscattered spectrum showed one
peak at the red side of the incident wavelength in
the 5-10 A range when the focal point was out of

TABLE I. Angular dependence of scattered light. Case
Ais for E (for the incident laser light) perpendicular to
the plane -of k (for incident and scattered light). Case B
is for E in the k plane.

Measurement location

Frequency Backscatter (0°) 45° 90°

wy—Aw A yes yes yes
B yes yes yes

Wyt Aw A yes no no
B yes no no

20, A yes yes yes
B yes no no
A

20y —Aw yes yes yes
B yes no no
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the above-mentioned region as shown in Figs. 1(c)
and 1(d). And also the blue-shifted peak was not
observed at the direction of 45° and 90° from the
laser beam even at the laser intensity of 104
W/cm? as shown in Fig. 2(a). The frequency shift
of the blue-shifted peak from the center of the in-
cident spectrum was 17 A for the deuterium plas-
ma at the laser intensity of 1xX10'* W/cm? and it
increased slightly with the laser intensity. The
onset time of the blue peak was near the time of
the maximum intensity of the incident pulse. The
maximum of its intensity appeared after 1.5 nsec
from that of the incident pulse. On the other hand,
the onset of the red peak was delayed 1 nsec from
that of the incident pulse, and the time of the max-
imum intensity coincided with that of the incident
pulse as shown in Fig. 2(b).

This spectrum broadening could be explained by
the self -phase modulation of the incident laser
light in the plasma. According to the theory* of
a self-phase modulation, the phase shift ¢(x, t)
of a plane wave propagating in the x direction
through a medium with instantaneous nonlinearity
is

o, == 2 [ [ny+mi(x 0)dx, ®

where w, is the frequency of the incident plane
wave, c is the light velocity in a vacuum, 7, and
n, are the linear and nonlinear refractive indices,
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FIG. 1. Backscattered spectrum around incident wave-
length: (a) spectrum when focusing position is at 100 ym
inside target; (b) intensity profile of central part of (a);
(c) spectrum when focusing position is at surface of tar-
get; (d) intensity profile of central part of (c).

respectively, and I(x, £)=I(x)F (¢) is the time-de-
pendent intensity with the peak intensity I,(x). The
frequency change Aw due to the nonlinearity is

Aw= -k, j 21,0 22 ax @)

where &, is the wave number in a vacuum. The
frequency broadening is proportional to
JI(x)[8F(t)/8t]dx. In plasmas #, and 7, are
functions of the density and the density change in-
side the propagating beam, respectively. The
density change is induced by the self-focusing!”~2?
of the laser beam or the modulational instabili-
ty?372¢ due to the resonance absorption®” in the
region of the cutoff density.

In the case of self-focusing, the nonlinear re-
fractive index n, is given by the following equa-
tion?® in the equilibrium condition when the ab-
sorption is neglected and the laser field is low
compared with I,

Ny = (1 - no)/Inl ) (3)

wls) e ).

where €, u, m, e, T,, T;, and Z arethedielectric
constant of vacuum, the permeability, the electron

(W/ecm?)
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FIG. 2. (a) Power dependence and angular dependence
of scattered light around incident wavelength. Whole
profile of spectrum was shifted to the blue by the Dop-
pler effect. (b) Time sequence of the backscattered
light.



2140 N. J. PEACOCK AND B. A. NORTON 11

mass, the electron charge, the electron tempera-
ture, the ion temperature, and the ion charge
number, respectively. I, is the laser intensity
where the electron quivering energy is comparable
to the mean thermal energy of the plasma. Using
Eq. (3), Eq. (2) becomes

Aw =~ -ko%—;t—)}lﬂ—l[ f<i"o((ix)) -Io(x)> dx}

aF(t) 1 1,(x)

~ _h —_—

o ot Inl no(x)

dx (ny<1) . (5)

The broadening width due to the self-phase modu-
lation is generally symmetric to the spectrum of
the incident light unless any irreversible process
exists. In the case of the laser-produced plasma,
the medium expands toward the laser beam. Then
the whole spectrum of the broadening was shifted
about 10 A to the blue side® as a result of the
Doppler effect due to the expanding velocity, =3

x 107 ecm/sec which was reported before.?® The
center of the broadened spectrum shifted to the
blue side as shown in Fig. 2(a) can be explained
by this effect. Figure 2(b) shows the right se-
quential time response of the red and the blue
shifts as indicated by Eq. (5). But the red peak
can be observed below the threshold laser power
of the self -phase modulation because most of

the red-shifted spectrum seems to be Brillouin
scattering.”® As the experimental laser power

is much larger than the threshold laser power

for the self-focusing, which is 4X10° W at #,
=10"2 (cutoff density), the self-focusing takes
place in the cutoff region and the laser intensity
could be increased by more than one order to

10" W/cm?. From Eq. (5) the frequency broaden-
ing to the blue Aw(A)) becomes 1x10'2 rad/sec

(5 A) putting A =1.06 m, 7,=10"2, x=10 um, KT,
=300 eV, and [,=10' W/cm?. This estimation
agreed well with the experimental values. In this
case the density depression increases to 4%.

If the focal point is too shallow beneath the sur-
face, we cannot expect enough plasma to undergo
self-focusing. And if the focal point is too deep
beneath the surface, the laser intensity is not
sufficient to focus. This is the reason why the
suitable focusing range is necessary for spectrum
broadening.

As well as the self-focusing process, the modu-
lational instability introduces the density depres-
sion in the cutoff region due to the resonance ab-
sorption by the linear conversion of the laser field
in the case of the oblique incidence of the laser
light. This modulational instability takes place
within a certain angle of the incidence, so the
self—phase modulation can be introduced in a
certain focusing range. The threshold® of the
modulational instability is as follows:

< = )1/2>r,. (6)
NeT,) 9
where I'; and &; are the damping rate and the
frequency of the ion acoustic wave, E2/47 and
NkT, are the energy density of the laser beam
and the electron thermal energy, respectively.
The threshold laser intensity is 6X10'* W/cm? in
our experimental condition of kT,=300 eV and N
=10%' cm™, The results indicate that the modu-
lational instability is also responsible for the
spectrum broadening. We believe that these two
treatments show the different approaches to the
process of cavity formation in the plasma. A
more detailed experiment will clarify the contri-
bution of these mechanisms.
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FIG. 1. Backscattered spectrum around incident wave-
length: (a) spectrum when focusing position is at 100 pm
inside target; (b) intensity profile of central part of (a);
(c) spectrum when focusing position is at surface of tar-
get; (d) intensity profile of central part of (c).



