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An experimental investigation was made of the absorption of laser radiation (of intensity in the 
range 10'4-10'5 W/cm2) and generation offast particles in the ISKRA-4 facility. Measurements 
were made of the degree of compression of spherical microtargets filled with gaseous DT 
containing a small proportion of Ne. The experimental results were compared with one- 
dimensional gasdynamic calculations. 

One of the main tasks in research on laser thermonu- 
clear fusion is to find the optimal conditions for irradiation 
of microtargets, particularly the optimal radiation intensity 
reaching the target. An increase in this intensity increases 
the coronal plasma pressure, which ensures the necessary 
degree of energy accumulation in the case of moderate val- 
ues ( - 10-30) of the ratio of the target radius R,, to the shell 
thickness AR. However, an increase in the intensity tends to 
change the coronal plasma to the collisionless state. The en- 
ergy is then absorbed in undesirable channels: large numbers 
of "hot" electrons are generated and their energies are of the 
order of several tens of kiloelectron-volts, which results in 
preheating of the shell and fuel in the target; in the low- 
density part of the corona the hot-electron pressure creates 
high-energy ions and this eventually reduces the hydrody- 
namic efficiency. 

The present paper reports the results of experimental 
investigations on irradiation of spherical glass microtargets 
with radiation from the ISKRA-4 iodine laser facility (emis- 
sion wavelength A, = 1.315 p m )  at intensities in the range 
10'4-10'5 W/cm2 using laser pulses of -0.2-0.4 ns dura- 
tion.'" Targets with 120-240pm diameter and aspect ratio 
in the range R,/AR z 120-30 were used. In some cases the 
glass shells of the targets were coated by a plastic layer of 
C,H, which was -0.5-3 p m  thick. An experimental study 
under these irradiation conditions made it possible to check 
the theory of the mechanisms of laser radiation absorption 
and "fast" particle generation, as'well as the theory of the 
dynamics of plasma expansion and compression of the DT 
gas, which are important topics in determination of the re- 
quirements that laser systems must satisfy and in forecasting 
the results which may be expected when facilities capable of 
higher powers are built. 

1. INVESTIGATION OF LASER RADIATION ABSORPTION 

One of the key topics in the problem of laser thermonu- 
clear fusion is the efficiency and mechanisms of absorption 
of radiation in the plasma corona of a laser microtarget. The 
energy delivered to the target and its distribution between 
the various absorption channels depends largely on the 
working conditions in the target. 

At laser radiation intensities I ,  z 1014-1015 W/cm2 
when the wavelength is A,=. 1 pm a dilatation discontinuity 
should form under the influence of the ponderomotive force 
in the region where the plasma has the critical density p, 
(Refs. 4 and 5) .  The presence of this discontinuity reduces 

the bremsstrahlung absorption coefficient, but makes the 
resonant absorption more effe~tive.~ Laser radiation is then 
transformed into plasma waves and the decay of the latter 
creates hot electrons. 

The role of the resonant absorption was investigated by 
determination of the dependences of the absorption coeffi- 
cient K O ,  the energy of fast ions Ef, the temperature of hot 
electrons T, , and the energy of hard x rays E on the intensi- 
ty I ,  and the angular distribution of the laser radiation inci- 
dent on a target. 

We determined the absorbed energy E, using calori- 
meters based on pyroelectric detectors. The energy E,. trans- 
mitted to fast ions was determined by recording the spec- 
trum of the expanding ions with the aid of ion collectors at 
velocities oi z (0.3-6) X lO%m/s. 

The hot electron temperature T, and the energy of hard 
x rays E I; were deduced from the spectrum of continuous x- 
ray radiation recorded using the method of K filters in the 
photon energy range h v z  2-80 keV (Ref. 7 ) .  The experi- 
mental value of the absorption coefficient was found from 
the ratio K,  = E,/E,, where EL is the energy delivered to 
the interaction chamber. 

The experimental results were compared with calcula- 
tions carried out using an SND gasdynamic programX which 
allowed for the absorption and energy release due to laser 
radiation. We used a physical mathematical model of the 
absorption, which had certain features in common with the 
model used in Ref. 9 and which allowed us to calculate-in 
the geometric-optics approximation-the bremsstrahlung 
and resonant absorption subject to a self-consistent phenom- 
enological allowance for the increasing steepness of the den- 
sity profile.4,5 The energy absorbed by the bremsstrahlung 
mechanism was converted into the thermal energy of elec- 
trons in the region where the plasma density was below the 
critical value. Part of the energy absorbed resonantly was 
ignored because only rough allowance was made for the 
losses due to the acceleration of fast ions. The remaining 
energy was transmitted to hot electrons, which were respon- 
sible for the bulk heating of the target. The ratio of these 
energies was calculated allowing for the corona expansion 
dynamics employing a self-similar model of the process of 
isothermal expansion of a plasma with two electron compo- 
nents. The temperature of hot electrons was determined by 
a scaling procedure described in Ref. 11. The known density 
and temperature of "hot" electrons were used to calculate 
the integral energy of hard x rays. 
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An investigation of the dependences of the parameters 
K , ,  Ef, and E ,Y on the intensity I, was made in two types of 
experiment. In the experiments of the first type the target 
parameters were constant (initial diameter ~ R , , z  160 pm, 
wall thickness AR z 1 p m )  and so were the focusing condi- 
tions (with the center of the target shifted by AZZ 100 pm 
relative to the minimum of the focusing spot in the direction 
of the subfocal region), but the energy delivered to the 
chamber was varied within the range EL z 20-470 J and the 
duration of the laser pulses was also varied within rL ~ 0 . 1 6 -  
0.4 ns. The experimental and calculated dependences of the 
absorption coefficient, and of the fraction of the energy car- 
ried by the fast ions Kf = Ef/E, on the laser radiation inten- 
sity I, are plotted in Fig. 1. 

In experiments of the second type we varied the target 
diameter in the range ~ R , z  120-250 pm, but kept the laser 
pulse parameters constant ( E L  ~ 4 0 0  J, r, ~ 0 . 3  ns). The 
angular characteristics of the radiation reaching the target 
were kept approximately constant by ensuring that the lon- 
gitudinal shift Az was such that the ratio Az/2R,, was ap- 
proximately constant. We plotted in Fig. 2 the experimental 
and calculated dependences of the parameters KO and Kf on 
the initial target diameter. 

These two series of experiments demonstrated that a 
reduction in the laser radiation intensity increased, as ex- 
pected, the absorption coefficient. The results obtained can 

FIG. 2. Dependences of the absorption coefficient ( a )  and of the 
fraction of the energy carried by fast ions ( b )  on the initial target 
diameter: 0 )  experimental results; the continuous curves are calcu- 
lated. 

FIG. 1. Dependences of the absorption coefficient ( a )  and the frac- 
tion of the energy carried by fast ions ( b )  on the laser radiation 
intensity: 0 )  experimental results; e) calculations. 

be attributed qualitatively to a reduction in the deformation 
(discontinuity) of the density profile and a reduction in the 
electron temperature T, of the plasma when I, is lowered. In 
fact, in the first approximation, the optical thickness of the 
plasma corona considered in terms of the bremsstrahlung 
absorption is proportional top  ' c, r L / T  a", where c, a T b'2 
is the velocity of sound and p is the density at the lower 
edge of the discontinuity. According to Ref. 12, we have 

where a is a constant. In the range of laser radiation intensi- 
ties of interest to us, we have p cc I ,'.I6 and T, a I :I2, SO 

that the optical thickness is proportional to I, 2'3rL. At low 
values of the optical thickness the bremsstrahlung absorp- 
tion coefficient exhibits a similar dependence. The resonant 
absorption coefficient K ,  increases on increase in I ,  because 
of broadening of the resonance curve. I' However, the rate of 
rise of K, is insufficient for compensation of the reduction in 
the bremsstrahlung absorption coefficient K , .  It should be 
noted that if r, -0.3 ns, the absolute value of K, is less than 
the values of K, found using short pulses in the range 
r, 50.1 ns (Ref. 14). 

The reduction in K, when I, is lowered reduces the 
energy transferred to the hot electrons. This was confirmed 
by recording of the continuous x-ray radiation spectrum. 
For example, when the intensity was in the range 
I, - ( 1-2) - 1015 W/cm2, the hot electron temperature was 
T, ~ 1 2 - 1 3  keV and the energy of hard x rays was 
E ,Y z (0.5-1) X 10 - J, whereas for intensities in the range 
1, - (2-3) X 1014 W/cm2 the signals reaching detectors of 
hard x rays were below the sensitivity threshold 
(E,Y < 10W6J). 

An investigation of the dependences of these param- 
eters on the angular characteristics of the focused laser radi- 
ation was made employing a target with a diameter 
2 R , ~ 1 6 0  pm when the laser pulse energy was 
EL ~ 3 0 0 - 4 0 0  J and the duration was r, ~0.2-0.3 ns. The 
angular characteristics changed because of the different lon- 
gitudinal shift of the target center to the subfocal region 
(Az = 0-250 ,urn). It should be mentioned that focusing of 
radiation on a target in the ISKRA-4 facility was performed 
by four parabolic mirrors with a diameter D = 27 cm and a 
focal length F = D. 

The dependences of the parameter K, (Fig. 3b) and of 
the ratio E,Y/E, (Fig. 3c) on the longitudinal shift of the 
target center relative to the minimum of the irradiation spot 
had characteristic minima at Az/2R,,~0.75. This behavior 
could be due to the fact that the shifts corresponded to opti- 
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ma1 (from the point of view of the resonant absorption) an- 
gles of incidence of the radiation on the plasma. However, a 
change in the shift of the target center altered not only the 
angular characteristics of the laser radiation, but also the 
intensity I,. This changed the balance between the resonant 
and bremsstrahlung absorption coefficients, and the conse- 
quence was a weak dependence of the absorption coefficient 
K, on the shift (Fig. 3a). 

47 

2. INVESTIGATION OF COMPRESSION OF GLASS SHELLS 

42 

Another important problem is the stability of compres- 
sion of shells and the ability to reach high gas densities. An 
experimental investigation of the degree of compression of 
spherical shells was made using the ISKRA-4 facility generat- 
ing laser pulses of EL = 300-400 J energy and rL = 0.2-0.35 
ns duration. The diagnostics of the volume compression S 
and the final density p, of the DT gas was performed in three 
ways: 

a )  by determination of the size of the image of the cen- 
tral part of the target recorded using x rays generated by the 
plasma itself and a pinhole camera (without temporal reso- 
lution but with a spatial resolution of at least 10,um); 

b)  from the spatial size of the radiation representing the 
Ne lines, which was added to the DT gas (so that the relative 
partial pressure of Ne did not exceed 7% ); 

C )  from the spectral width M,, of the Lyman series of 
lines of the hydrogen-like Ne. 

The line x-ray radiation was recorded with a spectro- 
graph capable ofspatial resolution utilizing a KAP crystal. I s  

The spectral resolution was governed mainly by the finite 
dimensions of the line x-ray source and it amounted to 
A 1  - 18 mA when the size of the luminous region was about 
50,um. The spatial resolution was governed by the size of the 
entry slit and was at least 35 ,um. 

The actual construction of the channel used to record 
the line x-ray radiation with a spatial resolution imposed 
limitations on the background of continuous x-ray radiation 

- 

emitted by the target corona. The intensity of the coronal 
radiation was reduced by coating sometimes the glass shells 
with a layer of polyparaxylylene (PPX) of different thick- 
ness. This made it possible to change also, in the desired 
manner, the aspect ratio of the shells, which was varied in a 
wide range. 

An investigation of the dynamics of compression of the 
DT gas under exploding shell conditions indicated that the 
main parameter governing the degree of volume compres- 
sion S was the ratio ofthe shell mass M,, to the gas mass M,. 
The experimental values of 6 obtained for high-aspect shells 
(R,,/AR > 70) using a pinhole camera exhibited a consider- 
able scatter when considered as a function of the ratio 
M,,/M, (Fig. 4) .  A power-law approximation of the de- 
pendence on this parameter analyzed by the least-squares 

FIG. 4. Dependences of the degree of volume compres- 
sion 6 on the ratio of the shell mass M,, to the gas mass 
M,: .)pinhole camera results; 0) deduced from the 
width of the Ly, line of Ne x; 0) calculated degree of 
compression for experiments on targets filled with a 
D T  + Ne mixture; the continuous curve approximates 
the experimental points by the least-squares method; 
the chain line is the dependence taken from Ref. 16; the 
dashed line represents gasdynamic calculations car- 
ried out using the SND program. 
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TABLE I. Results of experiments on compression of spherical targets filled with a DT + Ne 
mixture and comparison with gasdynamic calculations made using the SND program. 

No. exp. (calc.) 

* )  The experimentally absorbed energy E, was used in the gasdynamic calculations. 
**)  The separation between the maxima of two components of the Ly, line is given. 

method gave 

wherea = 1.7 and b = 0.88. These results were in reasonable 
agreement with those reported earlier16 for facilities using 
Nd and CO, lasers (a  = 1.15, b = 1 ). The dependence of the 
degree of compression S on Ms, /MG obtained by numerical 
modeling carried out using the SND program and the ex- 
perimental results obtained using the ISKRA-4 facility was in 
qualitative agreement with Eq. (2.1 ) ( b  = 0.86), but the ab- 
solute values of S were approximately twice as large as the 
experimental values (a  = 3.6). 

Determination of the degree of compression using the 
pinhole camera gave only a rough estimate of the final den- 
sity of the DT gas, so that when the resolution of this camera 
was - 30pm and the size of the central compressed core was 
- lOpm, the error in the determination of the volume com- 
pression became 100%. 

A more accurate determination of the degree of com- 
pression was obtained in experiments on targets filled with 
gaseous DT containing a small proportion of neon. The com- 
pressed gas density was determined by comparing the ex- 
perimentally recorded profiles of the spectral lines of the Ne 
x ion lines and those calculated for a plasma with a given 
composition assuming different values of the density p and 
the temperature T, . 

We should mention that in this case a lower estimate of 

the density of the compressed DT gas was obtained, since 
(according to the gasdynamic calculations) the moment of 
attainment of the maximum temperature in the core (and, 
consequently, the moment of the strongest emission of the 
Ne X) lines did not coincide with the moment of maximum 
compression. 

A comparison of the results of these gasdynamic calcu- 
lations carried out using the SND program with the experi- 
mental results obtained using the ISKRA-4 facility was made 
as follows. The values of the density and temperature T, at 
the moment of maximum compression were calculated for a 
given absorbed energy and for a given energy of the laser 
radiation reaching the target; these values were then used to 
obtain theoretical profiles of the Ne x spectral lines. The 
calculated widths of the Ly, and Ly, lines (M,y,r and 
M,,,) were then compared with the experimental widths of 
the corresponding lines. 

Table I gives the experimental and calculated param- 
eters of the plasma in the laser corona and in the compressed 
core (see also Fig. 4) obtained for targets filled with a mix- 
ture of DT and Ne. This comparison demonstrated a satis- 
factory agreement between the gasdynamic calculations and 
the experimental data. 

These results led us to the conclusion that under the 
exploding shell conditions it was not possible to reach high 
densities of the DT gas in the range p,. 2 1 g/cm3 in the case 
of the high-aspect ratios characterized by R,,/AR 2 80 (ex- 
periments 1-3 in Table I) ,  since the preheating by hot elec- 

FIG. 5. Densitogram of the Ne x spectrum recorded in experi- 
ment No. 4: 1 )  Ly, line; 2 )  Ly,. line. 
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FIG. 6. Profile of the Ly, line of Ne x recorded in experiment No. 4. 

It should be pointed out that, in spite of the satisfactory 
description by these gasdynamic calculations of such experi- 
mental parameters as the absorbed energy, the fraction of 

D the energy transferred to "fast" ions, the fraction of the ener- 
gy carried by hard x rays, and the final density of the DT gas, 
there was a systematic excess (by a factor of - 10'-lo3) of 
the calculated neutron yield N above the yield found experi- 
mentally. This was most likely due to the behavior of the 
temperature of the DT gas at the moment of focusing on the 

trons increased considerably the entropy of the DT gas and 
of the shell, which in the final analysis prevented the attain- 
ment of high plasma densities. 

Calculations carried out using the SND program indi- 
. cated that a reduction in the aspect ratio RdAR, i.e., adop- 

tion of thicker shells ( AR ~ 2 - 3  pm) ,  reduced the heating of 
the shell by hot electrons. This made it possible to reach DT 
gas densities in the range pf 5 1 g/cm3 for targets and laser 
pulses with the following parameters: 2R, ~80 -120  pm, 
AR z 2pm,p,z  (0.5-1) X 10- g/cm3, EL z 200-300 J, T, 

~0 .2 -0 .25  ns. 
- When the target and laser pulse parameters were close 

to those given above (experiment 4 in Table I ) ,  the spectrum 
of the hydrogen-like Ne was recorded (Fig. 5) .  The intensi- 
ties of the lines did not rise much above the background, so 
that we were able to identify reliably only the Ly, and Ly, 
lines. The intensity of the Ly, line was comparable with the 
background radiation intensity. 

The profile of the Ly, line had a well-resolved two- 
component structure with the maxima of the components 
separated by MLYA z 92 + 10 mA (Fig. 6). Such a shift of 

1;1 

the Ly, line corresponded, for the selected chemical compo- 
sition of the gas, to the DT gas density ~ ~ ~ 0 . 8 - 1 . 0  g/cm3 
and to the electron temperature T, ~ 0 . 3 - 0 . 4  keV. A gasdyn- 
amic calculation without using the SND program under the 
conditions of experiment No. 4 gave results in satisfactory 

target, ignored in the calculations, and the resultant devi- - 
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