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Results are reported of experiments on spherical irradiation of DT-gas-filled glass microspheres 
at a heating-radiation flux density 5. 1015 W/cm2, performed with the "Progress" six-channel 
laser facility. The influence of the resonance mechanism on the efficiency of laser-energy 
absorption and on its transfer to the compressing shell is investigated. The experimental data are 
compared with computations by the "Zarya" and "Osvetka" codes and by a simple model of the 
interaction between the laser radiation and the shell. It is shown that the target-compression 
pattern depends strongly on the degree of development of the instabilities resulting from 
nonuniform irradiation of the targets. 

1. INTRODUCTION 

The main idea of laser fusion (LF) is to obtain high fuel 
density at temperatures that ensure an effective thermonu- 
clear reaction. But there are serious difficulties in reaching 
and maintaining appreciable temperatures in the fuel, since 
the nonuniform target illumination and low precision with 
which the targets are produced leads to the onset ,of hydro- 
dynamic instabilities. 

We present here the results of experiments, performed 
with the six-channel "Progress" facility, on the heating effi- 
ciency and compression stability of shell targets (glass mi- 
crospheres). The experiments were performed at a radiation 
wavelength A = 1.06 pm,  power 0.5-1.0 TW, and pulse 
width at half maximum r0,3 = 0.2 ns. Six laser beams of di- 
ameter 2r0 = 110 mm were focused on the target with as- 
pherical or three-lens objectives of focal length F = 170 mm 
(circles of least confusion 5-15 p m ) .  The radiation power 
contrast was 2 lo8 at 1 ns before the pulse peak.2 

In the experiments we irradiated glass microspheres 
filled with DT gas at up to 10-30 atm pressure. The target 
design was based on calculations by the "Zarya" code.3 The 
parameters of the targets with the maximum neutron yield 
are well described by the following relation obtained for a 
simple mode14~': 

where R, and AR are the shell radius and thickness inpm,  A 
is inpm, T, ,~ is in ns, P, is the absorbed power in TW, andp, 
is the shell (pellet) density in g/cm.3 Since technological 
considerations dictated AR 2 0.6 pm,  estimates in accor- 
dance with Eq. ( 1 ) yield in our case R, 5; 75 p m  for a typical 
absorption coefficient -20%. We used in the experiments 
targets with R, = 40-75 p m  and AR = 0.6-1 pm;  the target 
thickness varied by less than 5%. In a number of compres- 
sion-stability experiments we used targets whose glass sur- 
faces were coated with 0.1-0.6 p m  of aluminum, and neon 
with pressure 2-4 atm was added in the shell to determine 
the degree of ablation. 

The irregularity of the laser-radiation absorption over 
the target surfaces is one of the main causes of the onset of 

instability during compression. Absorption irregularity is 
due primarily to the dependence of the absorption on the 
angles at which the beam are incident on the target, and is 
determined by the geometry in which the rays are guided to 
the target; in our case this geometry differed somewhat from 
cubic.' The characteristic scales and amplitudes of the irre- 
gularities for various focusing errors d /R, of the objectives 
( d  is the distance from the target center to the focus) were 
determined by computer calculations using the "Osvetka" 
program.7 It was assumed that the laser radiation is ab- 
sorbed by the inverse bremsstrahlung and resonance mecha- 
nisms. The calculations were performed in the geometric- 
optics approximation, with account taken of the beam 
refraction in the plasma. The radial profiles of the hydrody- 
namic parameters were calculated by the "Sfera" program7 
in the two-temperature hydrodynamics approximation. The 
energy input integrated over the beam trajectory was as- 
cribed to the turning point. Calculations7 have shown that 
the absorption irregularities have a characteristic scale 30- 
40pm and an amplitude * 20% under typical experimental 
conditions (2Ro = 100pm, d /R, = 3.2). In addition to this 
large-scale irregularity, one of small scale ( - 10 p m )  was 
produced in the experiments by modulating the intensity of 
each laser beam by * 30%. 

2. ABSORPTION AND CONVERSION OF LASER ENERGY 

The laser energy absorbed by the target was measured 
by surrounding the target by plasma calorimeters of three 
types: differential,8 calorimeters with a receiver element in 
the form of a dielectric mirror,' and calorimeters with a re- 
ceiver element transparant to the laser radiation.'() A group 
of five ion collectors was used to investigate the ion compo- 
nent of the plasma. The average ion charge was estimated by 
a based on comparing the readings of a plasma 
calorimeter and a collector for separate measurement of the 
charged-particle currents and the neutral-plasma-compo- 
nent energy. The electron temperature was determined with 
a seven-channel continuous x-ray spectrometer1' at photon 
energies 4-43 keV, based on semiconductor and scintillator 
detectors with selective filters (absorption K-edges were 
used ) . 
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To estimate the influence of various mechanisms on the 
laser-energy absorption we have investigated the depen- 
dence of the absorption coefficient, at laser-radiation flux 
densities q = ( 1-2). 10" W/cm2 on the defocusing d /R, of 
the objectives relative to the target center (Fig. l a ) .  From a 
comparison with a theoretical curve calculated by the "Os- 
vetka" program it can be seen that the experimental coeffi- 
cient A is close to the calculated one. The absorption maxi- 
mum is observed at d /R, = 2.0-2.5. Its appearance is due to 
the increase of the resonance absorption that depends on the 
angle of light incidence on the plasma. Starting from the 
results of Ref. 12, it can be shown that when the characteris- 
tic scale L, of the plasma irregularity is determined by the 
radiation pressure the resonance absorption coefficient near 
the maximum is described by the expression 

AR=0.350Z esp  (-1.3a3). (2)  

Here a = (rod /2FRc, ) (kLc, ) 'I3, 2r, is the beam diameter 
on the focusing objective, F is the focal length of the objec- 
tive, R,, is the radius of the critical surface, k = 2n/il, LC, 
[in pm]  = 5 0 ~ ~ ~ ' ~  [in keV]/q [in units of 1014 W/ 

and T, is the thermal-electron temperature. Esti- 
mates based on Eq. (2),  like calculations by the "Osvetka" 
program, yieldA, - 1096, i.e., at d /Ro = 2-2.5 and q- 10'" 
W/cm2 resonance absorption accounts for approximately 
50% of the total absorbed energy. 

The substantial role of the resonance absorption mecha- 
nism is confirmed also by the plot ofA (q), shown in Fig. 2 in 
the rangeq = (0.1-6). loi5 W/cm2 at two values ofthe defo- 
cusing d /R,. The less steep decrease of the A (q) curve for 
q>5. 1014 W/cm2 in thecased /R, = 2.0-2.8 can be attribut- 
ed to an increase of the fraction of the resonantly absorbed 

FIG. 1. Dependence of the absorption coefficient on 
d /R, (points--experiment, continuous curve--calcu- 
lation by the "Osvetka" program) ( a )  and the ratio 6, 
of the fast-ion energy to the absorbed energy (b) ;  laser 
irradiance q = ( 1-2). lOI5 W/cm2. 

energy, which balances the decrease of the classical brems- 
strahlung absorption due to the increase of the slope of the 
plasma-density profile. The results can be approximated by 
the relation 

where A, = 0.54, a = 0.5 for q = (0.1-2). 10'' W/cm2, and 
d /R,>3, while A, = 0.35, a = 0.25 for q = (0.5-6). lOI5 
W/cm2 and d /R, = 2.0-2.8. Thus, the differences between 
the A(q) dependences obtained for spherical targets irra- 
diated in different laser facilities (see Ref. 15) can be attrib- 
uted for the most part to different conditions of radiation 
focusing on the target and to the ensuing differences of the 
resonance-absorption contributions to the total absorption. 

By increasing the energy input to the target, resonance 
absorption produces in the plasma a group of fast electrons 
that lose part of their energy to preheating the shell and the 
fuel, and give up the remaining part to the fast ions which 
they accelerate to v, ) 10' cm/s. In the dependence of the 
absorbed-energy fraction 6,  carried away from the plasma 
by the fast ions on the defocusing d /Roof the objectives (Fig. 
lb),  the maximum values 6, -40% were observed at the 
same d /R, = 2.0-2.5 as in the case when calculations show 
the resonance-absorption coefficient to be a maximum (Fig. 
la) .  The fast-electron temperature determined from the 
continuous x-ray spectrum and from ion  measurement^'^ 
increased from 6-8 keV ford /R, > 3 and d /R, < 2 to 15-20 
keV for d /R, = 2-3. At the same time, the thermal-electron 
temperature depended little on d/R, and amounted to 
0.8 f 0.2 keV. 

It must be noted that fast ions take practically no part in 

FIG. 2. Dependence of the absorption coefficient A on 
the laser-radiation flux density q for d/R, ,  = 2.0-2.8 
(0)  and d/R, ,23 (a). 
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the ablation and heating of the fuel. In fact, since the shell- 
collapse rate is determined by the recoil momentum of the 
expanding plasma, the shell kinetic energy E, can be repre- 
sented in the form 

where E ,  and E, are the total energies of the thermal and 
fast ions, c, is the speed of the ion sound, and M, is the shell 
mass. Since c,/u, 4 1, formation of fast ions does not in- 
crease the work performed by the ablation pressure. 

3. DYNAMICS AND STABILITY OF TARGET COMPRESSION 

Measurements of the time dependence of the plasma x 
rays, using vacuum x-ray diodes,I6 have made it possible to 
determine the average shell velocity v, . This velocity is com- 
pared in Fig. 3 with the calculated velocity vM obtained us- 
ing the model of Refs. 4 and 5: 

where c, = 5 .  106P, 1 / 3 ~ 0 p 2 ' 3  is the thermal-wave velocity 
in the solid target in cm/s, c, = 200 c,, P, is in TW, and R, 
and AR are in pm.  It can be seen that, on the whole, the 
agreement between the calculation and the experiments is 
satisfactory, including experiments performed on other faci- 
l i t i e ~ . ~ ~ . ~ '  At the same time, when fast-ion generation is ap- 
preciable (6, -40%) the shell velocity is significantly de- 
creased by the decrease of the ablation pressure mentioned 
above. 

One of the most important properties of the compres- 
sion and heating of DT fuel is the neutron yield N, since it 
permits an estimate of the temperature Ti of the compressed 
DT gas. The yield N was measured by the delayed-registra- 
tion method and by the time-of-flight method. The maxi- 
mum yield Nwas - 10" Estimates of Ti were made with the 
aid of the relations given for Ti in Ref. 18, using the degrees 
of target compression obtained with x-ray pinhole cameras. 
In Fig. 4 the values of Ti obtained in this manner are com- 
pared with those computed by the "Zarya" program and 
using the model of Refs. 4 and 5. It can be seen that an in- 
crease of the specific energy input to the target, which is 
accompanied by an increase of the calculated Ti, does not 
increase the actual Ti of DT gas. 

To ascertain the causes of these strong discrepancies 
between the computer calculations and experiment, we use 
the following relation of the model of Refs. 4 and 5: 

FIG. 3. Comparison of the experimental shell-collapse velocity u, with 
the calculated velocity u ,  obtained by the model of Refs. 4 and 5, for 
6,  5 20% (0 )  and -40 (0 ) .  The figure shows also data obtained with 
the "Sokol" (M) I h  and "Del'fin" ( A ) I' facilities. 

0.7 4 f l  e ,  Jlng 

FIG. 4. Dependence of the ion temperature T, of DT gas on the specific 
energy input ~ ( 0 ) .  The shaded area covers the range calculations by the 
"Zarya" program, and the light circles denote values calculated by the 
model of Refs. 4 and 5. 

where T, is in keV, c, and uM are in units of lo7 cm/s, ra is 
the effective ablation-pressure action time in ns, R, and AR 
inpm, andp, is in mg/cm3. It can be seen from (5)  and (6)  
that T, can be increased 1 ) by decreasing the shell thickness 
AR, 2 )  by decreasing the initial DT-gas density, and 3) by 
decreasing the absorbed power P, . The first two procedures 
contribute to development of hydrodynamic instabilities in 
the course of shell compression, and for q > 5. 1014 W/cm2 
the third leads to formation of fast ions, and hence to lower- 
ing of the ablation pressure. 

These conclusions are indirectly confirmed by the plot, 
shown in Fig. 5, of the ratio of the experimental neutron 
yield to the yield NM calculated by the model of Refs. 4 and 5 
from the final degree S of the fuel bulk compression deter- 
mined from x-ray pinhole photographs for different 6,. The 
reduction of N, /NM for S > 200 and for small 6, 5 20% is 
apparently due mainly to development of hydrodynamic in- 
stabilities. If, however, the fast ions carry away a significant 
fraction of the absorbed energy (6, -40%), the neutron 
yield becomes much lower than the calculated value even for 
small compressions 6- 100-200, owing to the decrease of 
the ablation pressure, a result that correlates with the de- 
crease of the shell-collapse rate (Fig. 3). 

The substantial influence of the hydrodynamic instabi- 
lities on the target-compression process is confirmed direct- 
ly by our experiment with two-layer (A1 + SiO,) shells18 
and with Ne added to the DT gas. " Spectroscopic investiga- 
tions of the spatial brightness distributions in the Si and A1 
lines have shown that the intense regions of these lines for 
the compressed part of the target were equal in a number of 
experiments. Yet one-dimensional computations by the 
"Zarya" program indicated an absence of aluminum from 
the compressed part of the shell. Investigations of the DT- 
gas pressure by measuring the Ne line brightness have shown 
that the degree of compression can be - 4 times smaller than 
calculated. 
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FIG. 5. Ratio of experimental neutron yield N, to the yield N ,  calculated 
by the model of Refs. 4 and 5 vs the final stage of the bulk compression 6 
for S, ~ 2 0 %  (0) and -40% ( 0 ) .  

The dimensions of the region where the shell and the 
DT gas are mixed can be estimated from the following con- 
siderations. The small-scale variation of the target illumina- 
tion, enhanced by self-focusing in the plasma corona, pro- 
duces in the absorption region "hot" spots that are 
transferred to the ablation zone and initiate the development 
of Rayleigh-Taylor instabilities during the collapse state, 
the perturbations with the largest growth rate being those 
having transverse dimensions - 10 ,urn.'' During the linear 
stage of instability development, the growth rate is apprecia- 
ble, 

i 

where B = R,c,/c, AR, x = R /R, .  The nonlinear hy- 
drodynamic-instability stage that evolves in our case appar- 
ently gives rise to turbulent mixing of the shell and a gas over 
a length2' L given by 

0.25 

where 0, = 0.133, x ,  = S'I3 ,  pp and pO are respectively the 
shell and gas densities, 

One-dimensional computer calculations show that pp / 
p, - 10 and consequently L - 0.1 Ro during the x < 0.25 
stage, when the DT gas produces a backpressure. A region 

FIG. 7. Degree of bulk compression S vs the ratio of the shell mass M, to 
the gas mass M, at 6, 5.20% (0)  and 6, = 40% (0): solid line-plot of 
S = (M,/M,,)~'~. Data obtained with the "Del'fin"" ( A )  and " ~ s k r a " ~ ~  
(U) facilities are shown for comparison. 

with characteristic length L-O.lR, ,  in which the gas is 
mixed with the shell material can be produced in the experi- 
ment. This should lower the temperature of the compressed 
DT and the neutron yield. 

At the same time, pinhole photographs of the com- 
pressed target show that during the final stage the shell glow 
is annular (Fig. 6 ) .  The degrees of bulk compression ob- 
tained from the pinhole photographs agree well with those 
computed by the "Zarya" program. l9 This indicates that the 
pellet collapses as a unit, and the perturbations caused by the 
electrodynamic instabilities penetrate into the compressed 
DT gas in the form of "tongues" and basically lower its final 
temperature. The degree of bulk compression S determined 
from the pinhole photographs is thus an upper bound of the 
true compression. 

Figure 7 shows the dependence of S on the ratio of the 
shell mass M, to the gas mass M,, together with data ob- 
tained from other facili t ie~.".~~ Clearly, this dependence is 
well described by the relation obtained in the model of Refs. 
4 and 5: 

It is clear from Fig. 7 that even when an appreciable 
number of fast ions is generated (8 ,  - 40%) the value of 6 

FIG. 6. a )  Pinhole x-ray photograph of a tar- 
get at photon energies 2.5 keV. b) Corre- 
sponding density pattern. 

300 Sov. Phys. JETP 68 (2), February 1989 Andreev et aL 300 



decreases insignificantly (by not more than a factor of 2).  
This allows us to estimate the influence of the fast electrons 
on the preheating of the DT gas. Let the total energy of the 
fast electrons entering the target be E,; the energy fraction 
remaining in the gas and heating it prior to the arrival of the 
shock wave is equal to Ek (Mo/Mp ). Using arguments simi- 
lar to those in Refs. 4 and 5 we obtain the following expres- 
sion for the degree of gas compression, with allowance for 
preheating by the fast electrons: 

where Ek is the kinetic energy of the collapsing shell and 
a 5 1. Estimates of E k ,  based on measurements of the col- 
lapse rate (Fig. 3), yield E,/Ea =: 1-3%, where Ea is the 
absorbed energy. From this, recognizing that the degree of 
compression is lowered by the fast electrons by no more than 
a factor of 2, we find on the basis of Eq. ( 10) that the energy 
lost by the fast electrons in the shell and in the gas is 0.5- 
2.0% of the absorbed energy. Thus, the fast electron pro- 
duced in resonance absorption lose their energy mainly to 
fast-ion acceleration and not to gas preheating. The gas pre- 
heating by the electrons, even for q> lOI5 W/cm2, does not 
exceed the preheating by the shock wave produced by the 
moving shell. 

4. CONCLUSION 

Let us formulate briefly the main distinctive features of 
the interaction between high-power laser radiation (q- 10" 
W/cm2, T ~ . ~  = 0.2 ns) with spherical glass targets of 80-1 50 
pm diameter and wall thickness l.O,um, filled with DT gas to 
pressures up to 10-30 atm. 

The laser radiation is absorbed in the target corona with 
efficiency 5 25%, depending on the defocusing of the objec- 
tives relative to the target center. An appreciable part, 
-40%, of the total absorbed energy is captured by the reso- 
nance mechanism and is transferred to the resulting fast 
electrons. The fast electrons leave the plasma and transfer 
the bulk of their energy to the fast ions. The fast ions do not 
contribute to the ablation pressure, and their energy is use- 
lessly lost, decreasing thereby the rate of shell collapse and 
the DT-gas temperature. No more than 2% of the absorbed 
energy goes into fast electrons that preheat the shell and the 
gas, and the preheating of the gas by the fast electrons is less 

than the preheating by the shock wave produced by the mov- 
ing shell. The ablation pressure produced by the thermal 
ions accelerates the shell inward and compresses it as a unit. 
However, the perturbations produced by the small-scale in- 
homogeneity of the illumination and building up as a result 
of hydrodynamic perturbations lower the final DT-gas tem- 
perature. This prevents simultaneous attainment of high 
DT-gas densities and temperatures at compressions > 100. 
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