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Simultaneous spectral-temporal and polarization measurements were performed, for the first 
time ever, of the laser-plasma emission at the frequencies w0/2 and 3w0/2 following irradiation of 
targets having different atomic numbers Z by the second harmonic of a neodymium laser 
(A, = 0.53 pm). The experimental results on the generation of half-integer harmonics are inter- 
preted on the basis of theoretical premises concerning the physical processes that take place in the 
region of one-quarter the critical density. It  is concluded from an analysis of the spectra of the 
harmonics that the electron temperature increases with increasing atomic number of target mate- 
rial. This conclusion agrees with theoretical predictions that follow from the theory of the anoma- 
lous transport due to the development of ion-sound turbulence. 

PACS numbers: 52.25.P~ 

1. Interest in the investigation of nonlinear processes in 
a laser plasma, in the vicinity of the region of the one-quarter 
density nc/4, has recently increased anew. This is due pri- 
marily by recognition of the fact that the anomalous absorp- 
tion in this region can lead to a considerable growth of the 
number of high-energy electrons,' a result highly undesira- 
ble for controlled thermonuclear fusion. The nonlinear pro- 
cesses in the region of the one-quarter critical density mani- 
fest themselves, in particular, in the electromagnetic 
emission from a laser plasma at half-integer harmonics of the 
pump wave. An experimental investigation of this radiaiton 
is of great interest, since it can yield information on the tur- 
bulence level in the nc/4 region, as well as provide an esti- 
mate of such important laser-plasma parameters as the elec- 
tron temperature, the rate of expansion, and the degree of 
inhomogeneity. In addition, it is of definite physical interest 
to cast light on the relative role of different nonlinear pro- 
cesses in the generation of radiation at half-integer harmonic 
frequencies and a comparison of the experimental data with 
the available theoretical results. 

Up to now, the emission mainly investigated was at the 
3wd2 frequency (Refs. 2-8); the registration of the w0/2 ra- 
diation is a more complicated experimental task in view of 
the lack, in the corresponding region of the spectrum, of 
sufficiently sensitive radiation receivers with good time reso- 
lution. The last statement pertains primarily to the plasma 
produced by neodymium (A, = 1.06pm) and CO, (A, = 10.6 
pm) laser radiation. For this region, there are few and frag- 
mentary data on the generation of the wo/2 harmonic. 

Registration of the w d 2  harmonic in a laser plasma was 
first reported in Ref. 3. It must be noted that owing to the low 
intensity of the a d 2  harmonic the spectrum was recorded 
with a photomultiplier point-by-point using several laser 
flashes. An attempt in Ref. 4 to record radiation at the fre- 
quency a d 2  was unsuccessful. Measurement of the coeffi- 
cient of conversion of the fundamental radiation into the a,/ 
2 harmonic was recently made in Ref. 9. According to this 
reference it amounts to 10-6-10-7. 

Substantial progress in the study of the w d 2  harmonic 

generation was achieved recently by going to heating radi- 
ation of shorter wavelength. In Ref. 10, generation of the w,/ 
2 harmonic was observed when targets were irradiated by 
the second harmonic (A, = 0.53 pm)  of a neodymium laser. 
Similar experiments at the third harmonic of a neodymium 
laser were performed in Ref. 1 1. 

We present here the results of spectral-temporal and 
polarization measurements, performed for the first time 
ever, of simultaneous emission from a laser plasma at the 
frequencies w0/2 and 3wo/2. New information was obtained 
on the nonlinear processes in the n,/4 region and on the 
mechanism of half-integer harmonic generation. The reduc- 
tion of the harmonic emission spectra indicates that the cor- 
ona temperature rises with increasing atomic number of the 
target material, a result that can be attributed to the suppres- 
sion of the thermal conductivity at the laser-energy fluxes 
used in the experiment. 

2. The emission from a laser plasma at the half-integer 
harmonics w d 2  and 3w0/2 is connected with two parametric 
instabilities: two-plasmon decay and stimulated Raman 
scattering (SRS), which occur in the region of one-quarter 
the critical density (n,/4). Emission of the frequency w0/2 
should be strongly refracted and emerge from the plasma at 
small angles to the normal to the plasma surface, since the 
n,/4 region is critical for this radiation.I2 The directivity 
pattern of the radiation at the frequency 3w0/2 should be 
more isotropic. 

Generation of half-integer harmonics should be most 
effective in the case when the waves excited at a maximum 
growth rate are precisely the Langmuir waves, which are 
next transformed into emission at the harmonic frequencies. 
A part is played in the generation of the harmonic only by 
Langmuir waves that propagate almost along the inhomoge- 
neity direction (more accurately, those waves for which the 
component of the wave vector k ,  satisfies the condition 
k ,  5wdc).  The maximum of the growth rate of the two- 
plasmon instability is reached in the pump-wave polariza- 
tion plane at angles 45" to the wave vector and to the polar- 
ization vector. l 3  
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The foregoing arguments served as the basis for choos- 
ing the direction in which the radiation at the frequencies 
w0/2 and 3wo/2 were recorded and the angle at which the 
target was irradiated in the present experiment. 

3. We used a single-frequency neodymium-glass laser 
setup.I4 To convert the infrared radiation and to obtain the 
second harmonic we used a type-I KDP crystal measuring 
5 0 ~  5 0 ~  18 mm. The coefficient of conversion into the sec- 
ond harmonic was - 35%. The principal parameters of the 
radiation at which the measurements were made were: out- 
put energy up to 10 J, pulse duration 5 nsec, radiation con- 
trast > lo5, and the energy density of the flux to the target, 
averaged over the pulse duration, when focusing with an f /6 
lens reached 9,- lo t4  W/cm2. The degree of polarization of 
the second harmonic amounted to -50 in energy. The 
change fromp- to s-polarized heating radiation was effected 
by rotating the polarization plane of the infrared radiation 
with the aid of a R /2 plate and simultaneous rotation of the 
KDP crystal through 90". TO separate the radiation at the 
0.53 p m  wavelength, an SZS-21 color filter was placed be- 
hind the KDP crystal. The energy flux density at the target 
at 1.06 p m  wavelength did not exceed in this case lo4 W/ 
cm2. 

The experiments were performed with oblique (45") in- 
cidence of s- and p-polarized radiation on a polyethylene, 
aluminum, or bismuth target. The radiation at the frequen- 
cies w0/2 and 3w,,/2 was observed simultaneously in the di- 
rection along the normal to the target plane. When the polar- 
ization of the harmonic radiation was investigated, a 
high-aperture polarizer was placed in the registration chan- 
nel. 

To register the laser-plasma emission spectra we used 
the monochromators MDR-2 ( 0 , , / 2  region) and MDR-3 
(3w,,/2 region) (Fig. 1). The exit focal planes of the mono- 
chromators were made to coincide with the planes of the 

electron-optic image converter cameras (EDC) of type UMI- 
93. It must be noted that the large absorption of the radiation 
at the frequency 3w,/2 (A = 0.35 pm)  in the photographic 
lenses made it impossible to use the standard input photoat- 
tachments customarily used in EOC. To carry out the spec- 
tral-temporal measurements the time-scan slit was located 
directly in front of the spectral slit of the monochromator. 
The spectral and temporal resolutions of the measurements 
depended principally on the type of chosen diffraction grat- 
ing and on the order of its spectrum. In our txperiments the 
spectral resolutions were -2 d; and -4-8 A for the 3wo/2 
and w0/2 harmonics, and the temporal resolution was - 100 
psec. The reference lines used for the determination of the 
shifts in the harmonic emission spectra were the 1.06 and 
0.53 p m  laser lines registered in each shot. 

4. Figure 2 shows photomicrographs of the 3w0/2 har- 
monic spectra, obtained in the case ofp-polarized pump ra- 
diation for three targets with different atomic numbers. The 
emission spectrum of the 3w0/2 harmonic has one compo- 
nent shifted towards the red relative to the value of 3wd2; 
the shift increases with increasing atomic number of the tar- 
get. Thus, the shift is - 10 d; for polyethylene, - 15 b; for 
aluminum, and - 27 d; for the bismuth target. The broaden- 
ing of the red component hardly changes and amounts to 10- 
15 d;. The form of the spectrum of the 3wd2 harmonic and 
its intensity are practically independent of the heating-radi- 
ation polarization. The emission of the 300/2 harmonic has 
strictly the laser polarization. 

Similar photomicrographs for the w0/2 harmonic are 
shown in Fig. 3. The spectrum has a two-component struc- 
ture. The components are located on opposite sides of the 
exact value U,. The distance between the components in- 

FIG. 1 .  Experimental setup. T) Target, M,-M,) mirrors, L1-L4) lenses, 
F) light filters, PI-P4) glass plastes, Sp,, Sp2) spectrographs, EOC) elec- FIG. 2. Photomicrographs of emission spectra at frequency 3od2 for 
tron-optical camera. three targets. 
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FIG. 3. Photomicrographs of emission spectra at frequency wd2 for three 
targets. 

creases with the number Zof the target, and the intensities of 
the red and blue components become equalized. We note 
that the components are asymmetric about the value U,. 
The blue component is shifted by a large amount for all the 
employed targets. For example, for an aluminum target 
AA, = 70 A and AA,,,, = 100 A. The shifts of the spectral 
components of the wd2  harmonic, their width, and their 
intensity, just as in the 3wd2 case, are independent of the 
incident-radiation polarization. Spectrograms were ob- 
tained in two polarization planes of the laser radiation. In 
the latter case the intensity of the blue component exceeds 
that of the red (Fig. 4). It  can be concluded from the results of 
the polarization measurements that the wd2 radiation is no- 
ticeably depolarized, with the depolarization of the blue 
component considerably stronger. 

Figure 5 shows the following temporal spectrograms: a) 
of the radiation at frequency w0/2; b) of the heating radiation 
and of the radiation at frequency 3ud2.  It can be seen that 
intense radiation of harmonics is present only in the first half 
of the laser pulse and pulsates noticeably with time, with a 
period TZ 300 nsec. Both spectrograms were obtained in one 
shot for an aluminum target withp-polarized pumping. Sim- 
ilar results were obtained for polyethylene and bismuth tar- 
gets, and it was observed that the duration of the harmonic 

FIG. 5. Temporal spectrograms of the radiation at the frequency w,,/2 (a), 
30,/2 and the heating radiation (b). Aluminum target. 

radiation decreases with increasing atomic number of the 
target (Fig. 6) and their intensity decreses substantially. 

5. We begin the analysis of the experimental results with 
a discussion of the thresholds of the parametric instabilities. 
The minimum thresholds of the two-plasmon instability in 
SRS in the n,/4 region coincide for a spatially homogeneous 
plasma and are determined by the electron-ion collisions 
(see, e.g., Ref. 15): 

40 thr =1.2.101' Z2/Te3L04 W/cm2, (5.1) 
where Z is the average ion charge, T, is the electron tempera- 
ture in keV, and A, is the wavelength of the heating radiation 
in microns. In order for q, ,,, not to exceed the mean value 
q , ~  1014 W/cm2 it is necessary that the electron tempera- 
ture in the n,/4 region be sufficiently high: 

T,20.25 Z " 3  keV. (5.2) 

For polyethylene (2 = 2.7) this condition is satisfied at T, 
2 0.5 keV, for aluminum (2 = 10) at T, k 1.2 keV, and for 

FIG. 4. Photomicrograph of emission spectrum at frequency a d 2  for the 
component polarized perpendicular to the laser-radiation incident plane. FIG. 6. Time microphotograms of heating radiation w, and of the radi- 
Case of *polarization, aluminum target. ation at frequency 3wd2 for three targets. 
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bismuth (2-30-40) the threshold temperature is already 
2.4-2.9 keV. 

In an inhomogeneous plasma, the stability threshold is 
higher than (5.1). For two-plasmon instability, the influence 
of the inhomogeneity scale L on the thresholds begins to 
manifest itself atI6 

where u, is the electron thermal velocity, and vei is the elec- 
tron-ion collision frequency. For T, -- 1 keV, A, = 0.53 pm, 
and Z = 10 it follows from (5.3) that L 5 1 0 p m .  

For the SRS process the influence of the inhomogeneity 
turns out to be stronger. According to Ref. 17, the threshold 
of the SRS instability increases (q,,, oc L -413) at 

From this, at the same values of the parameters T, ,Ao, and 2 
we obtain L < 200 pm. 

The foregoing estimates show that the SRS threshold 
should be much higher than the threshold of two-plasmon 
decay, and is not reached in our experiments. Confirming 
this are also the half-integer harmonic spectra (see Figs. 2 
and 3), which should be considerably more broadened under 
SRS conditions. l 8  

6. We discuss now the harmonic-radiation spectra. It is 
kn~wn ' . ' ~ .*~  that at normal incidence of the radiation on the 
target the spectrum of the 3w,/2 harmonic should have two 
components. Such a spectrum was observed earlier, in parti- 
cular, also with our installation.' At oblique incidence of the 
pump wave the intensity ratio of the components depends on 
the observation direction. According to the theory,I2 when 
the observation is along the normal to the target, the blue 
component in the spectrum of the 3w,/2 harmonic should be 
suppressed. The spectrum of the 3w0/2 harmonic calculated 
for the experimental conditions in the plane-layered plasma 
approximation is shown in Fig. 7. Comparison of the experi- 
mental data (see Fig. 2) with Fig. 7 indicates a qualitative 
agreement between theory and experiment. 

For the spectrum of the 3w,/2 to be distinguishable 
above the thermal level it is necessary that the convective 
gain x of the plasma waves" exceed unity 

In Eq. (6. I), u, = eE,/mo, is the oscillatory velocity of the 

FIG. 7. Theoretical spectrum of the 3od2 harmonic in the case ofp- 
polarization of the pump wave. The abscissas are the values of 
= ( C * / U % ) ( A ~  /A,,). 

electron in pump field Eo, 6, is the angle of incidence of the 
pump wave on the plasma, and ko is its wave vector. From 
(6.1) at go = 1014 W/cm2 and T = 1 keV we obtain the esti- 
mate L 2 100pm for the scale of the plasma density inhomo- 
geneity in the n,/4 region. 

The shift of the line maximum (AAIl2) relative to the 
exact value 210/3 is connected with the electron tempera- 
ture by a relation given in Ref. 12. For the irradiation and 
observation geometry used in the experiment we have 

T,=400 Akh/ho keV. (6.2) 

The corona temperatures determined from the red shift 
AA3/, of the spectrum of the 3wd2 harmonic are shown in 
Table I. It can be seen that the temperature rises with in- 
creasing atomic number of the target material. On going 
from polyethylene to bismuth, T, increases by approximate- 
ly three times. We note that an increase of AA3/, with in- 
creasing atomic number of the target material was observed 
also in earlier with radiation at the wave- 
length 1.06 pm. Thus, for example, in Ref. 5 an analogous 
increase of AA,,, by a factor of three was observed on going 
from a deuterium to a copper target. 

The 3wd2 harmonic radiation is connected with Ra- 
man scattering of the heating radiation by the Langmuir 
waves. According to the theoretical prerni~es, '~ . '~  the polar- 
ization of the harmonic should coincide in this case with the 
polarization of the heating radiation. This agrees well 
enough with the experimental results. 

The Raman-scattering cross section is proportional to 
the energy density of the Langmuir waves. When the 3wd2 
harmonic is observed along the direction of the plasma-den- 
sity inhomogeneity, the component transverse to the gradi- 
ent of the vector of the Langmuir waves from which the 
scattering takes place is equal in absolute value, by virtue of 
the momentum conservation law ( k ,  = k,,,, - b,), to the 
transverse component k ,  = k,, = 2-'I2w,Jc of the pump- 
wave vector. Since the growth rate of the two-plasmon insta- 
bility is proportional to the scalar product of the pump-wave 
polarization vector and to Langmuir wave vector, the excita- 
tion of the Langmuir waves that participate in the Raman 
scattering is connected only with the p-component of the 
pump wave. In addition, thep-polarized pump wave excites 
plasmons that propagate almost along the density gradient. 
The spectrum of the 3wd2 harmonic can contain then wave 
with large frequency  shift^.'^*^'^*^ Therefore the spectrum of 
the 3w0/2 harmonic at ap-polarized pump wave should have 
according to the theory a larger intensity and width than in 

TABLE I. Determination of the temperature in the n,/4 region 
from the spectra of the 3o,/2 harmonic [see Eq. (6.1)]. 
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the case ofs-polarization. Experiments revealed no such reg- 
ularities. 

7. The radiation at the frequency a d 2  is also connected 
with Langmuir turbulence in the nc/4 region, but the coinci- 
dence of the harmonic-generation region with the region of 
its critical density complicates somewhat the description of 
the radiation process. Namely, besides the Raman scatter- 
ing, as in the case of the 3wd2 harmonic, the w0/2 harmonic 
radiation can be connected also with linear transformation 
of the Langmuir waves into transverse ones (see Ref. 12). The 
strong wo/2-radiation depoIarization observed in experi- 
ments points to an important role of linear transformation as 
a mechanism for o d 2  radiation. At the same time, linear 
transformation alone cannot explain fully the aggregate of 
the experimental facts. By virtue of the momentum conser- 
vation law in two plasmon decay, only Langmuir waves with 
frequencies w d 2  propagate in the direction of increasing 
plasma density.I2 Since only waves that travel into the interi- 
or of the plasma can undergo linear transformation, it fol- 
lows that if the Raman scattering were neglected there 
would remain in spectrum of the 0,/2 harmonic only the 
blue component. Consequently the red component in the 
w,/2 spectrum must be attributed to Raman scattering. The 
difference between the physical characters of the appearance 
of the red and blue components is confirmed by results of 
polarization measurements (see Figs. 3 and 4), from which it 
follows that the red component is more weakly depolarized 
than the blue one. The comparable intensities of the blue and 
red components of the w0/2 harmonic for a bismuth target 
indicate that the probabilities of the two processes are ap- 
proximately the same in this case. 

It can be seen from Fig. 3 that the intensity of the blue 
component in the spectrum of the wo/2 harmonic, for light- 
element targets, is lower than the intensity of the red one. 
Bearing in mind the observed increase of temperature with 
increase of the atomic number (see Table I), it can be con- 
cluded that the efficiency of linear transformation of longi- 
tudinal waves into transverse ones increases with rising tem- 
perature. According to the theory,', the coefficient of linear 
transformation of Langmuir waves into the w d 2  harmonic 
increase o: T %I2. 

Since the red component in the spectrum of the o d 2  
harmonic is connected with Raman scattering, we can again 
use the results of the theoryI2 and speak of a proportionality 
of the shift of the maximum (Ail,,,) of the red component 
relative to the exact value U, and of the electron tempera- 
ture in the nc/4 region. For the geometry of irradiation and 
observation used in the experiment we have1' 

T,=110 Ahv,>/ha keV. (7.1) 

The values of Te calculated from the shift of the red 
component in the spectrum of the 0,/2 harmonic are given 
in Table 11. From a comparison of Tables I and I1 it can be 
seen that the values of Te obtained from the spectrum of the 
w d 2  harmonic are somewhat higher than those that follow 
from the 3 o d 2  spectrum. In our opinion, this difference is 
connected with the insufficient inaccuracy of Eq. (7.1) be- 
cause the region of generation of the w d 2  harmonic coin- 
cides with its critical region. 

TABLE 11. Determination of the temperature in the n,/4 region 
from the shift of the red component in the spectrum of the 0 , / 2  
harmonic [see Eq. (7.1 )] 

At the same time, the observed tendency of Te to in- 
crease with increasing atomic number of the material is also 
seen from Table 11. The relative changes of the temperatures 
on going from polyethylene to aluminum and bismuth are 
approximately equal in Tables I and 11. This fact confirms 
the direct proportionality of AA,,, and Te in Eq. (7.1). 

Intense radiation of the 0,/2 and 3 o d 2  harmonics ex- 
ists only during the first half of the pulse for targets of alumi- 
num and bismuth (see Figs. 5 and 6). This may be due to the 
form of the laser pulse, which has in the first half (Fig. 6) a 
maximum power approximately double the average. 

In addition, the use of the data of Table I in Eq. (5.1) 
indicates that at go = 1014 W/cm2 the dissipative threshold 
for polyethylene has been exceeded by approximately three 
times; for aluminum this flux value is the threshold. There- 
fore the instability-excitation time, and hence also the radi- 
ation time and the intensity of the harmonics should be 
somewhat smaller for the aluminum than for the polyethyl- 
ene target. The threshold flux for bismuth is go = 2X 1014 
W/cm2. This means that the excitation of the two-plasmon 
instability is possible only near the maximum of the laser 
pulse, as is indeed seen in Fig. 6. 

8. The foregoing analysis of the experimental data al- 
lows us to conclude that at a laser radiation wavelength 0.53 
p m  and at an energy flux 1014 W/cm2 a two-plasmon para- 
metric instability is excited even on targets with large atomic 
numbers. 

Many of the observed characteristics of the half-integer 
harmonics (angular directivity of the radiation, form of the 
spectrum, etc.) are satisfactorily explained within the frame- 
work of the existing theoretical concepts (Refs. 12, 19-22). 
At the same time, a number of the observed effects have not 
found a satisfactory theoretical explanations. The causes of 
the shift of the center of the doublet of the w,/2 harmonic 
relative to the exact value U, are unknown; the reason why 
the characteristics of the harmonics do not depend on the 
pump polarization is not clear. 

One of the most important results of the present study is 
observation of a growth of the corona temperature (in the 
n,/4 region) with increasing atomic number of the target 
material. A similar dependence was observed earlier2' in an 
investigation of soft x rays from a laser plasma. Such a T, (Z ) 
dependence cannot be explained within the framework of 
classical theory of radiation absorption and heat transfer, 
but it can nevertheless be understood by starting from the 
assumption that a collision-free heat transfer takes place and 
manifests itself in a limitation of the electron thermal con- 
ductivity. The suppression of the thermal conductivity of a 

Material I Cll i  I *I I Bi 
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laser plasma is an experimentally established 
Writing down the electron heat flux in the conventional 

form n, T, v, f, we obtain from its equality to the absorbed 
laser-radiation flux the customarily used expression for the 
coefficient f: 

f = ~ q o l n ~ T ~ v ~ ~ ,  (8.1) 
where a is the absorption coefficient. Inasmuch as in the 
experiments performed the absorption coefficient amounted 
to a - 1 and was practically independent of the target mate- 
rial, the observed increase of the temperature with increas- 
ing atomic number of the target material is evidence of en- 
hancement of the effect of limitation of the thermal 
conductivity on going from light to heavy elements. In ac- 
cordance with Table I we obtain fCH2 f,, fB, = 0.2:O. 1:0.04. 

One of the possible mechanisms responsible for the li- 
mitation on the thermal conductivity is ion-sound turbu- 
lence. It has been shown within the framework of the the- 
ory30 that the restriction on the thermal conductivity is 
larger than larger ZTe/Ti, the increase of the latter facilitat- 
ing the excitation of the ion-sound turbulence. For example, 
in the case of a Maxwellian distribution of the ions we obtain 
for the coefficient f (Ref. 30) 

f='I6  (ZIA)  'I2 (44-1.86) n,ln,, (8.2) 

where the parameter S characterizes the rate of dissipatjon of 
the energy of the ion-sound waves on account of the Ceren- 
kov effect on the ions: 

(A is the atomic weight of the ions). The quantity n, in (8.2) 
should be taken to mean the characteristic electron-density 
value corresponding to the heating-radiation absorption re- 
gion. It is clear that if the usual inverse-bremsstrahlung in- 
troduces an appreciable contribution to the absorption, this 
region shifts with increasing Z towards the rarefied corona. 
According to (8.2) and (8.3), in the case of a weak dependence 
of the ratio T,/T, on the target material the increase of Z is 
accompanied by a decrease of both 6 and the ratio n,/n, , i.e., 
it leads to a decrease off. Thus, on the basis of (8.2) and (8.3) 
one can speak of a qualitative correspondence of the estab- 
lished fact, that the temperature increases with increasing Z, 
with the result of the theory of anomalous transport due to 
the development of the ion-sound turbulence," since it fol- 
lows from (8.1) that at one and the same value of the heating- 
radiation flux a higher electron temperature corresponds to 
smaller values off. A quantitative comparison of (8.2) with 
the estimate that follows for f from (8. I), using in the latter 
the experimentally obtained values of T,, is in the general 
case difficult, since there is no information on the ion tem- 
perature that determines the parameter 6. At the same time, 
in the case of a bismuth target (2-40), when it can be as- 
sumed that S ( 1, we obtain from (8.2) fz0.07ne/n,. This 
estimate agrees with the one that follows from (8.1) at 

n, -0.5nC, thus pointing to a substantial absorption of the 
heating radiation in the subcritical-density region. 
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