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A theoretical model for the generation of the second harmonic of laser radiation in a plasma produced by
the radiation is formulated. The main features of this model have been verified experimentally on the
“Kal'mar” laser facility in experiments on spherical irradiation of gas-filled microspheres. It is

demonstrated that such a model consistently explains the presently available experimental data on second-
harmonic generation in a laser plasma. This allows the development of new methods of ultra-high-speed

diagnostics of nonstationary overdense plasmas.
PACS numbers: 52.50.Jm, 52.35.Mw
INTRODUCTION

The detection of the second harmonic in the investi-
gations published in Refs. 1-3 was one of the first in-
dications of the manifestation of nonlinear effects in
the interaction of laser radiation with the plasma pro-
duced by it. Further experiments showed that the co-
efficient of conversion of the pump energy into the sec-
ond harmonic was not high (not more than one percent)
and, consequently, the emission of the harmonic does
not play an important role in the energy balance of the
plasma. This, however, did not diminish the interest
in the investigation of the harmonics, which is ex-
plained by the attempts to use the optical emission of
the laser plasma to extract information about the non-
linear processes that occur in the “corona” of the
plasma. Considering the large quantity, and, on the
face of it, the inconsistency, of the experimental data,
we need for an adequate description of the physical
processes that occur in the corona of a laser plasma to
develop a theoretical model of 2w,-harmonic generation.
Such a model can, furthermore, serve as a basis for
the development of new, laser-plasma-parameter
diagnostics methods distinguished by ease of practical
realization.

The first theoretical ideas* about the generation of the
second harmonic related this effect with the excitation
in the plasma of the intense longitudinal oscillations that
arise as a result of the linear transformation® of the
laser radiation. Qualitatively, another possiblity of
exciting longitudinal Langmuir waves in a plasma arises
at sufficiently high densities of the laser-radiation
energy flux, when parametric instabilities develop in
the plasma.® Thus, for example, the second-harmonic
spectrum broadening observed in Refs. 7 and 8, and
characteristic of the turbulent plasma state, was re-
lated by the authors of these investigations with the
development of parametric turbulence.

Our present understanding of the physical essence of
the phenomenon of second-harmonic generation has re-
vealed new possibilities of laser-plasma diagnostics.
The first theoretical ideas about the use of the measure-
ments of the spectrum and intensity of the harmonic for
the determination of a number of laser-plasma param-
eters were stated in Refs. 9 and 10. The estimates ob-
tained in Refs. 11-14 for the value of the local temper-
ature and the characteristic dimension of the plasma in-
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homogeneity demonstrated the merit of the development
of plasma-parameter diagnostics methods based on the
use of the plasma emission in the range of frequencies
close to the double pump frequency. Let us emphasize
that, besides the macroscopic plasma parameters, the
investigation of the 2w, harmonic allows us to obtain in-
formation about the level and spectrum of parametric
turbulence. Such a possibility is pointed out in Ref. 15.
In their turn, the data on plasma turbulence can be re-
lated with the nonlinear-absorption efficiency and fast-
particle generation. When we remember that the simul-
taneous manifestation of the two-linear and nonlinear-
mechanisms of generation of longitudinal waves is pos-
sible under experimental conditions,'4*'¢~!® we can un-
derstand why the detailed study of the second harmonic
should yield a wealth of information about the plasma
state.

In §1 of the present paper we formulate a theoretical
model of 2w,-harmonic generation in a laser plasma.
We derive formulas that allow the computation of the
intensity, spectrum, angular, and polarization charac-
teristics of the harmonic for moderate fluxes of the
laser radiation. The main assumptions of the model and
a number of results following from it are verified ex-
perimentally on the multichannel “Kal’mar” laser facil-
ity in experiments on spherically-symmetric irradiation
of shell targets and compared with hydrodynamic cal-
culations (§2). In §3 we carry out an analysis of virtual-
ly all the presently available experimental data on
second-harmonic generation. It is shown that the mo-
del proposed in the present paper satisfactorily des-
cribes the experiments. The plasma-parameter esti-
mates that follow from the comparison of the theory with
experiment agree with the measured values. All this is
a justification of the new methods of diagnostics of plas-
ma parameters and plasma turbulence from the char-
acteristics of the plasma emission at the frequency of .
the second harmonic.

§1. THEORY OF SECOND-HARMONIC GENERATION
IN A LASER PLASMA

The process of linear conversion of light into longi-
tudinal Langmuir waves is possible in an inhomogeneous
plasma near the plasma resonance in the presence of
the incident wave of an electric-field vector component
directed along the density gradient (the p component).
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The intensity of the second harmonic emitted as a result
of this process is calculated in Refs. 4, 9, and 19 under
the assumption that the density inhomogeneity of the
quiescent plasma is one-dimensional [i.e., n,=n,(x)]
and that the incident wave is a plane wave. However,
for the interpretation of experiments, it is necessary to
take into account such factors as the conditions under
which the laser radiation is focused on the target, the
plasma motion, and the curvature of the critical sur-
face. When allowance is made for the first two of these
factors, the spectral density of the second-harmonic
energy fluc, ¢{3) ., in the direction n’ is given by the
formula®®

1 wol \?

X (3—4sin® 90)"‘ cos 9., 8 (0’ —200—2(k,—kon’, u))
etr(3—4sin® 6) "}, (1)

X exp{—21,—T.—7

where k,=w,/c, u is the velocity of motion of the
critical-density surface, ¢, is the angle between the
plane of polarization of the pump wave (k,, E,) and the
incidence plane (k,, x), E,=E,C0S@,is the p component
of the electric field, and L is the characteristic scale
of the variation of the density in the vicinity of the
critical point x =0.

In the formula (1)

Ty ="/45(veiL/c) cos® 0o,
2ve:L

T3 =

Ter =2Veq L/c, where the effective collision rate, v
=max{v,;, w,(r p/L)*'}, is determined either by the elec-
tron-ion collision rate, v,;, in the critical region, or
by the export of plasma waves from the resonance re-
gion (r,, is the Debye radius of the electron in the
critical region). The function &(f,) characterizes the
dependence of the linear-conversion factor on the angle,
8,, of incidence of the wave on the plasma.> For u =0,
Vei =Ver =0, ¢=0, and §,« 1, the formula (1) corres-
ponds up to a numerical factor of the order of unity with
the results of Refs. 4, 9, and 19.

The second-harmonic radiation has the same polar-
ization as the pump wave, and is emitted specularly
with respect to the latter wave (8’ =6,, ¢’ =@, +7, where
cosé’ =n;, and ¢ is the angle between the plane of emis-
sion of the harmonic and plane of polarization of the
pump wave). According to (1), the second-harmonic
radiation frequency

©:=20,—2 (ko—Fkon’, u) (2)

is shifted relative to the nominal value of 2w, in the

blue or red direction, depending on whether the critical-
density surface moves towards («>0), or away from
(u<0), the beam. The maximum value of the shift,

Aw:=0:—20.=4wu/c , 3)

is attained when the pump wave is incident along the di-
rection of divergence of the plasma.

The spectral Width, 6w,, at any given moment of time
is determined by twice the spectral width of the pump:
5w, =20w,. The change in the velocity # during the time
of registration of the harmonic, characterized by the
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quantity 6u, leads to additional broadening of the spec-
trum when the exposure time is sufficiently long:

80, =260,+4w.0u/c. (4)

The quantity q,, |wr» integrated over the angles and
frequencies, determmes the energy flux in the second
harmonic:

= jdm' dQ'q. . (5)

The p-component amplitude E, entering into q("’) v is
determined by the focusing cond1t1ons for the heating
radiation. In the case most often realized in experi-
ment, when the optical axis of the focusing system is
oriented along the normal to the target surface, the in-
cident light beam has a circular cross section, is lin-
early polarized, and its intensity is uniformly distribu-
ted over the cross section:

4Ea cos’@o

Ep?
" (0o, u) = “ns® cos' 0, '

0<(p.,<2n, 0<6,<6m;

here 6,=tan"*(s/2) is the maximum angle of conver-
gence of the rays of the heating beam with respect to the
optical axis, and is determined by the aperture ratio of
the focusing system: s=D/F (D is the diameter of the
lens; F its focal length).

For short-focus objective lenses, when tan™!(s/2)
> sin”6,, we obtain from (1) and (5) the expression

Vet L

Ly " oL
KzE——Oio—q—(-g)o—) exp( —3.46 21 2221‘_) (6)
q n.me’st \ ¢ c

[sing, =0.46(c/w,L)"* is the optimum—for linear con-
version—angle of incidence of the radiation ($(6,)= 1)].

In the other limiting case of long-focus systems,
when s< (c/w,L)*”,

o A 'L
L g (%) exp(—346 YerL 2221’-6‘—). )

mc’

K,=0.23
n

The maximum value of the conversion factor K, is at-
tained in the case when the angle of convergence of the
beam is close to the resonance value.

Let us emphasize that the above-presented formulas
are valid for a plane plasma layer. They can be used
for the computation of the intensity of the harmonic in
experiments with picosecond laser pulses. For the in-
terpretation of experiments with nanosecond pulses, it
is necessary to take account of the shape of the critical
surface (the multidimensionality of the density inhomo-
geneity) in the case when the radius of curvature, R,
of the critical surface is comparable to the dimension,
d, of the focal spot. For R_sd, a considerable portion
of the incident radiation is refracted in the tenuous re-
gions of the corona before it reaches the critical sur-
face. Therefore, only the rays inclined at an angle of
6,~ 0, to the normal to the critical surface participate
in the harmonic generation. Since these rays carry
~(R6,/d)? of the energy of the laser beam, the coef-
ficient K, should, when R_<d, decrease by a factor of

64, i.e.,
2R \* qo L\ 1 me v.‘L
K= ( d ) n.mc® ( ¢ ) s—‘exp ( —346———222 ) (8)

As will be shown, the use of this formula allows us to
obtain satisfactory agreement with the majority of the
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available experimental data.

In the case when intense plasma oscillations are ex-
cited in the vicinity of the critical surface as a result
of the development in the plasma of parametric instabil-
ities, the harmonic arises either as a result of the
merging of two plasma oscillations (I+I~t), or as a
result of the merging of a longitudinal oscillation with
the pump wave (I+¢{~¢). For the first process, reso-
nance interaction is possible for Langmuir oscillations
with virtually any wave-length, The dimension, Ax,,;,
of the region of resonance generation turns out in this
case to be large: Ax;; =3(k,Rp):L, where kg =7y ln"/2
X (Wo/Ve;) = 0.37 5 is the maximum wave number of the
parametrically excitable Languir waves. In the case of
the 7+¢ merging, only the long-wave plasma oscilla-
tions (%, ~ w,/c) participate in the generation of the 2w,
harmonic. In this case the dimension, Ax;,= (vp,/c)’L
of the region of resonance generation of the harmonic
turns out to be significantly less than the quantity Ax;,.

A comparison of the probabilities for these mergings
showed that the I+ process governs the harmonic gen-
eration if the field intensity, E;, of the Langmuir waves
is sufficiently high, i.e., if

EleIu>EozAIu- (9)

Taking into account the fact that the energy density of
the Langmuir waves parametrically excitable in the
critical-density ragion is either equal to, or greater
than, the pump-energy density (see Refs. 21-23), we
can conclude that the two-plasmon merging process
plays the dominant role. Furthermore, it should be
borne in mind that the smallest wave number possible
for the Langmuir waves in an inhomogeneous plasma
Emin~ (#3L)"*3. Therefore, for k,L< c®*/v%,, when knyp
>w,/c, the t+1~t process is generally strongly sup-
pressed.

Under conditions of a small excess over the paramet-
ric-instability threshold, the spectral density of the
plasmon energy, W,(k, x), is anisotropic: the wave
vector, k, of the Langmuir waves is oriented along
the pump-polarization vector e,. In this case, using
the formulas of Pustovalov and Silin’s monograph,?*
we obtain the following distribution of the intensity of
the harmonic over the directions, n, of its emission:

¢ = (nes)*(eey)® (n+%’2—) ga(w)e,

where g,(w) is the spectral distribution of the harmonic
radiation:

(10)

q:(m)
67’_ @t

~ G e J'dxjdk W, (K, ) W, (k—k’, 2) 8 (0—w, (k') —0, (k—K') ),
(11)
e is the polarization vector of the harmonic,

Vn(

[8(1+3n,’)”!—3r|n,| (5+20n.*+24n.) ]

T.(n)=

is the optical thickness of the plasma at the second-
harmonic frequency.

For high pump fluxes the plasma turbulence can be
considered to be isotropic. In this case, instead of
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(10), we have

(l) 2 Azyy 17 —t;
¢ = 15[ +__] g (0) e (12)

As a result of the refraction of the second-harmonic
radiation in the cornona, the direction, n, of its emis-
sion does not coincide with the direction, n’, in which
it is registered outside the plasma: ¢ =¢’, sin 6’
=(v3/2)sinf. The refraction brings about the existence
of a limiting angle 8,,=65° (Ax;;/3L~0.1). The second
harmonic should not register at ' ~8,. In the case of
isotropic turbulence the intensity of the harmonic does
not depend on the angle, ¢, of its emission relative to
the polarization plane of the pump wave.

According to the formula (11), the second-harmonic
frequency is determined by the sum of the frequencies
of the merging Langmuir waves: w,=~2w,(k;). The
parametric turbulence in the critical-density region
arises as a result of the decay of the pump wave into
longitudinal Langmuir and low-frequency oscillations.
Therefore, the frequencies of the Langmuir waves,
w,(k;) =w, - w(k,), are lower than the value of w,, and
there occurs a red shift of the harmonic frequency
relative to the nominal value,

Aw,=—20(k), (13)

which is determined by the frequency of the low-fre-
quency waves that are parametrically excited during
the instability. Under conditions of weak parametric
coupling of the waves, i.e., for

q<qm=16 ((.I)L(/(I)Lg) koroen.T, (14)

(g is the flux density of the pump in the critical region),
the quantity w is equal to the frequency of the ion-acous-
tic waves: w=w,=wy k7, (wy; is the ion Langmuir fre-
quency). For ¢>gq,, the frequency w =w?*w}*(g/cn,T,)""*
grows in proportion to g'/3.

On account of the dependence of &, on the coordinate
x, different points of the density profile give different
harmonic-frequency shiits. The maximum shift in
frequency occurs in the merging of short-wave Lang-
muir waves (i.e., waves with &, ~k,,), which.are the
waves that are most efficiently excited.?’

The effect of the divergence of the plasma and the
motion of the critical surface on the shift and shape of
the harmonic line in the case of parametric generation
turns out to be negligible.

The broadening of the spectrum of the harmonic on
the red side from the value Aw, =2w(k,,) is connected
with the processes of nonlinear transfer of the energy
of the oscillations into the region of lower frequen-
cies.??**® The broadening on the blue side is explained
by the excitation during the parametric instability of
the oscillations not only with frequencies lower than
wy, but also with a few higher frequencies. The blue
shift should be of the order of the increment of the
parametric instability, and is therefore always less
than the red shift.

The spectral width (13) is significantly greater than
(4). Therefore, the parametric generation should lead
to a wide “pedestal” with narrow line due to the linear
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conversion process in its background.

Under the conditions of a collision-governed regime
of parametric-turbulence saturation, i.e., for ¢
<10MAZYA\;2T5/* W /cm? (T, is in keV and 1, is in
1),?® we can derive an explicit expression for K,,
using, for example, the parametric-turbulence level
and spectrum found in Refs. 21-23:

K,=4-10""Z'T*Lq.\* exp (—2.2v.L/c). (15)

It can be seen that K, grows in proportion to the cube

of the temperature and to the product gyA3, i.e., to the
square of the amplitude of the electron oscillations in
the field of the light wave.

At large values of the energy-flux density, when the
parametric turbulence has a collisionless character,
the formula (15) is no longer applicable. Nevertheless,
we can give the following estimate for the magnitude of
the energy flux in the second harmonic (due to the 1+1
process):

L (v, \*1 E?
(2
=10 M\ c 8an.T.

2
) neT..

This formula can be used to estimate the turbulence
level in the vicinity of the critical point from experi-
mental measurements of the second-harmonic intensity.

§2. EXPERIMENTAL INVESTIGATION ON THE

“KAL'MAR"” FACILITY OF SECOND-HARMONIC
GENERATION DURING THE IRRADIATION OF

SHELL TARGETS

With the object of justifying the above-expounded theo-
retical model and verifying the consequences following
from it, we performed on the “Kal’mar” nine-channel
neodymium-glass laser facility?s experimental investi-
gations of the distinctive features of second-harmonic
generation during the irradiation of gas-filled SiO,-
glass microspheres.

The observation was conducted in several recording
channels (Fig. 1): backwards into the apertures of the

FIG. 1. Schematic representation of the arrangement of the
spectral diagnostic apparatus: I), II), III), recording channels,
1) vacuum chamber, 2) light filters, 3) MDR-2 monochromator,
4) flexible light conductor, 5) photoelectric recorder, 6) scat-
terer, 7) prism, 8) step attenuator, 9) MDR-2 monochromator,
10) ISP-51 spectrograph, 11) VMS-1 spectrograph, 12) objec-
tive lens, 13) wedge, 14) ISP-51 spectrograph, 15) film holder.
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FIG. 2. Second-harmonic radiation spectrograms integrated
over time and the target surface: a) gy~ 10 W/cm?, b) ¢,
~ 101 W/cm?,

focusing systems for the heating beams (I, II) and
through the diagnostic window of the vacuum chamber
(III). In the latter case the use of a long-focus (F= 300
cm) objective lens, we, which threw the image of the
target on the slit of the prism spectrograph 14, allowed
us to achieve a spatial resolution with respect to the
object of ~15 u, and also photograph the plasma in the
2wy-harmonic self-radiation (13, 15). To ensure time
resolution, we used a monochromator, 3, in conjunc-
tion with a photoelectric recorder, 5, operating in the
slit-scanning regime with a time resolution <0.1 nsec.
The spectrally decomposed radiation was transmitted
by the light conductor 4 to the photorecorder’s slit,
which was located along the dispersion direction of the
monochromator. The spectral resolution of the record-
ing system was =1.5 A.

In Fig. 2a we show a time-integrated spectrogram of
the second harmonic, recorded at an energy-flux den-
sity on the target of g,~ 10'* W/cm?. A two-component
structure of the spectrum can clearly be seen. In con-
formity with the model, the narrow component is due
to harmonic generation by the p component of the pump
field. In fact, this line was recorded at g,~ 10** W/cm?,
which is less than the parametric-instability thresholds.
The spectrum of tha harmonic (see Fig. 2b) consists of
one peak having a width not exceeding the width of the
spectrum of the pump, and shifted by an amount =1.7 A
into the red region. For g,~10'* W/cm? (Fig. 2a), the
spectral width of the narrow line also corresponds with
the formula (4), and is determined by the spectral
width of the pump. The “red” shift of the narrow com-
ponent in Fig. 2 a (Ax=2.5 A) gives, according to (3),
the velocity of the motion of the critical surface into
the target to be u~17.3x 10° cm/sec. To confirm the
connection between the shift of the narrow component
and the Doppler effect, we performed, for the first
time, supplementary experiments.

1. A spectrogram of the harmonic was obtained with
spatial resolution with respect to the target. As can be
seen from Fig. 3, the shift of the narrow component is
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FIG. 3. Spectrogram of the second-harmonic radiation, re-
corded with spatial resolution (go~ 10'* W/cm?), for a glass
shell target. The gap between the reference spectral lines
corresponds to the center of the target image.

not the same for different regions. To wit: the shift

is greatest near the gap between the reference spectral
lines, which passes through the center of the target (in
Fig. 3 the maximum shift is = 1.5 &), and close to zero
in the boundary regions, which corroborates the theo-
retical model. Indeed, in the case of spherically sym-
metric scattering of the plasma, the component of the
velocity of the critical-density surface in the direction
of observation is maximal for the regions of the corona
that correspond to the central part of its image, and
equal to zero for the boundary region.

2. To reconstruct the evolution of the velocity of the
critical surface, we recorded the spectrum of the har-
monic with a time resolution of 0.1 nsec. In Fig. 4b we
show a typical time scan of the spectrum of the 2w,
harmonic, obtained with the aid of a spectral instru-
ment and a photoelectric recorder (streak photograph)
and Fig. 5 shows the spectral distributions obtained in
the processing of the time scan. The wavelength of the
narrow component is observed to increase in time. For
t< 0.5 nsec the shift of the narrow component is “blue.”
In particular, at the moment ¢~ 0.1 nsec the shift is
Ax=2 A, which corresponds to motion toward the beam
with a velocity of u~6x10° cm/sec. At t>0.5 nsec
there arises a “red” shift that increases in time. To

G TR
0 [ b} ¥ £, nsec

FIG. 4. Time scans of: a) the intensity of the heating radia-
tion wy, b) the spectrum of the 2wy-harmonic radiation for a
glass shell target of diameter 2R;=163 p and wall thickness AR
~4.6 p; o~ 104 W/em?,
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FIG. 5. Spectral distributions of the second-harmonic radia-
tion at different moments of time for the photogram shown in
Fig. 4b.

the maximum “red” shift Ax~2 A at the moment ¢~ 2.0
nsec corresponds a target-compression rate of u~ 6
x 10° cm/sec.

3. Such a picture of the motion of the critical surface
was corroborated by its R-t plots, obtained by time
scanning the image on the photoelectric recorder of the
plasma in the second-harmonic self-radiation.?® This
is another corroboration of the possibility of using the
time scan of the spectrum of the harmonic to study the
dynamics of shell compression.

4. It can be seen from Fig. 5 that, for thin-walled
shells, the most intense generation of the narrow line
in the 2w, spectrum occurs during the motion of the
critical-density region toward the center of the target.
Therefore, even the time-integrated spectrograms
carry information about the rate of collapse of the
shell. In this case, as the shell thickness is increased,
the “red” shift of the narrow component should decrease
as a result of the decrease in the collapse rate. This
effect was experimentally observed (see Fig. 6). The
decrease of the mean rate of collapse with increasing
shell thickness is also confirmed by hydrodynamic cal-
culations.?’

AR, 1
FIG. 6. Dependence of the magnitude of the time-integrated
shift of the principal second-harmonic component (relative to
the exact value A/2) on the thickness of the wall of the glass
shell targets for a laser-radiation flux density of g,~ 10% w/
cm?.
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The spectrum of the second harmonic in Fig. 2a
differs from the case of low fluxes (Fig. 2b) in that there
is observed, besides the principal (narrow) component,
a pedestal, shifted in the “red” direction, and having
a width of up to 100 A at the 0.1-intensity level. The
pedestal has, as a rule, the shape of a broad satellite
component whose peak is shifted in the direction of
longer wavelengths by 20-30 A. The ratio of the inten-
sities of the satellite and principal components varied
from flare to flare within the limits 0.1-0.6. In some
of the spectrograms we found the spectrum of the satel-
lite component to be modulated with peak spacings of
3-10 A.

The existence of a pedestal at g,= 10** W/cm? indi-
cates that the threshold for parametric instability had
been exceeded. For the value, T,~0.6 keV, of the
electron temperature that obtained in the experiment
(it was measured from the spectrum of the 3w, har-
monic?®) and the corresponding mean ion charge Z=9,
we find, according to Ref. 6 that (L is in )

Qo 4y ~1.6-10' exp (L/15)

[W/em?] . (16)

The absence of the pedestal at g~ 10** W/cm? and its
presence at g,~ 10'* W/cm? allow us to give with the aid
of the formula (16) an upper limit for the characteristic
inhomogeneity dimension: [ <25 u. This estimate
agrees well with the experimental value of L~20 yu, ob-
tained from measurements of the distance between the
generation regions for the 2w, and $w, harmonics,?®

and with the results of numerical hydrodynamic calcu-
lations®” performed for conditions similar to ours.

The “red” shift, Ax,=20-30 A, of the peak of the pede-
stal is in accord with the formula (13) (Ax, =25 A) if as
the frequency w, we substitute the frequency, w,, of the
ion sound with wave number k; ~ k. This is valid under
the conditions, (14), of weak parametric coupling of the
waves, conditions which were fulfilled in our experi-
ment, since q,~2x10'* W/cm?,

A comparative analysis of the photographs of the
plasma radiation in the 2w, region and the spectro-
grams recorded with spatial resolution showed that the
broad component is emitted predominantly by the re-
gions corresponding to the boundary regions of the
image (see Fig. 3). This fact finds its explanation
within the framework of our model under the assump-
tion that the directivity pattern for the harmonic emis-
sion is isotropic, which indicates the isotropy of the
parametric turbulence.

On the other hand, the “bright spots” recorded on
the photographs of the plasma in the central part of the
image of the corona® are connected with the radiation
of the narrow component. Their shape varies from
flare to flare even in the case of a highly uniform ir-
radiation of the target. Such an image structure is ap-
parently connected with the spatial regions correspond-
ing to the optimum angle, 6,=0,, of incidence of the
radiation of the various laser beams on the plasma.

The geometry of our experiment did not allow us to
carry out a direct measurement of the total coefficient
of conversion of the heating radiation into the second
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harmonic. Under the assumption, however, that the
resulting directivity pattern for the harmonic emission
is isotropic, we can estimate the magnitude of the con-
version factor to be K,~1078-1077. The local conver-
sion factor attained a value of K,~107® in the regions of
maximum radiant emittance. For the typical param-
eters of the radiation and the plasma that obtained in
the experiments (g, 10'* W/cm?, L=20 u, T,~0.6 keV,
Z=9, A=20, d/R,~3), we find, using the formulas (8)
and (15), that the coefficient of conversion into the
principal component is K, =6x10~%, while the coefficient
of conversion into the satellite componentisK,~ 3x 1078,

Thus, the performed analysis allows to conclude that
our model of harmonic generation is in satisfactory
agreement with the experimental data obtained on the
“Kal’mar” facility.

§3. ANALYSIS OF THE EXPERIMENTS ON SECOND-
HARMONIC GENERATION IN A LASER PLASMA

We have at present a large quantity of experimental
data on second-harmonic generation in a laser plasma.
At first glance, some of these data even contradict
each other. However, as will be shown, virtually all
of them find their interpretation within the framework
of our model. We shall discuss the experiments per-
formed with the aid of neodymium lasers.

The angular distribution of the intensity of the 2w,
radiation has been studied largely at relatively low
pump-flux densities (<10** W/cm?), where the instabil-
ity thresholds could not have been appreciably exceeded.
Under these conditions, we cannot expect the paramet-
ric processes to play the dominant role in second-har-
monic generation, and the laws governing the genera-
tion are largely determined by the linear-conversion
process. This assertion is corroborated by the experi-
ments described in Refs. 31-33, in which the harmonic
is studied mainly in the specular direction with respect
to the heating beam.

The most complete information we have is about the
spectra of the second harmonic. The experiments were
performed in a broad range of flux densities: 10—
10'®* W/cm?. The principal results of the time-integra-
ted measurements made with the use of a spectrally
narrow (~1-10 A) pump are shown in Fig. 7, where we
can clearly see two typical harmonic spectra, having
the shape of either a relatively narrow line of width
~2-20 A [the curves a), b), g), and h)], or a narrow
line with a broad (~100-400 A) pedestal [the curves c),
d), e), and f)]. It is characteristic that the narrow har-
monic line is observed at low (<10** W/cm?) and, con-
versely, high (= 10* W/cm?) flux densities. The pedes-
tal, on the other hand, appears in the moderate flux
range (~10'-10' W/cm?).

The above-noted features of the shape of the harmonic
spectra can be understood on the basis of the above-
expounded model if we take into account the fact that
the linear-conversion process leads to the appearance
of a narrow line, while the parametric turbulence leads
to a broad spectral distribution, i.e., to a pedestal.
Therefore, there should be no pedestal in the case when
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FIG. 7. Spectra of the second-harmonic (upper curves) and the
heating radiation w, (lower curves), obtained in different exper-
iments on the action on a target of the radiation of a ruby
(a—qy=5x% 1012 W/cm? (Ref. 34)) and a neodymium (b—g,

=10 W/cm? Ref. 35)), c—qy=5x 10'3 W/cm? (Refs. 7 and 8),
d—qp=3% 1013 —3x 101 W/cm? (Ref. 36), e—qy=10" W/cm?
(Refs. 35 and 37), f—g, = 10® — 10 W/cm? (Ref. 12), g—qq
=3x 10% - 2x 1016 W/em? Ref. 38), h—q,> 101 W/em? (Ref.

39) laser.

the development of the parametric instabilities is in-
hibited. This should, in the first place, occur when the
threshold instabilities have not been exceeded. Second-
ly, the twisting of the density profile at high fluxes also
results in the suppression of the instabilities and,
consequently, in the nonappearance of the pedestal.

The most severe twisting of the profile occurs when the
light pressure is comparable to the gas-kinetic pres-
sure of the plasma. The spectra a) and b) in Fig. 7
correspond to the case when the parametric-instability
thresholds have not been exceeded. The spectra g) and
h), on the other hand, can be related with the twisting
of the density profile.

Notice that the narrow line in each of the spectra
shown in Fig. 7 is shifted by 1-15 A in the “red” direc-
tion. Consequently, the most intense emission of the
2w, line occurs during the motion of the critical-den-
sity surface into the target. According to (3), the quan-
tity # varied in the experiments from 3 x10° to 4 x 107
cm/sec.

The manifestation of the two 2w,-harmonic generation
mechanisms is also indicated by the experiments in
which the polarization of the harmonic was studied. In
particular, the existence of the two mechanisms ex-
plains two seemingly mutually exclusive results: the
retention of the polarization of the pump by the har-
monic® and the absence of harmonic polarization.®
The first result* was obtained in a procedure in which
the rediation propagating backwards into the focusing
lens was recorded, while the second result® was ob-
tained in the registration of the radiation propagating
at an angle of 45° to the heating beam. In either case
the irradiating beam was normal to the target surface.
The linear conversion process preserves the polariza-
tion of the pump, and makes the dominant contribution
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to the generation of the harmonic emitted in the specular
direction. Therefore, the preservation of the polariza-
tion in the experiment described in Ref. 40 is due to the
linear conversion mechanism, since the angles of spec-
ular scattering did not exceed the angular aperture of
the focusing lens. On the other hand, we cannot, for a
large angle of observation’® exceeding the angles of
specular scattering, count on the linear-conversion
mechanism’s playing a significant role and, consequent-
ly, on the preservation of the pump polarization. The
depolarization of the 2w, radiation in this case is due

to the dominant role played by the parametric instabil -
ities in the harmonic generation. Let us emphasize
that this assumption is in accord with the observed
spectrum (see Fig. 7c¢), which exhibits a well pro-
nounced pedestal.

Experimental investigations of the dependence of the
harmonic intensity on the energy-flux density of the
pump at low fluxes g, < 10'* W/cm? have been performed
by a number of experimenters.?+7+33+4142 1t wag ob-
served that the intensity of the harmonic grows in pro-
portion to ¢4, where a <2. At such fluxes g,, the har-
monic generation is due largely to the linear conver-
sion mechanism, and, in accordance with the formula
(1), the intensity of the harmonic should be proportion-
al to ¢2 (i.e., @ =2). However, in the experiments
described in Refs. 41-43, a turns out to be slightly
less than two. This, in our opinion, is explained by the
decrease with increasing pump flux of the characteris-
tic dimension, L, of the density inhomogeneity. At the
flux densities under discussion (<10'* W/em?), such a
decrease of L cannot be related with strictional forces,
and is, apparently, due to the variation of the hydro-
dynamic conditions for the scattering of the plasma as
the flux of the heating radiation increases. On the other
hand, the observation in the experiment described in
Ref. 12 of the second-harmonic intensity dependence
x ¢4, where a>2.5, for g,~10" W/cm?® can be under-
stood if we take account of the fact that a significant
contribution can be made to the harmonic generation by
the parametric processes (this is indicated by the
spectral distribution of the harmonic; see Fig. 7f). In
accordance with the formula (15), the increase in the
exponent @ in comparison with a =2 in this case can
be related with the dependence of the electron temper-
ature, T,, of the plasma on the pump-flux density.
Indeed, the critical dependence on T, of the second-
harmonic intensity (o« T342) can lead to a sharp change
in the growth of the energy of the harmonic in compari-
son with the g dependence even when the temperature
increases slowly with increasing g,.

Let us note that a comparison of the results of the
theory and experiment yields a satisfactory agreement
for the magnitude of the second-harmonic intensity.
Let us illustrate this, using the specific example of,
for example, Ref. 33. Let us assume as a basis the
following experimental data: g,=4x10* W/cm?, L
=lu, T,=0.5keV, Z=6, =1y, s=1, K,~1075,
Bearing in mind the smallness of the characteristic
dimension of the density inhomogeneity (~1 1), we can
conclude that the parametric instabilities make a small
contribution to the second-harmonic intensity. Then,

Basov et al. 1065



using the formula (6), we obtain for the conversion
factor the value K,~107%, which is in good agreement
with the experimentally obtained estimate.

CONCLUSION

The above-performed analysis allows us to conclude
that the theoretical model, formulated in §1, of second-
harmonic generation in a laser plasma has been experi-
mentally confirmed. This opens up the possibility of
using the harmonic for determining such parameters of
the corona as the dimension of the density inhomogeneity
and the velocity of the motion of the critical surface.
Finding from the spectral measurements of the %wo har-
monic the temperature of the plasma,?® we can deter-
mine virtually all the laser-plasma-corona parameters
of interest to us with a high time and spatial resolution.

Notice that the diagnostic methods proposed by us
can be used not only for the investigation of a plasma
heated by a laser, but also in plasma facilities of other
types (see Ref. 44). Thus, for example, the use of a
relatively low-power probing laser (g, ~10'* W/cm?) in
experiments on plasma heating by electron and ion
beams will allow the determination of the plasma param-
eters in a region where the density is close to the criti-
cal density for the radiation used.
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Kinetic equation for a system of parametrically excited

spin waves
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Kinetic equations describing the magnon system of a parametrically excited ferromagnet are derived. The
coherent-state representation is used to find the explicit form of the collision integrals. The stationary
distribution is found with allowance for the exchange interactions. It is shown that such a distribution is
stable with respect to weak relativistic interactions. The problem of pump-field absorption is investigated.
It is shown that the absorbed power is dependent only on the interactions that do not conserve the

magnon number.

PACS numbers: 75.30.Ds
1. INTRODUCTION

The macroscopic characteristics of a parametrically
excited ferrodielectric are determined by the pair cor-
relators, n,=(a, +a,) and 0, =(a,a.,), of the magnon
operators. The temporal evolution of the quantities
n, and o, is described by kinetic-type equations con-

taining a dynamical part and a collision-integral analog.

The aim of the present paper is to find the explicit
form of these integrals, something which has not been
done before. Further, we investigate the steady- state
distribution of the magnons, and look into the problem
of energy absorption for such a distribution.

As is well known, by parametric excitation we mean
the situation in which, in a trans-threshold pump field,
the magnon system is unstable in some region of k
space. This leads to the exponential growth of the cor-
relators n, and ¢, in time. We assume that, as a
result of the interaction between the magnons, there
occurs such self-consistent renormalization of the
magnon energy and pump-field amplitude as is required
to make the instability region disappear.

It turns out that the nature of the steady-state distri-
bution essentially depends on the ratio of the strengths
of the interactions conserving and not conserving the
magnon number. We proceed from the fact that the

1067 Sov. Phys. JETP 49(6), June 1979

0038-5646/79/061067-08$02.40

strongest of them is the exchange interaction between
the magnons. We also take into consideration the ex-
change interaction between the magnons and the phonon
subsystem, which is regarded as a thermostat, i.e.,
as being in thermodynamic equilibrium. We shall con-
sider the relativistic interactions to be weak as com-
pared to the exchange interactions, and shall treat
their effect on the steady-state distribution as a per-
turbation. We establish below the conditions under
which the corresponding correction to the stationary
magnon distribution will be small. As will be shown,
it is precisely the relativistic interactions that are
responsible for the absorption of energy in the steady-
state regime.

The Hamiltonian of the system under consideration
by us has the following form:

H=H,+Hy+H e+ H i+ Hop". (1)

Here H, and H, are the Hamiltonians of the free mag-
nons and phonons, H,, covering the resonance interac-
tion with the pump field:

H,= Z {esm*ar+, (Viaa_,e+V, ', a_te=') }, - (2)
k
H, =~Z Epby* by, (3)
“« .

where ¢, is the magnon energy, E, is the phonon ener-
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