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Radiation generated by a laser plasma at the frequency of the +wo harmonic was investigated
in experiments on heating of spherical shell targets. A theoretical analysis was carried out of
the influence on the spectral characteristics of this radiation, as well as on the electron
temperature in the n , / 4 region, by the following factors: wave damping in the plasma, oblique
incidence of the heating radiation on the plasma, the presence of spontaneous magnetic field,
velocity of the n , / 4 region, and the velocity of the matter in the corona. It is shown that the
latter plays a dominant role in the shift of the blue component of the 30, harmonic, making it
possible to interpret the experimental results.

All this has called for a more profound development of
the theoretical premises concerning the laws governing the
One of the most important tasks in research into laser
generation of half-integer harmonics. The simplest theoretithermonuclear fusion is optimization of the coupling
cal model of a uniform plasma layer24.26was previously genbetween the laser and the plasma it produces. This calls for
eralized to allow for an inhomogeneous plasma
obtaining, in the course of the experiment, detailed informafor oblique incidence of laser radiation, and for polarization
tion on the parameters of just that part of the laser-plasma
of the latter.28-30To analyze the experiments it is necessary
corona in which the heating radiation is absorbed. The most
also to take into account a large group of effects, such as
suitable way of achieving this is to record the laser-plasma
plasma expansion, its motion as a whole (e.g., on account of
emission in the optical band, especially harmonics having
compression of a shell target) during the action of a laser
the heating-radiation frequency w,.
pulse,31 nonlinear interaction, damping of plasma waves,
The possibilities of measuring the laser-plasma paramand spontaneous magnetic field^.^',^^
eters by spectral measurements of the second harmonic of
According to contemporary notions, generation of halfthe heating-radiation frequency were verified and indicated
integer harmonics in a plasma produced by laser radiation is
in a review by Basov et al.' on the basis of an analysis of a
due to two-plasmon parametric instability, i.e., to the decay
large group of theoretical and experimental studies. Another
of the incident transverse electromagnetic wave (photon)
region of importance for interaction between laser radiation
into two longitudinal plasma waves (plasmons) having freand a plasma is one having a density one-fourth the critical
quencies approximately equal to half the pump-wave frevalue n,. It can be investigated by using plasma at frequenquency. This process takes place in a plasma region of dencies of half-integer harmonics of laser radiation.
sity close to one-quarter critical, where the frequency wo is
The first indications of feasibility of diagnostics of plasclose to double the Langmuir frequency w,, . Since the incima parameters and of plasma turbulence in the region of
dent electromagnetic wave carries momentum, the momenta
one-quarter of the critical density, using the spectrum of the
of the excited plasma waves, and hence their frequencies,
+aoharmonic (w, is the frequency of the heating radiation),
ditier from one another. The plasma motion, by virtue of the
are contained in Refs. 2-4. The method proposed in these
Doppler effect, leads also to a frequency shift of the excited
papers of determining the local electron temperature is conwaves.
nected with the characteristic two-component structure of
The generation of the 5w0 harmonic is due to coalesthe (-$w,)-harmonic spectrum. This method found qualitacence of the plasma waves excited in two-plasmon decay, on
tive confirmation in a large number of e x p e r i m e n t ~ ~ p ~ . ~the
- ~ ~one hand, and the heating radiation, on the other. The
which revealed, at the same time, a number of disparities
spectrum of the +w, harmonic is determined by the specbetween the experimental data and the predictions of the
trum of the plasma oscillations in the coalescence region.
simplest theoretical m0de1~7~
(see also Ref. 2 6 ) . We note
This spectrum, generally speaking, can differ from the specamong these disparities is an overestimate of the electron
trum of the excited wave, since the regions of the coalescence
temperature (by an approximate factor 1.5-2), obtained
and of the two-plasmon decay are spatially separated. In the
from measurements of the spectrum of the +w, harmonic,
simplest case of normal incidence of the pump wave on an
are compared with the data of other p r o c e d ~ r e s , ~ ~ " -a ' ~ , ~inhomogeneous
~,~~
plasma at rest, the spectrum of the harmondifference between the intensities of the doublet of the +w,
ic has two components with equal and symmetrically located
harmonic,2,3.6.9-15.19*20
and a dependence of the splitting of
satellites relative to the nominal value.27 Damping of the
the (two)-harmonicspectrum on the angle of its emission
plasma waves leads to a difference between the intensities of
from the p l a ~ m a . ' ~ -In' ~addition, in some experiments the
the spectral components, while the nonlinear interaction of
spectrum of the tooharmonic had not two components, but
the plasma waves can lead to an increase of the number of the
either only onez2or more than
components (see, e.g., Ref. 2 5 ) . Oblique incidence and
1. INTRODUCTION
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spreading of the plasma lead to asymmetric locations of the
components relative to the value +w,.
We report below the results of an analysis of the effect of
various factors on the form of the spectrum of the +wo harmonic. We interpret on the basis of this investigation the
experimental data on heating of spherical shell targets in the
"Del'fin-1" laser installations. We show that the shifts of the
components in the spectrum of the +w, harmonic agree
qualitatively with the theoretical premises based on their dependences on the electron temperature and on the rate of
plasma expansion in a density region close to one-quarter the
critical value.
2. RESULTS OF THEORETICAL ANALYSIS OF GENERATION
OF THE HARMONIC IN A LASER PLASMA

2.1. We demonstrate the effect of damping of plasma
and electromagnetic waves on the form of the harmonic
spectrum first for the simplest case of normal incidence of
the pump wave on a plane-layered plasma having a density
that increases monotonically along thex axis. In the vicinity
of one-quarter critical density, owing to two-plasmon decay,
plasma waves are produced with frequencies wl and w, - w,
and having wave-vector components k,, and - k, perpendicular respectively to the density gradient. The position of
the decay point x, (w, , k , ) on the density profile is determined by the momentum conservation law k, (wl,k, )
+ k , (w, - w,, - kll ) = ko, from which follows

k,,(x,) =4 (ol-oo/2) (3~orDe2ko)-'+ko/2,
where k, = 311200/2~
is the pump wave number in the region of quarter-critical density, r,, is the Debye radius, and
c is the speed of light. The waves considered are amplified in
the vicinity of the point x, exponentially, with a gain
x (o,,ku ) .
When the longitudinal waves that are the products of
two-plasmon decay propagate in the plasma, the x components of their wave vectors change. These waves can therefore land also in plasma regions in which the following condition for coalescence of Langmuir waves with the pump
wave is met:
k i , x ( z it)k , = r k , , = t (oo/2c)(8-9 sin20)'".
Here 8 is the angle of emergence of the +w, harmonic emission, and the f signs correspond either to generation of a
harmonic that propagates into the interior of the plasma
( + ) and emerges subsequently into the vacuum after reflection from the dense layer, or to generation of a harmonic
in the direction of decreasing plasma density ( - ) . The frequency of the harmonic is equal to the sum of the frequencies
of the pump and Langmuir waves: w = w, + woz+w,
According to Ref. 27, the gain x has two identical maxima x = x,,, = (v, /v, ) 'k,,L /24, where v, is the amplitude of the electron-oscillation velocity in the region of the
quarter critical density, v, is the thermal velocity of the
electrons, and L is the inhomogeneity scale. Accordingly,
the spectrum of the harmonic also has two maxima of equal
intensity at the frequency values

In the presence of wave damping, the intensity of the
+o, harmonic is proportional to exp(2n-x - r ) , where
955

Sov. Phys. JETP 65 (5), May 1987

+ T~~~is the sam of the absorption coefficient of the
plasma waves between the decay and coalescence points
(r, ) and the absorption coefficient of the harmonic along
the path from the coalescence point to the emergence to the
vacuum ( ~ 3 1 ~In) .the case of an exponential density profile
n, (x) cc exp(x/L) and a uniform temperature distribution
T = T,

where Y is the frequency of the electron collisions in the
quarter-critical-density region, we have

if the harmonic propagates from the coalescence region into
the vacuum, and
if the harmonic propagates from the coalescence region first
into the interior of the plasma to the reflection surface, and
then back to the vacuum.
The damping of the Langmuir waves along the path
from the region of their excitation to the coalescence region
is equal to
where

if a "blue"sate1lite ( o > +w,) traveling into the interior is
excited in the coalescence region. In the case of excitation of
a harmonic that travels out of the plasma we have

for the blue satellite and
O=dD3(0)=3'"[3- (1+12 sin2O)'"+ 2 (8-9 sin' 0)'"]
for the "red" satellite.
The damping of the blue satellite in the spectrum of the
+w, harmonic is thus different from that of the red one. The
blue satellites can be produced in two ways. First, by coalescence of the pump wave with the Langmuir wave produced
via two-plasmon decay of a Langmuir wave. The resultant
electromagnetic wave propagates then into the interior of
the plasma and emerges after reflection from the denser layers. Its absorption coefficient is

Second, the blue satellite appears when the pump wave coalesces with the reflected Langmuir wave. The harmonic
emerges then to the outside and

No wave reflection takes place when the red satellite is generated, so that

The intensity ratio of the red and blue satellites in the specharmonic is equal to I, /IB= exp(r - T),
trum of the +oO
where r, = min(rB, ,rB, ). Plots of V,,,, (8) are shown in
Basov et aL
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FIG. 1 . Absorption coefficientso f the blue (Y,,,
) and red (Y3)
components in the spectrum of the $w, harmonic vs the emission angle 0 at
normal incidence o f the pump wave.

Fig. 1, from which it follows that the damping- of the blue
satellite exceeds that of the red one, i.e., I, > I , . It is also
evident from this figure that at angles 0 < 45" generation of a
blue satellite is favored, with direct emissioninto the vacuum ( Y , > Y , ) i.e., at 0 < 45" the reflection of the harmonic
from the dense plasma layer does not influence substantially
the form of its spectrum.
2.2. oblique incidence of the pump wave is another
cause of the difference between the satellite intensities of the
satellites in the spectrum of the +aoharmonic. According to
Ref. 28, the coefficient of convective amplification is determined in this case by the expression

to U = 0. Estimates show that at typical corona velocities
U=: 5 . lo6 cm/s in the quarter-critical-density region and at
an electron temperature T, =: 1 keV the Doppler shift Sw
ranges from one to ten percent of the distance between the
components in the spectrum of the +w, harmonic. A stronger influence on the spectral distribution of the harmonic is
exerted by the flow-through of the plasma through the
quarter-kinetic-density region (plasma expansion) .3 ' Let u
be the rate of flow of the plasma relative to this region. Calculation of the gain, with allowance for plasma flow at a
velocity u is similar to the one calculated at u = 0 in Refs. 28
and 2 9 and yields for the gain the expression ( 2 ) in which
k , ( x , ) should be expressed not by ( 3 ) but by the expression

-

where ko = ( k o x, b , ) is the wave vector of the pump wave,

It follows from a comparison of ( 3 ) and ( 4 ) that the plasma
expansion leads to a change of the frequency shift in the
spectrum of the harmonic in accordance with the law

+ 12 (sin 0 cos cp -

I"'

i.e., the expansion leads to an additional satellite shift
amounting to ( u / k ) ( k , .k,, - +k ) and to a decrease of
the distance between them by a factor ( 1 - w o u / 3 k o x vZ, ).
The parameter k, . b l - +k &,which determines the shift of
the spectra, is equal to the parameter that determines the
relative intensity of the satellites in the spectrum of the harmonic in the case of oblique incidence of an s-polarized
pump wave. As indicated above, for most harmonic-emission directions this parameter is negative. The intensity of
the red satellite exceeds therefore that of the blue one, and
the entire spectrum as a whole is shifted towards the red. For
typical plasma-corona conditions, when the velocity u is approximately double that of sound, the shift of the spectrum
of the harmonic is approximately 3 - 4 times smaller than the
distance between satellites. This points to a connection between the asymmetry of the +w, harmonic spectrum and the
plasma expansion.
2.4. We examine, finally, the influence of a quasistationary magnetic field on the form of the spectrum of the +a,
harmonic. Several a ~ t h o r s ~ attributed
',~~
the two-component structure of the spectrum of the harmonic to the influence of the magnetic field. The quasistationary magnetic
fields recorded in a laser plasma are of the order of B< 1 MG,
corresponding to an electron-cyclotron frequency R = eB /
mc 5 2. 1013s-'. This is lower by about two orders than the
laser-emission frequency. Under the condition R ( a o , twoplasmon parametric instability corresponds to decay of the
pump wave into two upper-hybrid oscillations with a dispersion law

:,

k , = ( k , ( x , ) , k u ) is the wave vector of the plasma wave at
the decay point x = x , ,

Equations (2) and ( 3 ) allow us to calculate the form of
the $61, harmonic spectrum, given the polarization of the
pump wave and the direction of observation of the harmon~c."-~O
In the case of an s-polarized pump wave the satellites
are symmetrically shifted in the red and blue directions relative to the value of + a , . If the incidence is not normal, however, the intensities of the red and blue satellites differ already even in the absence of damping, and at
k,, .k,,,, < +k & , in the majority of solid angles, the intensity of the red satellite is higher than that of the blue one, as is
usually observed in experiment. For a p-polarized pump
wave, the shifts of the red and blue satellites are unequal;
moreover, the number of components in the spectrum of the
harmonic can exceed two."
2.3. The spectral shift of the satellites can also be influenced by the motion of the corona and the plasma flux
through the quarter-critical density region. Let U denote the
velocity of this region as a result of compression of a spherical target. The presence of U leads to a Doppler shift of the
spectrum of the harmonic by an amount Sw = U ( k , , ,
- kox) relative to the +w, spectrum position corresponding
956
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FIG. 2. Diagram ofexperimentaldiagnosticapparatus:I, 11,111,
IV-registration channels; V--one of the composite heating
beams; I-chamber with target, 2--objective, 3-ISP-51 spectrograph, 4-photographic camera with set of light filters, 5STE-1 spectrograph, 6 and 7-MDR-2 spectrograph, 8-lenses,
9-mirrors, 10-light filters.

where w,, =:w0/2, and x is the angle between the wave vector k of the Langmuir wave and the magnetic field. In accordance with (6), the magnetic field leads to an additional
frequency shift in the spectrum of the +wo harmonic, by an
amount f12/wo. For B 1 MG and T, 1 keV this is
smaller by about two orders than the temperature shift ( 1).
Therefore, under typical conditions of a laser plasma, a magnetic field exerts a weak influence on the spectra of the halfinteger harmonics due to two-plasmon decay.
A much stronger influence on the decay-wave spectra is
exerted by the magnetic field in stimulated Raman scattering (SRS). According to Ref. 33, frequency shifts of order
fl can be produced in this case in the spectrum of the +ao
harmonic. Estimates14 show, however, that the SRS threshold in a laser plasma is much higher in the vicinity of the
quarter-critical density than the threshold of the two-plasmon instability. There are therefore no grounds for attributing the wave emission from the quarter-critical-density region of a laser plasma to SRS process. Accordingly, the
influence of the magnetic fields on the spectra of half-integer
harmonics turns out to be a small effect.

-

-

-

-

3. INVESTIGATION OF THE SPATIAL AND SPECTRAL
CHARACTERISTICSOF THE qwo HARMONIC EMISSION IN
THE "DEL'FIN-1" INSTALLATION

channel was 20 pm. In the second channel the target image
was projected on the slit of STE-1 spectrograph 5 with inverse dispersion 12.8 A/mm in the -$Ao wavelength region. The direction of the second channel was diametrically
opposed to that of the first. In both channels it was possible
to record simultaneously the emission spectra of the plasma
in a wide spectral range including the frequencies wo > +ao
and 2 u o . The spatial resolution in the first channel was high
at moderate spectral resolution, while the second channel
ensured high spectral resolution for registration integral
over the target. In addition, the scattered radiation was recorded in the third channel with an MDR-2 spectrograph 6
having an inverse dispersion 40 A/mm. The first registration
channel included also a system that permitted two-dimensional photography of the plasma in emission close to the
+wo harmonic, as separated with a set of light filters 4. The
spectrum of the heating radiation was measured in one of the
laser beams with the aid of MDR-2 spectrograph 7.
To clarify the target-irradiation geometry and the registration of the spectrograms with spatial resolution, Fig. 3
shows the arrangement of the heating beams and of the spec-

-

I

holder

3.1. The experiments on heating spherical shell targets
were performed with the "Del'fin-1" installation. Six laser
beams, each consisting of 18 beams of 45 mm diameter, were
focused on a spherical glass target of diameter 2R0 = 400850pm with wall thickness AR, = 0.76-2.85pm. The energy on the target surface ranged from 0.5 to 1.2 kJ, the pulse
duration was 2.5-4.5 ns (at half-intensity level), the energy
flux density on the target surface reached 1014W/cmZ, and
the width of the incident-radiation spectrum was M o z 4 0

A.
The scattered radiation was investigated in several registration channels (Fig. 2). In the first channel, the target
image magnified 100 times was projected on the slit of an
ISP-5 1 prism spectrograph 3. The spatial resolution in this
957
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FIG. 3. Arrangement of heating beams and of spectrograph in target image for the first registration channel with spatial resolution. The axes of
the heating beam are marked by numbered circles.
Basov et aL
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FIG. 5. Shifts of the blue (6/1,, a ) and red (6/E,, b) components of the
= R,/AR,.
The light circles show the values obtained in the second channel, and the
dark ones (joined by segments) in the first registration channel with spatial resolution.

30,,harmonic for shell targets with different aspect ratios A ,

FIG. 4. Spectrograms ( a ) and spectral distributions of intensity (b) of
plasma emission at the frequencies w,, Qw,, and 2w,, obtained in the second registration channel for a glass target of diameter 2R, = 490.7 pm
and wall thickness AR, = 1.3 pm.

trograph slit over the target image for the first registration
channel. The axes of the heating beams are marked by numbered circles, the dashed circles marking beams on the rear
target surface as seen by the observer.
In all the observation directions, we registered in scattered radiation the +w, harmonic whose spectrum consisted
of two components: red, shifted towards longer wavelengths
relative to the exact value +Ao, and blue, shifted in the opposite direction.
Figure 4 shows typical spectrograms of the scattered
radiation at the fundamental frequency w, and at the harmonics +w, and h , , obtained in the second observation
channel in one of the experiments. The emissions at the frequencies w,,+w,, and 20, were obtained respectively in the
2nd, 3rd, and 4th diffraction orders of the grating of the
STE- 1 spectrograph grating and could be simultaneously recorded by separating the orders.
It can be seen from Fig. 4 that the spectrum of the plasma-scattered radiation duplicates in the vicinity of the fundamental frequency the spectrum of the heating radiation
and exhibits no noticeable displacement from the nominal
value. Note that shifts smaller than 3 A cannot be recorded
because of the large width of the laser-emission spectrum.
The similarity of the spectra of the heating radiation and that
scattered at the fundamental frequency attests to the weak
influence of nonlinear processes on the radiation reflection.
The second-harmonic spectrogram recorded in the second channel using infrared photographic film (to be able to
record +aoand a,) has low photographic density, and one
can see distinctly only its fundamental component due to the
mechanism of linear transformation of the heating radiation
into plasma oscillations (Fig. 4). One can also see an asymmetric broadening of the spectrum of the h, harmonic
towards the red, indicating that parametric instabilities
make a certain contribution to its generation.'
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The spectrum of the +aoharmonic in Fig. 4 shows
clearly a two-component structure, the shifts of the red and
blue components are SA, = 34 A, Sit, = 23 A, and the
width of the spectral distribution at half-maximum is 113
A, i.e., approximately three times wider than the incidentradiation spectrum; the component-intensity ratio at the
maxima is 1.7.
Figure 5 shows the values of the shifts of the red and
blue components in the spectrum of the +w, harmonic in the
second registration channel (without spatial resolutionlight circles) for targets with different aspect ratio As = R,/
AR,. The shift of the rad component varies little from experiment to experiment and amounts to SA, ~ 3 0 - 4 0A. At the
same time, the shift of the blue component increases from 6
to 30 A with increase of the aspect ratio (with decrease of the
target-wall thickness) in the investigated range 50 <As
< 200.
The +w, harmonic spectrograms obtained with spatial
resolution in the first channel reveal a dependence of the
shift of the red component on the position of the harmonicemission region on the target surface. Figure 6 shows one
such spectrogram and the spectral distributions for different
sections (A, B, C) of the target image. In accordance with
the placement of the spectrograph slit on the target image
(Fig. 3), the regions B and C on the spectrograms correspond to the edges of the target image, while region A corresponds to its central part. The shift of the red component for
the central region A turns out, as a rule, to be larger than for
the edge regions B and C (Figs. 5 and 6).
Using the spectrograms of the scattered radiation at the
frequency +wo and at the fundamental frequency, obtained
with spatial resolution in the first registration channel, one
can obtain information on the dimensions of the plasmacorona regions that glow at these frequencies. Figure 7
shows the dimensions of these regions, referred to the initial
target diameter, for shells with different aspect ratios. Since

-
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FIG. 6. Spectrogram of +w, harmonic ( a ) and spectral distributions (b) of the harmonic intensity for the central ( A )
and edge ( B , C) regions of the plasma corona, as obtained in
the first registration channel for a target of diameter
ZR, = 602 p m and wall thickness OR, = 3 pm.

scattering at the frequency corresponds to the n, /4 region,
and scattering at +aocorresponds to a region with density
n, <n,, it follows from Fig. 7 that for time-integrated registration of the scattered radiation the average diameter of the
n, /4 surface is ( 1.0-1.5 )2R0 for various targets, while the
diameter of the n, surface is less than (0.7-1.0)2Ro, in accord with the prevailing notions concerning the size of the
plasma corona as obtained from hydrodynamic calculation~.~~
4. INTERPRETATIONAND DISCUSSION OF EXPERIMENTAL
RESULTS

To interpret the experimental results we have analyzed
the influence exerted on the spectral-spatial characteristics
of the +aoharmonic by all the factors considered in Sec. 2, as
applied to the conditions of irradiation of shell targets in the
"Del'fin- 1" multichannel laser installation.
We have calculated the shapes of the spectra of the :w,
harmonic with allowance of the influence of oblique propagation of the waves and of their damping. We considered an
element of spherical plasma corona in the form of a onedimensionally-inhomogeneous plasma slab with given scale
of density inhomogeneity.The pump wave was assumed unpolarized and incident on the plasma at a given angle 8,.
Figure 8 shows the shapes of the spectra of the +wo harmonic
emitted outward from the plasma in a direction defined by a
polar angle 8 and an azimuthal angle q, (angle between the

FIG. 7. Dimensions of regions of plasma emission at frequencies +w, and
o,, referred to theinitial target dimension, for targets with differentaspect
ratios. The light circles correspond to the +a, harmonic and to dark ones
to scattered radiation at frequency w,.
959
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pump-wave incidence plane and the harmonic-propagation
plane). The damping was defined by the parameter

which is equal to the ratio of the length of spatial amplification of the Langmuir waves to their damping length. It is
seen from Fig. 8 that the damping alters the relative intensity
of the components in the spectrum of the harmonic, whereas
their frequency shift depends weakly on the damping and on
the difference between the pump-wave incidence angles, and
allowance for these factors cannot explain the experimentally observed difference between the shifts of the red and blue
components of the +wo harmonic.
Proceeding to discuss the influence of the plasma dynamics on the spectrum of the t w o harmonic, we note that
hydrodynamic calculations and direct measurements yield a
quarter-critical density-region velocity U S 10' cm/s. This
can lead to a Doppler shift of the harmonic spectrum as a
whole by up to 3-4 A, whereas in experiment the half-differ-

FIG. 8. Form of spectrum of $0, harmonic outgoing from the plasma in
the direction 9 = 20", q, = 30" at a pump incidence angle 6, = 6" ( a ) and
20" (b) in the absence of collisions (solid lines and at
s = [v(nC/4)w;'] (~,/v,)~(24/1r.3~'~)= 0.1 (dashed).
Basov et aL
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TABLE I. Expressions for the shifts M, and 61, for registration of the +aoharmonic integrated over the target (column 1) and with spatial resolution (columns 2-5). The angles are shown
schematically in Fig. 9.
Designations
of angles
and shifts

1
45"
0

No dependence on e,
261' - 0 . 6 ~
26T - 5 . 4 ~
-

I

No dependence on e,
-

ence of the shifts of the red and blue components, i.e., the
total shift of the spectrum, varies between 6 and 20 b; (Fig.
5). This difference of the shifts of the red and blue components can be attributed to leakage of the plasma through the
nc/4 region. This was shown in general form in Sec. 2. To
analyze expression ( 5 ) for the shifts of the red and blue components under conditions of multibeam depolarized irradiation of a spherical target, we rewrite this expression in the
form
@*4 sin 0, (sin 0, - sin 0 cos rp)
SA,,,= 10.4TD-0.7~
, (7)
[I-&/, sin20,] '"
where
@=[ (1-4/3 sinZoO)(If12 sin28 sin2rp)

+I2 (sin 0,-cos rp sin O)'] '",

T is the electron temperature in the nc/4 region in keV, u is
the flow velocity of the plasma through the nc/4 region in
units of 10' cm/s, and SA is in A. Under multibeam irradiation conditions, if the focal spot dimension is comparable
with the target dimension, there exists a practically complete
set of angles of heating radiation incident on the plasma, and
for registration, integral over the target, of the spectra of the
+ao harmonic (second observation channel), a part is
played in the formation of the spectrogram by radiation with
a large range of angles of outward motion of the harmonic
from the plasma. It is therefore necessary to substitute in Eq.
(7) in this case the mean values 8, = 45", 8 = 45", q, = 120",
and the expressions for the shifts of the components take the
form (see column 1 of Table I and Fig. 9)

-

Hydrodynamic calculation^^^ yield for u values (35) - lo7 cm/s, so that the influence of the expansion on the
shift of the red component turns out to be small, within the
experimental error. Since the value of Mq,is determined
mainly by the plasma temperature, we get from ( 8 ) an estimated temperature T- 1 keV. Note that the small scatter of
the values of 6AR in a large number of target-surface-integrated measurements is evidence that the electron temperature averaged over the entire target surface is constant.
The blue-component shift depends much stronger on
the rate of flow of the plasma through the nc/4 region. It
follows from a comparison of ( 8 ) with Fig. 5a that at an
aspect ratio As 50 the value of u is u,z 5 - lo7 cm/s, and
when As is increased to 200 the rate of expansion decreases
. 1 0 The
~
relative velocity change
to ~ ~ ~ 3 cm/s.

Au = (u,- u2)/u,needed to account for the experimental
data is found to be relatively small, A u ~ 0 . 4but
, the possibility of such a dependence of u on As at almost constant temperature is not obvious. Moreover, numerical calculations of
the plasma-expansion dynamics for targets with different aspect ratios yield a considerably smaller value of Au. The
spectrograms discussed, however, were obtained in time-integrated measurements and in a number of cases the pulse
duration exceeded the target-compression time. A substantial contribution to the recorded +aoharmonic spectrum
can therefore be made by the instants of time after the target
collapse, when the usual regime of mass consumption and
flow rate no longer obtains. For high-aspect targets, the
compression time is shorter than for low-aspect ones, since
they are compressed at a higher rate. The instants of time
after the target collapse can therefore be larger for such targets, meaning an effective decrease of the expansion rate of
the mass with increase of the aspect ratio.
Registration of the +a,harmonic spectrum with spatial
resolution over the target makes it possible to separate the
radiation coming from different parts of the target and correspond to different angles of extraction of the harmonic
from the plasma. Thus, for the central part of the plasma we
have 8 = 0 and Eq. (7) for the shifts of the harmonic components becomes independent of the angle q between the
pump-incidence and the harmonic-emission planes. For an
average pump-incidence angle 9, = 45" we obtain then the
expression (see column 2 in Table I ) :

Since these expressions are valid for all angles q, it is
preferable to record, for plasma-diagnostic purposes in the
case of multibeam irradiation, the harmonic spectrum in the
central part of the target, since Eqs. (9) yield simultaneously
both the temperatures and expansion rates of the plasma.
For the measured values 6AR = 45 A and 62, = 15 A,
which correspond to the spectrogram of Fig. 6, we obtain
according to (9) the values T = 1.9 keV and u = 6.2.10'
cm/s.
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FIG. 9. Schematic representation of the angles e,, 8, and q. The numbers
correspond to the numbers of the columns in Table I.
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FIG. 10. Dependences of the shifts 6/1, (left) and 6A, (right) on the
angle q, between the pump-incidence plane and the plane of +o,ernission
at an incidence angle 0, = 45" and a harmonic-emission angle 0 = 90'
(registration of harmonic from the edge regions of the corona) at T z 1
keV and u z 3. lo7cm/s. The dashed straight lines correspond to the case
0, = 45" and 0 = 0 (registration of harmonic from the central region of
the corona).

Note that SA, and SA, become independent of the angle g, also in the case 8, = 0 (irradiation normal to the target
surface) and for all harmonic emission angles 8 (see column
3 in Table I). This case, however, is realized only for a small
fraction of the heating radiation close to the axes of the heating beams (since the beam size is comparable with the target
size), and is not decisive in the formation of the harmonic
spectrum.
The situation for the 30, harmonic emission recorded
from the edge regions of the plasma corona (8 = 90"),the
situation is made complicated by the fact that the expressions for SA, and SA, depend strongly on the angle p. In
particular, for the limiting values g, = 0 and 180"and for the
average incidence angle 0, = 45" we obtain for the component shifts expressions in which the coefficients of T and u
differ by several times (see columns 4 and 5 in Table I). Note
that in this case the dependence on the shift angle q, is stronger for the red component than for the blue one, as follows
from Fig. 10 plotted for u = 3-10' cm/s and T- 1 keV.
The substantial difference between the expressions for
the 90, harmonic component shifts, recorded in the central
and edge parts of the corona, explains the spectrograms obtained with spatial resolutions. Thus, the dependence of SA,
and SA, on p in the case of the edge regions of the corona
smoothens the peak of the red component of the harmonic
for these regions (B and C of Fig. 6 ) compared with the
central region ( A , Fig. 6 ) . The observed excess of the 61,
shift for the central region of the corona over 81, for the
edge regions is evidence that the largest contribution to the
recorded spectrum of the harmonic from the edge region is
made by the harmonic emission corresponding to small angles g, < 100" (see Fig. 10).
5. CONCLUSION

We have investigated the laws governing the emission
of the 30, harmonic in multibeam heating of spherical shell
targets by neodymium-laser radiation of energy 1 kJ, and
reported the main harmonic-generation-theory results based
on the mechanism of Raman scattering of the heating radiation by plasma waves excited in the vicinity of the quartercritical density on account of two-plasmon parametric instability. The harmonic-radiation spectrum has as a rule two
components, with the spectral shifts of the components proportional to the plasma temperature and dependent also on
the rate of flow of the plasma through the n, /4 region and on
the incidence angles of the pump and harmonic radiation.
The latter dependences, especially under conditions of mul-
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tibeam irradiation, make the diagnostics of the plasma temperature via the harmonic spectrum difficult in the n, /4 region, and necessitate special calculations of the form of the
harmonic spectrum, given the conditions for the irradiation
and observation, and given the distributions of the velocity
and density in the plasma corona. The experimental results
were interpreted on the basis of the developed theory.
The authors are grateful to N. N. Demchenko for a discussion of the results of the hydrodynamic calculations for
the plasma corona.
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