
larator points to the most probable process: transfor- 
mation of a Langmuir wave into an electromagnetic 
wave upon scattering by ion-plasma noise. Special no- 
tice should be taken of the Raman type of the radiated 
superthermal spectrum, in which the width of the indi- 
vidual satellites is <<w, , .~  Such a discrete character of 
the spectrum can be possessed only by solitons. 

We note in conclusion that the tail on the particle dis- 
tribution function in a magnetized plasma is a phenome- 
non that is much more natural and therefore more f re-  
quently encountered than a beam, which usually must 
be produced by a special device. Usually the tail car- 
r i e s  an appreciable fraction of the electric current with 
anomalously low resistance, and thereby strongly in- 
fluences the hydrodynamic properties of the plasma. 
Therefore the interaction of the runaway electrons of 
the tail with the considered solitons, which in addition 
to the aforementioned resonance takes place also a t  
resonances with multiple cyclotron frequencies, calls 
for further study. 
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Theoretical study of the hydrodynamics of spherical 
targets taking the refraction of the laser radiation into 
account 

Yu. V. Afanas'ev, E. G. GamalSI, N. N. D e m c h e n k o ,  0. N. Krokhin, and V. B. Rozanov 
P.N. Lebedev Physical Insritute, Academy of Sciences of the USSR 
(Submitted 10 December 1979; resubmitted 29 April 1980) 
Zh. Eksp. Teor. Fiz. 79,837-849 (September 1980) 

We consider the problem of the refraction and absorption of laser light in a dispersing spherically symmetric 
plasma. The process of the interaction of the radiation with the medium is described by the Maxwell 
equations for heating radiation and the hydrodynamical equations with electron thermal conductivity. The 
proposed model takes into account absorption mechanisms: inverse bremsstrahlung, and anomalous and 
resonance absorption. We give a numerical solution of these equations for glass shells of diameter of about 
100pm and laser pulse power of about 5 X 1O1W with a length of about 2 ns. We pay our main attention to a 
study of the absorption of the laser light in the target. We compare the results of our calculations with 
experimental data. 

PACS numbers: 52.25.P~ 

1. STATEMENT OF THE PROBLEM 

One of the problems arising when one irradiates 
spherical targets with l a se r  light is the determination 
of the fraction of energy of the laser  pulse which is 
spent on heating and compressing the target. In a pre- 
vious paper' we considered such a problem for the case 
of a plane target and normal incidence of the light. In 
the present paper we use a similar approach for the 

case of spherical targets. We note that experimentally 
in spherical heating i t  is impossible to establish an ab- 
solutely symmetrical spherical irradiation of the tar- 
get. This follows, for example, from the fact that the 
solid angle filled by the focusing optics must be less  
than 4n. 

Under such conditions an important effect which may 
strongly increase the loss of laser energy is the refrac- 
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tion of laser light in the target corona. In connection 
with the difficulty of solving the complete three-dimen- 
sional problem of the dispersion of a target irradiated 
by a finite number of beams i t  is natural to consider in  
the f i r s t  stage the problem of the determination of the 
energy released by the laser,  averaged over the angles, 
assuming a spherically symmetric hydrodynamic dis- 
persal  of the target. 

The initial se t  of equations has the form 

rot E=ioWc,  rot H=-iosE/c, (5) 

where u is the velocity, p the density, r the Euler coor- 
dinate, m and t Lagrangian variables, p =p, +pi the to- 
tal pressure, p, = ( y  - l)ApT, and p,= (y - 1)A p T ,  the 
electron and ion pressure, respectively, y =5/3 the 
adiabatic constant, y = (4/3)770T6,'2 the ion viscosity co- 
efficient, $' =A,T, and gi =A ,Ti the internal energy of 
the electron and ion component, T, and Ti  the electron 
and ion temperature, n = x ~ T : / ~  the electron thermal 
conductivity coefficient, Q =Qop(T, - T ,)T:'~ the speed 
of the energy exchange between ions and electrons, E 
and H the complex electrical and magnetic field vectors, 
E = E' + i d t  the complex permittivity of the plasma, E' 

= 1 - aop, E" = b O p 2 / ~ ' 2  (ao, bo known constants), d52 an 
element of solid angle on the sphere, S the Poynting 
vector, q the flux of light through a sphere of radius r 
per steradian. If the anomalous absorption is taken in- 
to account, E" is determined by the effective collision 
frequencies given earlier. ' 

2. SOLUTION OF THE MAXWELL EQUATIONS 

The simultaneous solution of Eqs. (1) to (5) reduces 
to a successive integration of the Maxwell equations for 
given density p(r)  and temperature T,(r) distributions, 
and hence also c(r) distributions. Let the laser  beam 
be focused by an ideal lens such that the optical axis 
goes through the center of the target while the focus 
l ies in an arbitrary point F behind the target (Fig. I), 
L is the distance between the target center and the lens, 
R the maximum radius of the corona, r, the radius of 
the critical surface. Normally the characteristic val- 
ues of R and r, a r e  appreciably larger than the wave- 
length of the laser light so  that i t  is natural to use a s  
the initial approximation for the solution of Eqs. (5) the 
geometric optics approximation (see, e. g., Ref. 2) 

0 ( r )  =R sin eO, (7) 

where n(r)  is the refractive index, B(r) the angle be- 
tween the ray direction and the gradient of &, and the 

FIG. 1. Beam focusing and ray paths in a laser target corona. 

meaning of the angle B0 is clear from Fig. 1. Using (7) 
one can construct the ray path and determine the reflec- 
tion point 7 in which sin@@) = 1. 

The next approximation is connected with splitting off 
the vicinity (ri, r z )  of the reflection point such that 
(rl - 7) = 6 - r2)  and equals several  wavelengths. ' Fur- 
thermore, using the fact that the wavelength is small  
compared to r, we neglect the curvature of the layer 
(r1, r2) and for a given ray consider the wave problem of 
oblique incidence of light onto a plane layer (rl, r2 )  (see, 
e. g., Ref. 3). Thus, the reflection point plays a sub- 
sidiary role, namely, i t  serves  to split off a neighbor- 
hood in which the wave problem is considered. We can 
thus put n(r) = [ ~ ' ( r ) ] ' ~  in (7). The boundary conditions 
for the wave problem are: in the point rl matching with 
the geometric optics approximation and for r <  r2 the 
condition for wave damping. 

We can connect with the ray considered a certain a rea  
[d[dp in the plane of the lens, and, hence, a certain in- 
cident energy flux dq, = I([)[d[dg [I([) is the intensity in 
the laser  beam] and we can evaluate the energy-release 
distribution from this flux a s  function of the radius in 
the corona. Moreover, splitting the electric field vec- 
tor into components in the plane of incidence and a t  
right angles to i t  we can integrate the energy release 
over the angle cp and consider solely a two-dimensional 
problem: one dimension-along the ray in  the appro- 
priate wave problem and the second one-along [, i. e . ,  
a division of the l a se r  beam into a se t  of concentric 
a reas  2n[d[ =nd['. This is the general scheme of the 
calculations. 

We now give the basic equations and relations. The 
ray path is constructed by using the relation 

R sin eO dr 
+ ,f r(nz3-Rz . 

The meaning of the angle a! is clear from Fig. 1. A 
length element of the ray along the incident branch is 

dr 
(dr<O) . 

[ I - ( R  sin 00)2/(rn)2]' iJ  
(9) 

If we take anomalous absorption into account i t  is ne- 
cessary to know the change in the electric field amgli- 
tude along the incident branch of the ray: 

where k = 2w I ~ E " ~ / C  is the absorption coefficient, w 
the frequency of the laser  light, c the light speed, and 
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AS the cross-section area  of the light beam tube. The 
index zero indicates a quantity a t  the point of entry of 
the ray into the corona. Varying (8) with respect to a. 
and Bo we get 

AS r' sin a cos 0 -= 8Oo R cos eon2r dr 
A s o  ~ s i n a . m s ~ o ( l + ~ ~ ~  

where the derivative 600/6ao is easily determined for  
given F and L. 

We now turn to the wave equations. As we consider a 
problem for a plane layer i t  is convenient to introduce 
Cartesian coordinates: z along the radius in the direc- 
tion to the center of the target, x at  right angles to the 
plane of incidence, and y in the plane of incidence (the 
plane of incidence is the plane through the ray and the 
optical axis). We then get from (5) for an s-polarized 
wave (E,  =E, = 0, H, = 0) 

where G and F a r e  functions depending solely on z, 
io io 

E=F(z)exp ( T ( L ' ) ' l ' y ) ,  H = G ( z ) ~ x P  (7(Ef)'1'y) , F,'=E'(?). 

Similarly, for p-polarization (Ex = 0, H, =Hz = 0) 

F,= (a') '"G,/e. (15) 

We consider Eqs. (12). By analogy with Ref. 1 we 
write the field in the form 

G,=p(P,-R,) = B P , ( l - V J ,  (17) 

where p = ( E  - x')"*, Pl is the "incident wave," R, the 
"reflected wave", and V, =R, /P,  the "reflection coeffi- 
cient." Substituting (16) and (17) in (12) we get an equa- 
tion for V,: 

Similarly we also introduce into (14) the correspond- 
ing functions: 

F~=Y(P,,+RII)=TPII(~+VII), (19) 

and we get an equation for V,,:  

We get the boundary conditions for (18) and (21) f rom 
the condition fo r  wave damping when z > z2 (in Fig. 1 
the point r2 corresponds to the point z2, while r t  corre- 
sponds to zi): 

Vl(Z,) =v,, (z2) =O.  (22) 

We integrate Eqs. (18) and (21) numerically. We do not 
give the equations for P, and PI, which one gets easily 
from (12) and (14). 

Having determined v,(zl) and v,,(.z~) we turn to the re- 

gion r k r l ,  where we have for  the reflected coefficients 

I VL, l l  ( r )  1' =I VL,,,  ( r , )  l Z  exp 9 k - d r  (j 2 1 
We consider the case of a linearly polarized laser  

beam. The differential energy flux (corresponding to 
the a rea  5d5dq1) into a sphere of radius r can then be 
written in the form 

d q ( r )  =dq,(r)  ( 1 -  I V, ( r )  1 'sinZ cp- I V l l ( r )  /ZcosZ cp), 
(24) . . 

dl 
dg.(r) = dq.(R)exp (l k z d r )  . 

Integrating (24) over p we get 

Aq(r)  = ~ q " ( r )  [ i - - ' c / Z ( l  tJL(r)  1 2 + 1  V , , ( r )  1') I .  (25) 

We note that Eq. (25) for the flux, averaged over the 
angle p, is valid not only for  linear, but also for ellip- 
tical polarization, and also for unpolarized radiation. 

The matching of the quasi-classical and the wave so- 
lutions in the point rt proceeds using the condition that 
the flux be continuous. Starting from the wave solution 
we write down the radial current density (the Poynting 
vector) S,(z) and after that normalize i t  to the flux 
through the area  do defined by the condition 

Without going into details we make some remarks  in 
connection with resonance absorption. If we a r e  inter- 
ested not s o  much in the maximum longitudinal field a t  
the critical surface, but in the magnitude of the l a se r  
energy absorbed due to that mechanism, the latter does 
not depend only on which collision frequency limits the 
growth of the field. This problem was studied in Ref. 4 
where i t  was shown that one can for the determination of 
the transfer of energy from the incident wave to the 
plasma use the limit a s  ve - 0, where v, is the electron 
collision frequency. 

We note also the interesting approach to a solution of 
Eqs. (5) in a spherically symmetric plasma which is 
based upon the method of expanding the potentials in 
spherical harmonics. 5 * 6  Such a method offers great  
possibilities for taking the wave properties of light into 
account. However, in view of the difference between 
hydrodynamic and wave scales, the inclusion of this 
method in  the calculation of the evolution of a target is 
difficult. The model considered by u s  is a compromise 
between the possibilities of a computational technique 
and the number of physical phenomena taken into ac- 
count. Equations (1) to (4) were solved by different 
methods using a completely conservative difference 
scheme. ' A matching of the hydrodynamic and wave 
scales is accomplished by means of interpolation in the 
vicinity of the critical point: of the density p which is 
linear in the variable m which corresponds to an expo- 
nential interpolation in the variable r, and of the tem- 
perature Te which is linear in the variable r. 

3. RESULTS 

We consider the results of a calculation of a variant 
which was chosen to illustrate the model considered. A 
solid target of DT ice with an initial radius Ro = 100 p m  
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was irradiated by twelve beams, the diameter of each 
beam 2a=4  cm (the intensity was constant over the 
beam cross-section), F = 8  cm, F - L =500 Fm, and 
the total power of the beams equalled 1 .2x 10'' W and 
was independent of the time (infinitely long pulse). We 
give in Fig. 2 the behavior of the differential fraction 6 
of the loss flux, 

along the beam cross-section a t  time t = 0.87 ns after 
the s tar t  of the action of the pulse in the case of anoma- 
lous absorption and the case of only binary electron col- 
lisions (classical absorption). In the same figure we 
show also the integralfraction Aof the loss flux (Ais the 
average of the quantity 6 over the beam cross-section). 

I t  is clear from Fig. 2(a) that the central part  of the 
beam lies in the band of anomalous absorption, which is 
appreciably larger  than the classical absorption, s o  
that 6 undergoes a strong change a t  5 "  0.8 cm. From 
Fig. 2(b) one sees  a qualitative deviation of the function 
6 ( 5 ,  cp) from the anomalous absorption case. The 6(5, cp 
= 0) curve has a sharply pronounced minimum that cor- 
responds to the angle of incidence of the ray which is an 
optimum for resonance absorption. However, in the 
case of anomalous absorption the radiation undergoes 
strong absorption even before i t  approaches the critical 
surface, s o  that the role of resonance absorption is 
there insignificant. It also follows from Fig. 2(b) that 
under the conditions considered (lens aperture, light 
wavelength, characteristic density gradient) the role of 
the resonance absorption is small  in the total balance 
over the beam cross-section, since the a rea  in the 
beam is E2. 

We note that the role of the resonance absorption in- 
creases  with increasing aperture of the focusing optics 
and wavelength. We give in Fig. 3 the fraction of the 
loss current A a s  function of the shift of the target from 
the focus in the case of classical absorption and with the 
anomalous absorption taken into account. The density 
and temperature profiles a r e  taken at the same time 
(t =O. 87 ns). It is clear from the figure that curve 1, 
which corresponds to the classical absorption, has a 
minimum caused by resonance absorption. We note that 
similar behavior is also shown i n  the work of Erkkila. 

FIG. 2. Behavior of the differential fraction of the loss flux 
across the beam cross-section for the cases of: a) anomalous 
absorption, b) classical absorption. 

FIG. 3. The loss flux fraction as function of the shift of the 
target from the focus in the case of classical (curve 1) and 
anomalous (curve 2) absorption. 

In Fig. 4 we depict the structure of the electromag- 
netic field in the region of maximum resonance absorp- 
tion for a classical collision frequency (t = 0.87 ns). 
This region corresponds to the minimum of the g =  0 
curve in Fig. 2(b). We give a comparison of the ther- 
mal pressure  in the plasma in the cri t ical  point p, and 
the electromagnetic pressure  a t  resonance p;m = IE I:/ 
16n (Fig. 4; we remind ourselves that the light flux at  
the target surface in our example is 510'~ w/cm2): 

p,,=p. c r + ~ i  c,=1.4. loi2 erg/cm3 (P* c r / ~ i  cr=3.6), 
prm=5.46. 10" erg/cm3, pa/prm=2.6. 

We note that this estimate refers  to a relatively small  
part  of the target surface where the resonance field is 
large. In the other par ts  of the target the ratio p , / ~ : ~  
is >lo2.  

A comparison show that the thermal pressure  is larg- 
e r  than pEm, but that they can be of comparable order of 
magnitude, and it is, in principle, necessary to study 
the effect of p? on the plasma dynamics. The problem 
is complicated by the fact that the resonance shifts with 
mass and affects the Lagrangian of the particle during 
a time interval which is considerably shorter  than the 
characteristic hydrodynamic time scale. Therefore, 
the changes caused by the pressure  p,em a r e  themselves 
dependent on the dynamics of the corona, which is de- 
termined by the pressure  pf a t  the front of the thermal 
wave, with pf >PC,. In the example considered pf = loi3 

FIG. 4. Structure of the electromagnetic field in the region of 
maximum resonance absorption in the case of a classical 
collision frequency. 
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erg/cm3. In any case, the problem of the effect of the 
electromagnetic pressure needs a special study. 

We give the results  of a calculation of the variants 
connected with experiments on the "Kal'mar" facility.' 
The target is a glass shell filled with D2 gas of density 
5.4x 10' g/cm3. The radius of the shell is 70 pm, i ts  
thickness 2.2 pm. The diameter of the laser  beam is 
2 cm, F =10 cm. The target was positioned such that 
the diameter of the beam cross-section in the plane of 
the target was 150 pm. The intensity over the beam 
cross-section was assumed to be constant, the temporal 
pulse shape was chosen in the form of a trapeze with 
base 2.5 ns and top 1.5 ns, and a r i se  time 0.5 ns. 
The energy in the pulse Epul,,-60 to 100 J (neodymium 
laser). 

We show in Fig. 5 the behavior of the ratio of the 
cross-section of a light-beam tube in the incident radia- 
tion to the corresponding cross-section in the refracted 
radiation at the radius of the vacuum chamber. The 
abscissas a r e  the angles between the optical axis and 
the refracted rays. It follows from this behavior that if 
we put a receiver with small  aperture 2P on the optical 
axis on the opposite side of the beam, the contribution 
from the refracted radiation from the other beams will 
be small in the given receiver (in the "Kal'mar" set-up 
there a r e  9 beams, P = 14"). Hence, if an appreciable 
fraction of the light falls upon the receiver one can con- 
ditionally speak of the light passed beyond the target, 
in other words, of refraction at small  angles. 

Figure 5 is drawn for the case EpUl,, = 101 J and t 
=1.31 ns, when the radius of the critical surface has i t s  
minimum value. It is clear from the figure that the ra- 
diation cannot be incident upon the receiver, but in the 
experiment the fraction of passed energy 6, = 0.3 
(6, =E,/E~,~,,, E, is the energy passed through the tar- 
get). The fraction of absorbed energy 6,, =E,,/E~,,,, 
is 0.55 in the calculations. This value was obtained 
assuming classical absorption and an average degree of 
ionization of the glass atoms Zd =8. If Zgl = 10, we 
have 6 abs = 0.57 (in what follows we put ZgI = 8). If the 
anomalous absorption is taken into account and Z,I = 10 
we obtained babr = 0.86. In the experiment 6,, = 0.3. 

The difference between the experimental values and 

those in the calculations, and above all, in the fraction 
of energy passed required a more detailed considera- 
tion of the experimental conditions. Due to the diver- 
gence of the radiation the actual intensity distribution 
of the radiation in the target plane differs from the 
"shelf" assumed in the calculations. The radiation can 
be divided into two components; one with small diver- 
gence, producing in the target plane a Gaussian intensi- 
ty distribution with a characteristic radius of 70 pm, 
and with large divergence, producing wings. 

The intensity in the target plane was given in the form 

where s is the distance from the optical axis, 0 ss 
c350 ym, a = 7 0  ym, Zi/Io = 1 . 7 2 ~  lom2, with 70% of the 
total flux contained in the radiation with small diver- 
gence. The calculations under such conditions give, 
assuming classical absorption 6, = 0.28, babs = 0.38, 
which agree with the experimental values. 

We give in Fig. 6(a) the time-dependence of the frac- 
tion of loss flux and the R t  diagrams of the critical sur-  
face and the boundary of the Dz gas with the glass. The 
critical surface initially moves from the center, owing 
to the evaporation of the external part  of the shell, and 
later i t  moves with the shell towards the center. The 
fraction of loss flux A initially decreases steeply due to 
the reduction in the density gradient in the corona, and 
also due to the increase in the radius of the critical 
surface. Afterwards A increases due to the decrease in 
the radius of the critical surface. Moreover, notwith- 
standing the fact that after the collapse the critical sur-  
face moves from the center, A continues to increase, 
reaches a maximum, and then again decreases. The 
reason is that the shell moving away from the center 
produces in the corona a perturbation that leads to an 
increase in the density gradient near the critical sur-  
face and to an increase in reflection. 

We show in Fig. 6(b) the analogous behavior for a 
shell of diameter 120 y m and thickness 1.4 y m. It 
shows also the experimental points of the R t  diagram of 
the critical surface, taken from Ref. 8. A large differ- 
ence between the experimental value of the critical ra- 
dius and the calculated one is observed only in the ini- 
tial stage of the dispersal and indicates that we describe 

FIG. 5. Relative change in the cross-section of the light beam 
tube in the refracted radiation as function of the angle of re- 
fraction (t = 1.31 ns, r,,= 58 pm). 

r urn A 

FIG. 6. Rt diagrams of the motion of the critical surface (r,,) 
and the boundary of the D2 gas with the glass ( rd;  evolution 
of the loss flux fraction (A). a) 2Ro=140pm; ARo=2.2 pm, 
EPuI,=62 J; b) 2Ro=120 pm, &to=1.4 pm, Epulse=62 J. 
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poorly the initial stage of corona formation. It follows 
from the calculations that a t  time t =O. 23 ns  the plasma 
boundary has the same radius 120 p m  a s  the experi- 
mental value of the critical radius. 

Under the conditions of the experiment considered, a 
better agreement for the fraction of absorbed energy is 
reached when we use the classical absorption mechan- 
ism; taking anomalous mechanisms into account leads 
to an overestimate of the absorption. A study of curves 
analogous to those given in Fig. 6(b) showed that under 
the conditions considered the role of resonance absorp- 
tion in the total energy balance is small. A comparison 
of the thermal and electromagnetic pressures for the 
variant given in Fig. 6(a) (t = 0.97 ns) gives 

We give in Fig. 7 the fraction of absorbed energy a s  
function of the target diameter, obtained by calculations 
and in a ser ies  of experiments on the heating and com- 
pression of shell targets on the "Kal'mar" facility. 
The focusing conditions remained unchanged when the 

the optical axis takes part  in the resonance absorption. 
When [,/to >> 1 the resonance absorption is also small  
since the angles of incident of the rays a r e  f a r  from op- 
timal. Appreciable resonance absorption is thus possi- 
ble when (,/to- 1. The condition for maximum reso- 
nance absorptioni0 

takes in the case considered by us  the form 

Furthermore, p2 = E'@)?= E '@)Y~,  where p =R sineo is 
the impact parameter of the ray: From similarity con- 
siderations it also follows that 

g/ (E'+F2) %=pEc/rbtF, 

where rb, is the radius of the laser  beam in the plane 
through the center of the target. 

Finally we get 

target diameter was changed and the diameter of the la- where x is the wavelength in vacua, 0 a numerical fat- 
s e r  beam cross-section a l  the target was, according to tor, @ = 0.144 when To = 0.7. analysis of numerical 
(27), -I4' pm' It is 'lear the that for tar- calculations shows that calculated values of tr/[o a r e  
get diameters 80 to 180 pm the theoretical and experi- obtained from Eq. (28) a t  CY = 0.17 to 0.21, which cor- 

are in good agreement. For target responds to values rO= 0.76 to 0.84 (cf. Ref. 4). For  
e ters  well above the laser beam diameter the theoreti- instance, for the conditions of the experiment on the 
cal curve lies somewhat above the experimental values, ' c ~ ~ ~ , ~ ~ ~ , ,  facility (X pm, I = 30 pm, Y, ybY, 
due to the fact  that the plasma dispersal is not spheri- << , , 0. 2), we get = o. 02. A complete calcula- 
cally symmetric. For very large target diameters tion shows that the fraction of resonance energy absorp- 
each laser beam forms i ts  own jet, which leads to in- tion is about 1% of the absorbed energy. This agrees 
creased losses due to refraction. A quantitative study with the fact that in these experiments a ,'contracting 
of the problem in that case is greatly more complicated. shell" is realized and the Rt diagram given in Fig. 6(b) 
However, to reach maximum compressions of the h e r -  is close to the experimental one. 
monuclear fuel. such conditions of irradiation a r e  of no 
interest. We consider now the results  of the calculations of 

We shall dwell in more detail on the resonance ab- 
sorption mechanism in a spherical target. As a result 
of resonance absorption epithermal electrons a r e  gen- 
erated4 which may heat up the whole target and change 
the heating and compression regime of the target. We 
determine the coordinate t, of the ray for which the 
condition for maximum resonance absorption is satis- 
fied. The characteristic region of the beam which takes 
part  in the resonance absorption l ies then in the range 
0 6 5 25, [see Fig. 2(b)]. If [Jto << 1 (50 is the radius 

variants connected with experiments on the "Janus" (Nd 
laser)  setup. " The target is a glass shell, Ro = 43 p m, 
ARo = 0.66 pm. The laser  energy E,,,, =30 J in two 
beams, the shape of the pulse is an isosceles triangle 
with length along the base 146 ps. The target was posi- 
tioned in the center between the focal planes of the two 
beams, and the distance A F  between the foci was var- 
ied. We considered two focusing systems: F/1 (250 
=F) and "SIS," which consists of two aspherical mir- 
r o r s  (the angle of convergence of the rays was 163'). 

of the beam), only a small fraction of the beam close to We show in Fig. 8(a) the theoretical dependence of the 
fraction of absorbed energy E,~/E,,,, on the quantity 
A F / ~ R ~  (curves 1 and 2). The experimental values 
(points) a r e  also shown there. For  the two so  greatly 
differing optical systems (F/1 and "SIS') we found 
agreement between theory and experiment. A charac- 

0. Y 
teristic feature is the presence of maxima in the ab- . . + sorbed energy, caused by the increase in the fraction of 

A + resonance absorption. A similar result is also ob- 
1.2 xi ; tained for the conditions of the experiment on the "Ar- 

gus" setup. li The target is a glass shell, R o =  52.5 pm, - 
100 1'40 IHil L'ZU /60 

ARo = 0.78 pm, E ,,,, = 107 J in two beams (Nd laser) ,  
~ R O ,  ~m the focusing system is F/1, and the radius of the beam 

FIG. 7 .  Absorbed laser energy fraction a s  function of the tar- at the target is 25 pm. The shape Of the pulse is given 

get diameter under the experimental conditions in the in Fig. 8(b), curve 3. We also show there the time-de- 
"Kal'mar" facility. Curve: theory; points: experiment. pendence of the absorbed flux fraction nabs =q.br/qllser 
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FIG. 8. Efficiency of absorption under experimental condi- 
tions: a) "Janus" set-up, curves:  theory; points: experi- 
ment, curve 1 and open points for  the optical system "SIS", 
curve 2 and filled pointsfor the ~ / 1  system; b and cf "Argus" 
and COz laser ,  respectively: curves:  1) absorbed flux frac- 
tions, 2) resonance absorption flux fractions,  3) pulse shape. 

(curve 1) and the fraction of the flux absorbed due to the 
resonance mechanism Azb =qz, /q,,,, (curve 2). The 
fraction of energy absorbed was 34% of the laser  ener- 
gy. This agrees with the experimental value which is 
-30%. l i  The fraction of absorbed resonance energy is 
-90% of the absorbed energy. 

Characteristic under the conditions considered is that 
thanks to the high flux densities (-loi5 to loi6 W/cm2) 
the shell is heated up by a thermal wave already before 
the moment of the collapse ("exploding shell" regime). 
Because of the short pulse length the plasma does not 
succeed in dispersing strongly and during the time i t  
ac ts  and the density gradient remains relatively large 
(1- A). According to (281, the role of the resonance ab- 
sorption mechanism then increases, [,/[0- 1 during 
each laser  pulse. Theory agrees with what is said 
about the heating of the target by epithermal electrons 
and about the heating of the shell by an electron heat- 
conduction wave. 

We consider the results  of the calculation of the heat- 
ing and compression of the target under the conditions 
on a COz l a ~ e r . ' ~ * ' ~  In contrast to the "Argus" experi- 
ment, the compression regime is here determined sole- 
ly by the heating of the target by the epithermal elec- 
trons. The parameters of the target and the pulse are: 
Ro = 105 pm, AR, = 1.4 p m (SiO,, inside is DT gas with 
a density of 2 X lo9  g/cm3), E,,,,, = 380 J, the shape of 
the pulse is shown in  Fig. 8(c) (curve 3), the optical 
system is F/Z, r , ,=75 pm. We give in Fig. 8(c) the 
time-dependence of A,, and A:,,, . The laser  light is in 
this case absorbed mainly via the resonance mechan- 
ism. The fraction of the absorbed energy is theoreti- 
cally 0.19, experimentally 0.15 to 0.20. 

A calculation assuming that the power resonantly ab- 
sorbed is transferred by fast electrons and released in 
the target uniformly over the massi4 gives for the time 
of collapse t, =O. 48 ns, which agrees with experiment 
(0.5 ns). In that case 1 = X, the plasma temperature 

(0.1 to 0.3 keV) is appreciably lower than in the abla- 
tion regime (-1 keV), and the corona disperses with a 
lower velocity. For instance, a t  times 0.25 ns and 
0.48 ns r ,  is equal to 142 p m  and 245 pm, respective- 
ly. For  such plasma parameter values the role of the 
resonance absorption is, according to (28), large and 
there i s  practically no absorption due to the inverse 
bremsstrahlung mechanism. We note that anl -X in- 
homogeneity may ar ise  also due to the light pressure on 
the reflection s u r f a ~ e . ' ~ * ' ~  

In a calculation in which we neglected the heating by 
fas t  electrons we obtained a contracting shell regime, 
but the time of collapse in that case (t, = 1.46 ns) did 
not agree a t  all with the experimental value. 

The model considered of the absorption of laser  light 
in spherical targets taking refraction into account, thus 
enables us  to give an interpretation of existing experi- 
mental results, taking into account important effects 
which occur in actual experimental conditions. 

The authors a r e  grateful to A. S. Shikanov and A. A. 
Rupasov for useful discussions. 
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