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ABSTRACT

h. spectrum broadening due to the self-phase modulation

of a laser light was observed in the laser produced deuterium

and hydrogen plasma. Qualitative treatments of the density

modulation due to the self-focusing process and the modula-

tional instability were discussed. The theoretical estima-

tion of spectrum broadening fairly accorded with the

experimental results.
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The mechanisms responsible for absorption and reflec-

tion of laser light in plasma are very important problem*

in laser fusion research. The scattered light from plasma

yives us various informations of the nonlinear phenomena in

1—8 9—13

plasma. A number of experimental and theoretical

works of light scattering have been done. In thiB letter

we describe the angular distribution of scattered light

from plasma and the backscattered spectrum which shows the

broadening due to the self-phase modulation ~ of laser

light in plasma.

The laser system was composed of a YAG oscillator and

ylass amplifiers. The output energy was 25 J in 2 nsec.
e

The spectral 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, the dimension of

which was 2 * 2 * 10 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 reflected light

through the focusing lens were monitored by a biplanor-

photodiode HTV-R317 with a filter IR-80. The time integrated

scattered spectra were observed using an infrared vidicon,

the photocathode of which was PbS, through a Czerny-Turner

grating spectrometer with a mean dispersion of 8 A/wn in the

first order. The intensity profile was recorded by a video-

recorder to reproduce on an oscilloscope. Ihe time renolved

spectroscopy of the backscattered light was performed using

two channels of the optical fibers connected to the photo-
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diode HTV-R317, the spectral resolution of which was 6 A at

1.06 um.

The measurements of the angular distribution and the

spectra of the scattered light arcund the wavelength of the
e

incident laser, 1.06 \m\, and its second harmonics, 5300 A,

were performed. Table I summarizes the results for the '

scattered light at the direction of 0° (backward), 45* and

90° from the laser beam. The second hormonic and its

satellites at red side were observed at any directions when

the E vector of the incident laser light was perpendicular

to the plane including the k vectors of the incident laser

light and the scattered light. But they were only observed

in the backward direction when the E vector was in that

plane. The detail behaviors of the second harmonic and the

satellites were 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.l. The backscattered spectrum

had two peaks above the laser intensity of 5 x 10 N/cn

when the focal point was in the ranges of 50 •»« 150 MM and

100 t- 200 urn beneath the surface of the hydrogen and deute-

rium targets, respectively. One was at the red side of the

incident wavelength and another was at the blue side as

shown in Fig.l(a)<b). However the backscattered spectrum

showed one peak at the red side of the incident wavelength
e

by 5 -V 10 A when the focal point was out of the above-

mentioned region as shown in Pig.l(c)(d), And also the

blue shifted peak was not observed at the direction of 45*

- 3 -



and 90° from the laser beam even at the laser intensity of

101* W/cra2 as shown in Fig.2(a). The frequency shift of

the blue shifted peak from the center of the incident spec-

trum was 17 A for deuterium plasma at the laser intensity

of 1 x io14 w/cra2 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 1.3 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 maximum 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

14

plasma. According to the theory of a self-phase modula-

tion, the phase shift <Mx,t) of a plane wave propagating to

x direction through a medium with instantaneous nonlinearity

is

• (x,t) - - ~ j(nQ + n2l(>,t))dx (1)

where u is the frequency of the incident plane wave, c is

the light velocity in vacuum, n and n« are the linear

refractive index and the nonlienar one, respectively. Z(x,t)

• IQ(x)F(t) is the time dependent intensity with the peak

intensity I (x). The frequency change Aw due to the non-

linearity is



where k is the wave number in vacuum. The frequency
f 3F(t)broadening is proportional to I (x) K+ dx. In plasma

nQ, n2 are functions of the density and the density change

inside the propagating beam respectively. The density
17—22change is induced by the self-focusing of the laser

23beam or the mciulational instability' due to the resonance

absorption in the region of the cutoff density.

In the case of the self-focusing the nonlinear refrac-

tive index n_ is given by the following equation in the

equilibrium condition when the absorption is neglected and

the laser field is low compared with I_„-

- n o)/I n £ (3)

(4)

where e , u» m, e, T , T. and z are the susceptibility of

vacuum, the permeability, the electron mass, the electron

charge, the electron temperature, the ion temperature and

the charge number of ion, 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

The broadening width due to the self-phase modulation is
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generally symmetric to the spectrum of the incident light

unless any irreversible process exists. In the case of the

laser-produred plasma, the medium expands toward the laser

beam. Then the whole spectrum of the broadening was shifted

° 25

about 10 A to the blue side by Doppler effect due to the

expanding velocity, ^ 3 » 10 cm/sec. The center of the

broadened spectrum shifted to the blue side as shown in

Fig.2(a) can be explained by this effect. Fig.2(b) shows

the right sequential 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
7 fl

to be Brillouin scattering,'" As the experimental laser

power is much larger than the threshold laser power for the

self-focusing, which is 4 v io* W at n = 10 (cotoff

density), the self-focusing takes place in the cutoff region

and the laser intensity could be swelled more than one order
15 2

to 10 W/cm . From eq. (5) the frequency broadening to

12 °
the blue Aw(AX) becomes 1 * 10 rad/s (5 A) putting A »

1.06 m, n = 10"2, x ** 10 pm, kT * 300 eV and I « 10 1 5

o e o
2

W/cm . This estimation accorded well with the experimental

values. In this case the density depression becomes up to

4%.

If the focal point is too shallow beneath the surface

we can not expect the enough plasma to form the self-focus-

ing. 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
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the spectrum broadening.

As well as the self-focusing process the modulational

instability introduces the density depression in the cutoff

region due to the resonance absorption by the linear conver-

sion 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 tl

as following:

23range. The threshold of the modulational instability is

where T. and 0. are the damping rate and the frequency of

the ion acoustic wave, E /4ir and NkT are the energy density

of the laser beam and the electron thermal energy, respec-

tively. The threshold laser intensity is 6 * 10 1 3 W/ca2 in

21 -3
our experimental condition of T = 300 eV and N • 10 cm .

G

The results indicate that the modulational instability is

also responsible to the spectrum broadening. We believe

that these two treatments show the different approaches to

a process of the cavity formation in the plasma. The more

detail experiment is going on to clarify the contribution

of these mechanisms.
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FIGURE CAPTIONS

Fig.l. Backscattered spectrum around incident wavelength,

(a): Spectrum vhen focusing position is at 100 \m

inside target.

(b): Intensity profile of central part of (a).

(c)r Spectrum when focusing position is at smrface

of target.

(d): intensity profile of central part of (c).

Fig.2. (a) Powar dependence and angular dependence of

scattered light around incident wavelength.

Whole proxile of spectrum was shifted to fcie

blue by Doppler effect,

(b) Time sequence of the backscattered light.

TABLE CAPTION

Table I. Angular dependence of scattered light.

A is the case that E vector of incident laser light

is perpendicular to the plane including k vector

of incident light and scattered light.

B is the case that E vector is in that plane.
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Table I

Measurement Vocation

Frequency Backscatter(0*) 45° , 90*

o

u +Au

2(d
^ 0 ) Q

2o> -Aw

A

B

A

B

A

B

A

B

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

no

no

yes

no

yes

no

yes
yes

no

no

yes

no

yes

no
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