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It is shown that the principal physical processes which occur upon bombardment of thin films by high-power 
laser pulses in the light-flux density range 1013-1014 W/cm2 agree with the results of the two-dimensional 
hydrodynamical calculations which have been made. The maximum recorded velocity of the material on the 
back side of a bombarded aluminum foil of thickness 6 p m was 5 . lo6 c d s e c  for a laser-pulse energy 100 J. 
The theoretical value of the hydrodynamical efficiency reached about 5% in this case. (For a laser-pulse 
energy of about 100 J the kinetic energy of the accelerated portion of the target is 4.54.8 J.) In the 
investigated range of laser-radiation intensity no limitations on the heat flux in comparison with those 
predicted by the classical theory are observed. A strong effect of the x radiation of the plasma corona on the 
state of the accelerated part of the foil is observed. Analysis of the x-ray spectra indicates that under our 
conditions for a light-flux density of about loL4 W/cm2 the number of "hot" electrons with effective 
temperature about 5 keV does not exceed lo-' of the total number of electrons in the plasma corona. 

PACS numbers: 79.20.D~ 

1. INTRODUCTION 

In spite of substantial progress achieved recently in 
study of laser- induced thermonuclear fusion, the ques- 
tion of the minimum laser-pulse energy necessary for 
initiation of a self-maintaining thermonuclear reaction 
in the bombarded target remains essentially unsolved. 
Depending on the degree of optimism of the assumptions 
and target designs used in the calculations, estimates 
give values varying by two orders of magnitude from 
200 kJ up to 20 MJ. This uncertainty is explained by the 
lack of sufficiently clear ideas supported by experimen- 
tal proofs regarding a number of basic questions of a 
physical nature, concerning the absorption of the radia- 
tion in the plasma corona, the heat transfer from the 
zone of absorption to the surface of the accelerated 
shell, the efficiency of acceleration, and the stability 
of the shell during the compression stage. 

In the studies carried out with the apparatus which 
has been described in detail in a previous article,' the 
main emphasis was on study of the acceleration of the 
foils, measurement of the hydrodynamical efficiencies, 
and identification of the mechanisms of heat conduction 
in the laser plasma. An effective means of study of the 
variety of processes occurring in the laser  plasma was 
comparison of the obtained data with the results of nu- 
merical calculations based on one-dimensional and two- 
dimensional hydrodynamical programs, and carried out 
for the actual conditions of the experiment. On the one 
hand, the calculations permit improvement of the plan- 
ning of the experiment and estimation of the region of 
variation of the measured parameters, and on the other 
hand comparison of experimental and theoretical in- 
formation provides the possibility of checking how com- 
pletely the various physical processes a r e  taken into ac- 
count in the calculation and how accurately and in what 
detail they a r e  reproduced by the theoretical programs. 

2. PARAMETERS OF THE APPARATUS AND METHODS 
OF MEASUREMENT 

The experiments were performed with comparatively 
modest intensities of neodymium laser radiation on the 

surface of the irradiated target of about (2 -3 ) .  l o t 4  W/ 
cm2 (according to current ideas the optimum light-flux 
density for large-scale experiments on laser-induced 
fusion is l ~ ~ ~ - l ~ ~ ~  w/cmZ). The energy of the laser 
pulse of duration 3.0 nsec was varied over the range 
100-300 J. All  investigations were carried out in a 
plane geometry, which greatly facilitates the measure- 
ments. 

In our experiments the targets were thin metallic 
foils of various materials, organic films, and thin 
double-layer targets. In study of the motion of the plas- 
ma on the back side of the target and on the side of the 
incident laser  pulse we used interference and shadow 
techniques. The region near the target was illuminated 
by a light beam split off from the main heating beam and 
converted to the second harmonic ( A =  0.53 pm). 

Two detection arrangements were used. In the first  
version the detection was accomplished by an image 
converter operating in the slit-sweeping mode. In the 
second version the probing beam was split into five 
beams traveling a t  small angles to each other and suc- 
cessively passing through the investigated plasma with 
a time delay. The five frames were recorded on photo- 
graphic film. A two-frame holographic arrangement 
was also used, To study the x-ray emission and 
the distribution of the sources of x radiation we 
used an eight-channel x-ray spectrometer em- 
ploying pin diodes with bandpass and differential ab- 
sorbers, a crystal spectrograph with spatial resolution, 
a pin- hole camera, and x-ray detectors with subnano- 
second time resolution. The spectra of the fast elec- 
trons were analyzed with a magnetic analyzer located 
about 7 0  cm from the target. In each experiment we 
recorded the energy and shape of the incident laser 
pulse, the distribution of radiant intensity in the far 
zone, and the energy contrast of the laser  system. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

In a ser ies  of experiments we demonstrated good 
agreement of the measured parameters of the plasma 
corona (temperature distribution, x-ray source dis- 
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FIG. 1. Distributions of temperature and density constructed 
with automated processing of pin-hole-camera photographs by 
computer (aluminum target, E =  100 J, r= 3.0 nsec). 

tribution, size of heated region, rate of expansion) with 
the results of two-dimensional hydrodynamical calcula- 
tions. In these experiments aluminum foils of thickness 
6, 10, and 20 p m  with characteristic transverse dimen- 
sions much greater than the size of the focal spot were 
bombarded in an evacuated chamber by pulses of dura- 
tion 3.0 nsec with energy about 100 J at light-flux den- 
sities up to 3 -  10'~ w/cm2. In Fig. 1 we show the results 
of an automated analysis of pin-hole photographs of the 
plasma jet taken behind aluminum absorbers of thick- 
ness 3.2 and 5.6 pm (the bombarded target was alumi- 
num, the light-flux density was about 3. loi3 w/cm2, 
and the diameter of the openings in the pin- hole cameras 
was 30 pm). A ser ies  of successive interference pat- 
terns photographed by means of the five-frame arrange- 
ment under the same conditions (Fig. 2) demonstrates 
the dynamics of the spreading of the plasma corona and 
the acceleration of the material on the back side of the 
aluminum foil. The time interval between neighboring 
frames was 3.0 nsec. The exposure of a frame was less 
than 1 nsec. The measurements showed that at least 
80% of the energy of the incident laser radiation is ab- 
sorbed. The calculated distributions of the density and 
temperature in the plasma corona agree with the ob- 
served distributions within 10°/o. 

In the hydrodynamical calculations at temperatures 
less  than 0.15 keV we used the equation of state obtained 
on the basis of the Thomas-Fermi model with quantum 
corrections for T # 0, joined in the low-pressure region 
to experimental results on shock-wave compression 
(this equation of state was used for description of the 
"cold" accelerated part of the foil). For t > 0.15 keV 
we used the equation for an ideal gas with allowance 
for  the energy expended in ionization, which was cal- 
culated in the corona approximation (this equation of 

FIG. 2. Successive interference patterns of the plasma co- 
rona and the accelerated part of the aluminum foil on the back 
side of the target, obtained at times 4 nsec (a),  7 nsec (b), 10 
nsec (c) ,  13 nsec (d), and 16 nsec (e) after the beginning of the 
bombardment (aluminum target of thickness 6 pm, E =  100 J, 
T =  3.0 nsec, frame exposure 0 . 5  nsec). 

state was used for the description of the plasma 
corona). The energy loss from the corona by brem- 
strahlung and recombination radiation was calculated 
on the assumption that the corona was completely trans- 
parent. The thermal conductivity and the exchange of 
energy between electrons and ions were assumed to be 
"classical." We took into account the inverse brems- 
strahlung of the laser,  and the fraction of the energy of 
the incident radiation which reached the region with a 
critical density was "separated" in the immediate 
vicinity of the point with n,. The shape of the pulse 
and the intensity distribution in the focal spot were in- 
troduced into the calculations on the basis of experimen- 
tal data. 

From the methodological point of view an extremely 
important result of comparison of the experimental data 
with the calculations was the conclusion that refraction 
of the probing radiation by the density gradients of the 
plasma plays an important role. 

In scanning the plasma corona produced by the high- 
power radiation, we observed a nontransparent region 
of appreciable size near the focus. At the edge of this 
region the plasma density is one and one-half or two 
times less  than the critical density for the probing 
radiation (A = 0.53 pm, n, - 4 -  lo2'  ~ m - ~ ) .  A convincing 
proof of the decisive role of refraction in forming the 
nontransparent zone is the observed increase in the size 
in this zone with decrease of the relative aperture of 
the objective in the detection s y ~ t e m . ~  Calculations with 
allowance for refraction reproduce not only the size of 
the nontransparent zone but also i t s  dynamics in time. 

In the same experiments it was shown that the initial 
velocity of propagation of material on the back side of 
the target is inversely proportional to i t s  thickness and 
depends on the energy density at the target. The maxi- 
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mum recorded velocity in bombardment of an aluminum 
foil of thickness 6 p m  with a laser- pulse energy - 150 
J reached 8 -  lo6 cm/sec, which agrees rather closely 
with the theoretical value. The delay in beginning of 
the motion of the material on the back side of the target 
relative to the beginning of the bombardment agrees 
with estimates of the time of propagation of a shock 
wave through the foil. 

The diameter of the region occupied by the material 
set in motion on the back side of the target somewhat 
exceeds the size of the focal spot (about 400 pm). As 
can be seen from the characteristic bending of the in- 
terference fringes near the edge of the nontransparent 
zone (see F'ig. 2), the leading edge of the expanding 
material is ionized. Analysis of the experimental data 
on the expansion of the accelerated portion of the alumi- 
num foil, obtained by the interference method, leads to 
plasma temperature values - 10 eV. The boundary of 
the expanding zone of nontransparency on the back side 
of the target is greatly smeared. These facts a r e  in- 
consistent with earlier calculations according to which 
the plasma temperature on the back side of the target 
under the conditions of our experiments should be no 
more than 2 eV, and the boundary of the nontransparent 

zone should be extremely sharp. However, when the 
heating of the accelerated part of the foil by nonequilib- 
rium x radiation of the plasma corona was taken into 
account, the agreement between the calculations and ex- 
periment became satisfactory. 

By way of illustration we have shown in Fig. 3 density 
distributions on the back side of an aluminum target of 
thickness 6 vm calculated without (a) and with (b) al- 
lowance for heating of the accelerated material by x 
radiation of the plasma corona. It should be noted that 
the heating of the accelerated material of the target is 
not in doubt, but in addition to that of the nonequilibrium 
x radiation of the plasma corona a contribution to the 
heating can in general be made by suprathermal elec- 
trons. This fact must be taken into account in the cal- 
culations, especially in the case of higher light-flux 
densities bombarding the target than those used by us. 
Studies of the x radiation of the plasma corona have a 
direct bearing on this question. 

In the range of light flux densities 5.10'~-3- loi4 W/ 
cm2, there a r e  distinctly visible in the x-ray spectrum 
two components corresponding to  the presence in the 
plasma of thermal and suprathermal electrons (Fig. 4). 
Comparison with computer calculations carried out on the 
assumption that the distribution function of the plasma 
electrons consists of two Maxwellian components with dif- 
ferent temperatures gives a hot-electron temperature 
about an order of magnitude greater than the principal 
(thermal) electron component (T,,, -4-5 keV, T,, 
-400-500 eV). The fraction of hot electrons is small 
and amounts to about (1-3) . lo-' of the total number of 
electrons; the number of hot electrons decreases r a  - 
pidly with decrease of the light-flux density, and their 
temperature is practically unchanged by this.3 

A question which is important for laser-induced fu- 
sion, and which is widely discussed in the literature,'* 
is the question of limitation of the thermal conduction 
in the laser  plasma. Possible reasons for the reduetion 
of thermal conduction a r e  discussed, including the gen- 
eration of spontaneous magnetic fields and the develop- 
ment of ion-sound instabilities in the region beheen  the 
zone of energy dissipation in the plasma corona and the 

r, roo pm, 
FIG. 3. Distributions of density in the accelerated part of an 
aluminum foiI of thickness 6 pm bombarded by a laser pulse of 
duration 3.0 nsec with energy 100 J. The distributions were 
obtained in two-dimensional hydrodynamical calculations with- 
out (a) and with (b) allowance for the heating of the accelerated 
material by the x radiation of the plasma corona. The curves 
correspond to the indicated numerical values of log2(p/pCdt) 
for a wavelength of radiation A =  0.53 pm at a moment of time 
t = l l . 8  nsec. 

FIG. 4. Spectral distribution of intensity of x radiation of the 
plasma corona (aluminum target. E = 140 J .  T = 3.0  nsec). 
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surface of the solid target. These authors offer the fol- 
lowing arguments which should attest to substantial 
limitations of the heat fluxes: a significant part of the 
absorbed energy is carried away by fast ions; the rate 
of compression of spherical targets turns out to be be- 
low the calculated rate; the size of the region occupied 
by the hot plasma is less  than expected; the thickness 
of the layer evaporaked upon bombardment of thin 
planar targets turns out to be much less than the value 
which can be obtained on the basis of classical ideas of 
heat conduction. 

It is quite evident that the first  two points cannot be 
considered a s  proofs, a s  a result of their indirect 
nature. The facts presented can be explained without 
invoking the idea of a limitation of heat conduction. In 
regard to the third of the points discussed, in our ex- 
periments, which a re  similar to those carried out at the 
Naval Research Laboratory, the size and shape of the x- 
ray images of the plasma corona corresponded almost 
exactly to the intensity distributions of the laser  radia- 
tion in the far  zone. This is well illustrated in Fig. 5, 
where we have shown microphotographs of the x-ray 
images obtained by means of a pin- hole camera behind 
an aluminum absorber 10 pm thick, and distributions 
of the photographic density on a film placed in the focal 
plane of an objective focusing part of the outgoing laser 
beam. The nature of the distribution is due to the fact 
that the outgoing beam was split by means of optical 
wedges into two approximately equal parts. However, 
we cannot conclude from this comparison that the heat 
conduction is decreased a s  the result of any effect what- 
soever. The fact is that the outflow of energy from the 
heat-dissipation zones occurs in the axial direction 

mainly a s  the result of the hydrodynamic motion of the 
plasma, and in the radial direction it occurs a s  the re- 
sult d heat conduction. The efficiency of the two pro- 
cesses is approximately identical, and the axial dimen- 
sions of the region of intense x-ray emission a r e  small 
as a result of the rapid expansion of the plasma. There- 
fore  the spatial distribution of the x-ray sources re- 
flects the distribution of the temperatures in a narrow 
layer of plasma with a concentration close to the critical 
value, and the size of the region emitting photons with 
energy greater than 2 keV does not exceed the size of 
the focal spot. (The authors of Ref. 4 did not take into 
account the hydrodynamic expansion of the plasma, and 
their conclusion that the heat conduction is not classi- 
cal is unjustified.) 

Since an exact solution of the three-dimensional prob- 
lem is extremely laborious, modeling of the heat con- 
duction in the plasma corona was accomplished by the 
following scheme. It was assumed that dissipation of 
energy occurs in two concentric rings with diameters 
much greater than the distance between them. (For 
average ring diameters 9950 and 10050 km, respec- 
tively, we can assume with rather high accuracy that 
the energy dissipation occurs in two planar bands.) The 
intensity distribution inside each ring was specified in 
the form 

Q ( t , r )  =Qof(t)  exp (-(r-r,,2)'lh2), 

where r,, , a r e  the mean radii of the first  and second 
rings, f (t) is the shape of the pulse measured at the 
output of the laser  system, and the quantity h was taken 
a s  50 pm. In the model adopted, one-dimensional ex- 
pansion of the plasma in the region between the rings, 
and collision of the plasma fluxes, should lead to sub- 
stantially higher temperatures at an intermediate sur- 
face, equally distant from the two rings, than in the 
real  case of two cylindrical beams with centers dis- 
placed from each other by a distance exceeding the 
transverse size of the beams u. Nevertheless, even in 
this case calculations showed that the x radiation, inte- 
grated over time, from the middle of the gap turned 
out to be 10% lower than at the centers of the region of 
energy dissipation. Thus, we have a further confirma- 
tion of the conclusion that there i s  no need of intro- 
ducing, at least under our conditions, any anomalous 
heat conduction. 

Experiments were carried out on the acceleration of 
thin targets of aluminum and polyethylene whose trans- 
verse dimensions were commensurate with the diam- 
eter of the focal spot. Comparison of interference pat- 
terns obtained in bombardment of such targets and tar- 
gets with larger dimensions permitted estimation of 
edge effects, including energy loss along the target 
surface. In Fig. 6 we have shown the corresponding 
interference patterns (aluminum targets of diameter 
300 pm and 5 mm were bombarded with identical laser- 
pulse parameters in an atmosphere of nitrogen). 

I I I l l !  
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FIG. 5. Densitometer traces characterizing the distributions 
of intensity of the laser radiation at the focal spot (a) and 
sources of x radiation in the plasma corona (b) (aluminum 
target, E -  100 J, 7: 3.0 nsec). 

A point of definite interest is the conical structure 
formed in the peripheral regions of the focal spot and 
extending significant distances from the target surface. 
A structure of this type is observed only in bombard- 
ment of targets with large transverse dimensions (see 
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FIG. 6. Interference patterns obtained in bombardment of an 
aluminum foil of thickness 6 pm in a nitrogen atmosphere (Po 
= 5 mm Hg) and correspending to  a moment of t ime 23 nsec 
after the beginning of the bombardment. The exposure of the 
frames was 0.5 nsec. F rame  a-diameter of bombarded tar -  
get 300 pm,  E =  25J, T =  3.0 nsee. F rame  b-diameter of 
bombarded target 5 mm,  E =  25J. T =  3.0 nsec. 

Fig. 2). Its formation is apparently due to collision 
of the hot expanding plasma produced in the central re- 
gions of the focal spot with the cold plasma produced in 
the peripheral regions by the wings of the intensity dis- 
tribution of the radiation at the target surface. 

The absence of a conical structure in interference 
patterns obtained in bombardment of targets with small 
transverse dimensions confirms this idea. The dif- 
ference in the apex angles of the cones for targets of 
different materials also fits into the idea of collision 
of the plasma fluxes. Also deserving attention is the 
dynamics of shock waves excited in the surrounding gas 
in experiments on bombardment of targets with small 

transverse dimensions. Analysis of the corresponding 
interference patterns may turn out to be useful for 
evaluation of the fraction of the laser-beam energy in- 
put into the accelerated portion of the target, and for 
study of the refraction of light beams in the plasma 
corona. 

In conclusion the authors acknowledge with pleasure 
their indebtedness to A. Yu. Gol'tsov, Yu. I. Kozhunov, 
L. N. Plyashkevich, and A. D. Rozhkov for assistance 
in performing the experiments and to V. L Kuznetsova 
for major work on technical layout of the results. 
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