Acceleration of material by a pressure pulse of radiative plasma
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A time-dependent analytical model is developed for radiative plasma formed by the action of a
pulse of x radiation on matter. The model determines the parameters of the radiative

plasma as functions of the intensity and length of the x-ray pulse and the properties of the target
material. The problem of the acceleration of a planar or spherical target under the action of

the pressure pulse from the radiative plasma is solved. Analytical expressions are found for the
target velocity and the hydrodynamic coupling coefficient (the ratio of the target kinetic

energy to the energy of the x-ray pulse). The parameters of the radiative plasma and of the plasma
formed by direct action on the material by a laser pulse are compared, along with the

properties of ablative acceleration using indirect and direct compression of a spherical target. It
is shown that for x-ray intensities ~10'* W/cm?® which are of interest for inertial

confinement fusion, the parameters of the radiative plasma from heavy elements (gold, iron, etc.)
fall within the following ranges: density 0.1-0.3 g/cm’, temperature 0.1-0.3 keV, pressure
20-40 Mbar; values of the final target material velocity and hydrodynamic coupling coefficient
in excess of 300 km/s and 0.1 respectively (needed for ignition) can be achieved only if a
substantial part of the target mass, 80-90%, is vaporized. These results imply that in indirect drive
using targets with relatively thick shells (and therefore possessing enhanced hydrodynamic
stability) the only way to achieve high hydrodynamic efficiency is to use heavy elements in a
porous state with a microscopic density of 0.5-2 g/cm® as the target material. © 1994

American Institute of Physics.

1. INTRODUCTION

This work is aimed at the theoretical investigation of the
physical properties of high-temperature radiative plasma
formed by the action on matter of a pulse of x radiation. This
problem is important for the study of the physics of x-ray
absorption, energy transport processes, hydrodynamic mo-
tion, and optical properties of matter in nonstationary plas-
mas.

Furthermore, the hydrodynamic properties of radiative
plasma have an important application in inertial confinement
fusion (ICF). One of the concepts of current interest for ICF
is based on the so-called indirect compression of a thermo-
nuclear target.! By indirect compression (indirect drive) one
means the compression of material by a plasma pressure
pulse formed through the action of soft x rays, the energy of
which is obtained by converting the energy of a driver (a
laser or ion beam). The advantage of this approach in com-
parison with direct drive, in which the laser or ion-beam
pulse is applied directly, is the high isotropy of the energy
absorption process, which leads to more favorable conditions
for the compression of a spherical shell target’ from the
standpoint of the development of the Rayleigh—Taylor hy-
drodynamic instability.

On the other hand, when one compares these two ap-
proaches one should take into account that indirect drive is a
more complicated way of changing the driver energy into
thermonuclear plasma energy. The energy conversion effi-
ciency 7,=E,JE4 (where E, is the internal energy of the
thermonuclear plasma and E is the driver energy) in direct
compression is determined first by the energy absorption co-
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efficient of the driver in the vaporized part of the target, the
corona: 7,,=FE /E 4 (here E is the energy absorbed in the
corona from the laser or ion beam) and secondly by the hy-
drodynamic coupling coefficient 7,=E/E ,, (Where E|, is the
kinetic energy of the accelerated unvaporized part of the tar-
get), and finally by the efficiency with which kinetic energy
of the target is converted into internal energy of the thermo-
nuclear plasma, 7,=E /Ey:

7/p= ﬂabx 7Ih>< 7.

In indirect drive, in addition to these processes we must also
have conversion of the driver energy into x radiation and
absorption of the x radiation in the target. These processes
can take place in either one or several parts of the target, but
in both cases they lead to considerable (more than 50%)
driver energy losses in comparison with direct drive.?

In this connection, a key point in the energy balance
problem for indirect drive is the hydrodynamic efficiency
with which matter can be accelerated by the pressure pulse of
the radiative plasma, since the processes by which the driver
energy is absorbed and the kinetic energy is converted into
internal energy of the thermonuclear plasma differ little from
the analogous processes in direct drive, which have been
studied in considerable detail (see, e.g., Refs. 4-7).

The criterion for efficiency in target acceleration in ICF
is reaching a hydrodynamic coupling coefficient greater than
0.1 and a final shell velocity (at the instant when the target
collapses in the center) of at least (3—4)-10” cm/s (Refs. 1
and 2). :
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The difference in the way material is accelerated in di-
rect and indirect compression is due to the difference in the
physics of the formation of the coronal plasma and the pres-
sure pulse in the two cases. What is different is the transport
mechanisms for the absorbed energy: in direct drive these
mechanisms are the shock wave and electron thermal con-
ductivity, while in indirect drive they are the shock wave and
energy transport by the radiation of the plasma itself.

The physics of the conversion of laser radiation into x
rays, the processes by which the radiative plasma is formed,
and the acceleration of matter under the action of the pres-
sure pulse of the radiative plasma are being actively studied
at present both experimentally and theoretically. In experi-
ments performed in various laser facilities (see, e.g., Refs.
7-9) a high degree of conversion into x rays has been
achieved for short-wavelength laser radiation with A=0.27—
0.53 um: 70-90% for action on planar targets made of heavy
elements (Au, Pb, etc.) for a laser pulse with intensity
1,=10"-10" W/cm? and length ¢; =35 ns. In a series of
experiments the electron temperature of the radiative plasma
has been measured; for a laser pulse with the above param-
eters it is found to be in the range 150—400 eV (Refs. 8—10).

Theoretical studies of the properties of the radiative
plasma are based primarily on numerical simulation. Using
generalizations of the data from experiments and numerical
calculations, scaling laws are proposed which describe the
rate of vaporization of material under the action of the laser
pulse on a planar target made from heavy elements, the tem-
perature, and the ablative pressure of the resulting radiative
plasma as functions of the intensity and length of the laser
pulse.!-13

It is our view that it is useful to supplement these efforts
with a self-consistent theory of the formation of the radiative
plasma, which would provide a unified description of the
properties of the plasma that forms when the laser pulse acts
on a target made from various heavy elements. In the present
work an analytical time-dependent theory is proposed for the
formation of plasma in an equilibrium x-ray field, taking into
account the hydrodynamic motion of the material. We find
the temperature, density, and expansion velocity of the radia-
tive plasma as functions of the x-ray pulse parameters, the
atomic number of the elements, and the degree of ionization
of the target material for a prescribed efficiency for conver-
sion of the laser radiation into x rays. In addition, we solve
the problem of the acceleration of a planar and spherical
shell under the action of a pressure pulse from the radiative
plasma. We have determined the rate of vaporization of ma-
terial and the velocity of the unvaporized part of the target as
functions of the x-ray pulse and target properties and calcu-
lated the hydrodynamic coupling coefficient for a spherical
shell target. These results are compared with those from ex-
periments and numerical calculations, showing not only the
qualitative correctness of the theoretical models but also
good quantitative agreement. We find the conditions under
which the target is accelerated effectively by indirect drive
and propose a means of achieving these conditions for low-
aspect-ratio target shells with relatively small ratios of the
shell radius to thickness, (~10-20), by virtue of which the
stability against hydrodynamic perturbations is enhanced.
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2. MODEL OF THE RADIATIVE PLASMA

Consider the formation of plasma under the action of an
x-ray pulse under the following conditions. We assume that
the x-ray pulse with constant intensity /, and length ¢, is
incident on an unbounded slab of material with high atomic
number A. We will assume that I, and ¢, are sufficiently large
that the resulting plasma is in a state such that radiation and
matter are in equilibrium. Such x-ray pulse parameters cor-
respond to conditions in which the laser radiation is con-
verted efficiently into x rays.’

We will look for the temperature, density, and velocity of
the plasma material as functions of the x-ray pulse in the
approximation in which the processes corresponding to
plasma formation evolve self-consistently. This approach to
the problem has been used successfully to derive a model of
the target corona for direct drive resulting from absorption of
the laser energy and transport of the absorbed energy by
sound waves,>'* electron thermal conductivity,15 or fast
electrons.>!% In addition we will assume that the plasma pa-
rameters are uniformly distributed through the target mass.

The condition for a self-consistent state in a radiative
plasma is that the Rosseland mean free path for the photons
of the radiation in the plasma equal its size. In the calcula-
tions below we use the standard formula for the Rosseland
path length:

L.=C,—; C,=const,
p
where T and p are the plasma temperature and density re-
spectively. The characteristic size of the expanding plasma is
L h=0t,

where v is the average plasma velocity, ¢ is time, and we
assume ¢t<t,. Then the self-consistency condition can be
written in the form

™ [(Z+1)k v o1 .
p" Am, v ' . )

P

Here Z is the average ionization state of the plasma, m, is the
proton mass, £ is the Boltzmann constant, and v is the adia-
batic speed of sound, v2=P/p. The second equation describ-
ing the state of the plasma is the energy equation:

P vz v)\?
st=+5 (5] | @)

Ie=pv 2 \vg

where P=pBT and eé=P/p(y—1) are the pressure and inter-
nal energy of the plasma respectively; here
B=(Z+1)k/Am, is the specific heat and 7y is the adiabatic
index. In the calculations below it is convenient to introduce
the parameter B=v/V in Egs. (1) and (2).

By solving Egs. (1) and (2) we find the following ex-
pressions for the plasma parameters:

T=[g7?B*""ICrCim M), 3)
p__.[BSBSnCFSC%n—1]—k1[13n—1t—3]kl’ )
P=[BB"C;'CP1 I 1k, )
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v,=[BB"C;'CTIM[IT ]k, 6)

where we have introduced the notation k;=1/(2n+3m—1),
k,=2n+2m—1, C,=B(y/y—1+p5%2).

In consequence of the approximations we have made,
this problem belongs to the class of problems involving hy-
drodynamic expansion of a material slab under the action of
an energy source uniformly distributed through its mass. Be-
cause of this we can specify an approximate value of the
parameter B which appears in the solutions from the well-
known self-similar solution of this class of problems.!” It
yields the following expressions for the parameters of the
plasma corona:

_3x .
u_2 t’ ()
T——2 E, 8

“3y=1Bm. " ®)

3 [3y—1) m; x?

=p(t)exp| — — ——, 9

p=p(t)exp ( 1) E 7

where

© [3 3y-1 m}?
p)=\——— 55

47 y—1 Ell,/2t3/2
Here u, T, and p are the velocity, temperature, and density
respectively of the plasma, x is the spatial coordinate, B is
the specific heat, m, is the total mass of the plasma, and
E,=const is the absorbed power of the laser radiation. The
average velocity v, corresponding to the average momentum,
is

1 3

updx.
my Jo P

Substituting the expressions for # and p into the integral we
find

B /12 /'y—] /E,,t
"N 3y—-1 my

Next, using expression (8) to determine the sound speed v,
we find the following expression for B:

_\/3~
B=/= =138,

Note that the values of B obtained from numerical
calculation''? lie in the interval 1.3-1.5.

As an example we calculate the parameters of the radi-
ating plasma for the case of a gold target. According to Ref.
18, for gold we have n=25, m=15, C,=0.1
cm(g/cm’)/keV>>. Then we have k;=0.12, k,=7 and expres-
sions (3)—(6) assume the form

A 0.4
T [keV]=0.24I?‘36t°'24(ZT1) , (10)
A 0.9
31— 0.48 ,—0.36
p [g/em’]=0.0571;-""¢ (Z+1) , (11)
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FIG. 1. Temperature T and pressure P of the radiative plasma of a gold
target as a function of the intensity I, of an x-ray pulse. The results of Ref.
13 are indicated by the dashed curve.

Z+1

A \032
) ) (12)

P, [Mbar]=381-%4¢012

v, [em/s]=2.6-1071%-18;012 (13)

A -0.3
Z+1)

Here and in what follows I, is given in units of 10'* W/cm?
and the time ¢ in ns; P,=(1+B°)P is the ablative pressure.

Let us compare these results with those from numerical
calculations and experiments. In Ref. 13, using experimental
data, the following behavior was found for the temperature
and ablative pressure of the plasma of a gold target as func-
tions of the x-ray intensity:

T [keV]=0.21°3, P, [Mbar]=481""8
T T

The scaling law for the ablative pressure of the plasma of a
gold target obtained in Ref. 12 from numerical calculations
takes the form

P[Mbar]=441)%1¢701,

The temperature and ablative pressure of the plasma as func-
tions of the x-ray intensity, Eqs. (10) and (12), together with
the results of experiments!* are shown in Fig. 1.

Comparison of the results shows good qualitative agree-
ment with the present model of the radiative plasma. A cal-
culation using Egs. (10)—(12) for I,=10"* W/cm? and t=3 ns
yields the following results for the parameters of a gold tar-
get corona: T~600 eV, p~0.26 g/cm?, P,=36 Mbar. Since
the path length of x-ray photons corresponding to a plasma
temperature of several hundred eV is considerably longer
than the path length of the photons of laser radiation with
wavelength A=~0.35-1.06 um, the average density of the ra-
diative corona is much greater than the average density of the
corona formed from the direct action of laser radiation on a
target made of light elements, which is close to the critical
density corresponding to the wavelength of the laser radia-
tion: p,=(0.3-3)-1072 g/cm®.
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3. ACCELERATION OF MATERIAL BY THE PRESSURE
PULSE OF THE RADIATIVE PLASMA

Now we will consider the problem of accelerating a thin
layer of material in response to the pressure of the plasma
formed when the x-ray pulse is absorbed at one of the sur-
faces of the layer.

3.1. Acceleration of a spherical layer

The vaporization of the outer part of a spherical shell in
connection with the formation of the radiative corona and
acceleration of the unvaporized part of the shell toward the
center under the action of an ablative pressure is described
by the following equations (see, e.g., Ref. 19):

M _ 47R? 14

dt - . prs’ ( )
dv

M -d-t—=4wR2(1+/32)P. (15)

The initial conditions of the problem take the form
R|,—o=Ry, M|,—g=M,, v|,-=0, where M and R are the
mass and radius of the unvaporized part of the shell, v is the
velocity in the direction of the center, M 0=47RE-AR - pg is
the initial mass of the shell, and AR and p, are its thickness
and density.

Using Egs. (10)—(13) to introduce the time averages of
the sound speed and coronal plasma pressure over the dura-
tion of the x-ray pulse, we transform Egs. (14) and (15) into
the dimensionless equations

du 2 2 —k
yE=(1—3k1)(1+2k1)(1+,3 Ydax TN, (16)

E’%=—B(1—3k1)(1+k1)19ax2'r—2"1, a7)
dx
E:_ﬁu’ x|l=0=1’ l"’lt=0=1’ u|t=0:09 (18)

where we have introduced the dimensionless variables
u=M/M,, u=v/os, x=R/R,, the parameter J=v,/R,
(the ratio of the time scale Ry/v, of the collapsing target to
the pulse length ¢,), and the parameter a=(Ry/AR)(p/py).
Here

p=(1-3ky) "p(t), 19)

v=(1+k;) 'ug(t), (20)
where p(t,) and v(¢,) are the values of the density and sound
speed at time t=¢,.

We solve this system by the method of successive ap-
proximations. As a first approximation we assume that the
mass and radius of the shell are equal to their average values

during the process of compression, i and x. As a result we
find the following solutions:

£\ 172k
u=1—2c2<1—k1)ﬁ7af(—) , (1)

L

1-k,
u=C \/-;‘fvz(ti) . 22
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In these expressions ¢, is the time for the target to collapse to
the center:

t. l‘kl/Z—C I& E—L
U a xt,

: (23)

=C4

and &= (t,/t)” 2K1 is the parameter relating the x-ray pulse
length to the target collapse time. The constants C,, C, and

C, take the form

B A3k kDK 1+k
Cz—‘_x

2 (1+p>(1+2k,) 1-2k;’
_ [+ B (1=3k,)(1+2k,) (2~ k1)
Cs=x \/ 1-k ’

(2—ky)(1—ky)
Ca= \/(1——3k1)(1+2k1)(1+32) :

Averaging the solution (21) and (22) in the first approxima-
tion over the time of target collapse we find the average
values of the shell mass and radius:

2'_k1
3-k1 ’

cn_fZC2 aszz ad*C?
a=1+— 2—\/ > 212+ > 2. (25)

The range of variation of the parameter « is determined from
the condition u(a)| 1=¢,.>0, and from (21), (24), and (25) is

equal to

0<a<[2C2E%(1—ky)(1-2k)] . (26)

x= (24)

The upper limit of « corresponds to complete vaporization of
the shell. At the instant the target collapses to the center
(t=t.) the general solution (21)—(23) for a gold target as-
sumes the following form:

a
u=1.44 \ﬁ (27
Mm

u=1—0.73\/a[1,, (28)
K Ry
= —_ = 29
=\g 5 (29)
where

4=1+0.086a—0.086a(2+0.086a), 0<a<4.34.

The dependence of the velocity and mass of a gold shell on
the parameter « is shown in Fig. 2.

3.2. Acceleration of a planar target

Experimental studies of the physics of material accelera-
tion under the action of a laser pulse have been widely pur-
sued with planar targets. Hence there is interest in solving
the problem of accelerating a layer of material under the
action of a pulse of radiative plasma. Assume that a thin
layer of material has high atomic number and thickness A. In
this case, in the initial equations of motion (14)—(15) we
should omit the factor 47R? and the target mass M should
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FIG. 2. Unvaporized mass u=M/M, and velocity u=uv/v of a gold target
as functions of the parameter a=pR,/poAR.

be understood as the mass per unit area (g/cm?). Using the
average-mass approximation, we find the solution for a gold
planar target:

M [g/em?]=My—5.5-10"310-66,0-76, (30)
8.2-10* 0.84 ,0.88
v [CHVS]='—*;;——‘1r o8, (31)
where
M=M,—3.1-1073[°-66,0.76 (32)

This solution is valid for t<t.,, where ¢, is the time at
which the material is completely vaporized. We can deter-
mine ¢, by equating expression (30) to zero:

tey=0.25A131087,

If velocities 300—400 km/s for I,=5-10" W/cm? and
t=3 ns are reached at time ¢, the initial target mass should
be M(=7.5-10"""3 (g/cm?).

This solution can be compared with the results of nu-
merical calculations and experiment given in Refs. 12 and
13.

The dependence reported in Ref. 13 for the vaporized
mass is

M., [g/m?]=3.8-10731°3,
In Ref. 12 the following result is given:
M., [g/em?]=4.7-1073[°-63,0-82,

The exponents of the intensity and time in Refs. 12 and 13 in
the expressions for the vaporized mass are close to those we
obtain in our simple analytical model. Figure 3 shows the
vaporized mass as a function of the x-ray intensity. The re-

sults of this work agree well with the numerical calculations
of Refs. 12 and 13.

4. HYDRODYNAMIC COUPLING COEFFICIENT FOR
INDIRECT DRIVE

We calculate the final hydrodynamic coupling coefficient
for a spherical shell target accelerated by the momentum of
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FIG. 3. Unvaporized mass M of a planar gold target as a function of the
x-ray pulse intensity /, . The result obtained from a numerical calculation in
Ref. 13 is indicated by the dashed curve.

the radiating plasma, using the results given above for the
velocity of the unvaporized mass of the target together with
the expression for the energy of the x-ray pulse:

3 2
E=47RIt .= 47ng( ;_ll +B?

X (1+ky)tx2p0?.
Evaluating the kinetic energy E,|,— , using Eqgs. (27)-(28),
we find a general expression for 7, :

(14 Y2 (1-4k3) DEJap(1-DEag)
™TT2pC (1-K) i ’

(33)

where we have introduced the notation D =2C,(1—k,). Ex-
pression (33) is valid [cf. Eq. (26)] for

0<a<[2C382(1—ky)(1—2k;)]" .

Using Eqgs. (33) and (26) we can determine the optimum
value of the consistency parameter

t,\ 3k
&= (‘) -

First of all it is obvious that the parameter £ should be less
than unity, since only in this case is all of the x-ray pulse
energy used for accelerating and compressing the target.
Then, exactly as with «, the consistency parameter enters
into the expression for the average mass (25) and into the
hydrodynamic coupling coefficient in the combination aé;
consequently the form of the function 7, (a) for £&=const and
7;h(§2) for a=const is the same. From condition (26) it is
clear that by reducing & we spread out the function 7, in a.
This means that as £ is reduced we can achieve the same
value of the hydrodynamic efficiency for larger values of the
parameter a. Increasing the parameter a=(p/py)(Ry/AR)
implies either increasing the aspect ratio of the shell or the
average density of the corona. However, neither of these is
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FIG. 4. Hydrodynamic coupling coefficient 7, as a function of a in the case
of a radiating corona in the steady and unsteady cases (solid trace and
dash-dot trace) and in the case of a ‘“hydrodynamic” corona (dashed
trace)."?

desirable. When the aspect ratio is increased, i.e., for thin
shells, the probability that the shell will be disrupted in the
process of compression as a result of hydrodynamic instabil-
ity increases. Raising the average density of the radiative
corona requires the use of higher intensities of laser radia-
tion, as a result of which the efficiency with which energy is
converted into x rays drops. Thus, it is undesirable to in-
crease the range of variations of the parameter «, and the
optimum value of the consistency parameter ¢ should be 1.
For gold the expression for the hydrodynamic coupling co-
efficient assumes the form

m=0.46( )i~ 2(1-0.73\apm), (34)

where

a~1+0.086a—0.172a,

The function (34) is displayed in Fig. 4, from which we see
that the maximum hydrodynamic coupling coefficient
Tmax =36% is achieved for @=1.6. The nonmonotonic behav-
ior of 7, is related to the increase in the final velocity and the
decrease in the unvaporized mass of the shell as a function of
a.

0<a<4.34.

Note that the expressions for the mass and velocity of
the shell in the dimensionless form (27), (28), as well as the
hydrodynamic coupling coefficient (34) calculated for a gold
target, have a universal character, and to within 5% can be
used for targets of other heavy elements, although the sound
speed and density of the radiating corona which enter into
these quantities can vary considerably, depending on the
atomic composition of the target material. This is related to
the fact that the constants C,,C,,C, which determine the
solution of the dimensionless equations of motion (21)—(23)
depend only on the exponent k;, which is determined by the
exponents n of the temperature and m of the density in the
expressions for the Rosseland path length, and do not depend
on the constant C, of the Rosseland path length. Since the
exponents n and m differ little for various materials, and
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they are much greater than unity, the exponent in question
satisfies k;<<1 for all elements. As a result, the constants
C,,C,,C, for different materials are close to the values

C,~BI3\1+ 3, C3=~2(1+8%)/3, C,~2/(1+89) .

On the other hand, the values of the sound speed and the
density of the radiating corona depend on C,, which varies
considerably for different materials (for example, for Au,
C,~107% for Fe, C,~0.3; and for Al, C,~0.7).

5. HYDRODYNAMIC EFFICIENCY FOR ACCELERATION OF
A SPHERICAL TARGET BY THE IMPULSE OF A
RADIATIVE PLASMA

‘We consider the conditions for efficient acceleration of a
target shell by indirect drive (see Introduction) and compare
the hydrodynamic efficiency of an indirect-drive target with
that of a direct-drive target, evaluated at the wavelength of
an Nd laser, the type most widely used in current experi-
ments.

From Egs. (20) and (27), in the case of indirect drive the
final velocity of a gold shell and the parameter « of a
matched target (a target whose time of collapse is equal to
the pulse length) are equal to

R /AR 0.5 A 0.15
v%0.42-10710'46[—%—)0—] o7 A 69
Ro/AR 1.12 A 0.94
1 A4.10-270.71
a~1.4-10"%] [ - } 777 (36)

where i~1+0.086a—0.41a, a<4.34.

In the case of laser radiation acting directly on the target,
the bulk of the radiation is absorbed near the plasma reso-
nance, and for this reason the average density of the target
corona in direct drive is close to the critical plasma density
corresponding to the wavelength of the laser radiation,
p=1.7-10"% (A/Z+ 1)\, and the acceleration properties of
the target shell are calculated from the following relations:'?

A \"V[Ry/AR]*®
~ . 770.33y —0.33 -—0.5
v~0.37-10771°33)\ (z+1) o a3,
(37)
A Ro/AR
~ . -3 -2
a~1.7-107% ==\ [ ” } (38)
where

. [« a\’
,u%( 1+3_6_\/;) , as4.5,

Let us consider the results given above for the maximum
radiation fluxes acting on a target with direct and indirect
drive. From the physics of conversion of laser radiation into
x rays given in the Introduction, the maximum x-ray flux
should be taken to be the quantity 10'* W/cm?® The maxi-
mum laser intensity at which the role of parametric processes
in the interaction of the laser radiation with the plasma can
still be disregarded is related to the wavelength by
I~10"\"% W/cm® (Refs. 1, 5).

First of all we note that for direct-drive and indirect-
drive targets the functional dependence of the final velocity

Gus’kov et al. 753



and the parameter « on all problem in the parameter, includ-
ing the radiation intensity (if we take for the ratio [ 033/)\0-33
in direct drive the ratio of these quantities corresponding to
the maximum intensity of the laser radiation) are similar.

The parameter A/(Z+1) of the coronal plasma for
indirect-drive targets is considerably greater than in direct
drive. Specifically, the atoms of heavy elements in the corona
of the indirect-drive targets are partially ionized; for gold,
e.g., at the intensities we have assumed the charge state is
Z~20-30 (Ref. 18) and hence A/(Z+1)~7-9. The corona
in direct-drive targets is an essentially completely ionized
plasma of light elements, so the ratio A/(Z+1) in this case
is close to 2.

Taking this into account we can easily see that for the
same values of (Ry/AR)/p, the value of « for indirect-drive
targets is considerably greater than in direct-drive targets (by
about a factor of 30 for laser wavelengths A~1.06 um and a
factor of 3 for A=0.35 um). This difference in the values of
a can be explained by the substantial increase in the density
of the radiating corona above the density of the corona in a
direct-drive target, which in turn is a consequence of the fact
that the path length of an x-ray photon is greater than the
absorption length of the laser radiation at these wavelengths.
Under the same conditions, however, the difference in the
final velocities with which the target shells move in the two
designs is slight; when the third harmonic of an Nd laser is
used, the final shell velocity in a direct-drive target is twice
that in the case of indirect drive. This is due to the higher
temperature and consequently the higher sound speed in the
case of direct drive because of the behavior of the photon
path lengths of x rays and laser radiation mentioned above.

Calculations using Eq. (36) reveal that in indirect drive
final shell velocities (3—4)-10” cm/s can be achieved only if
the relative mass of the vaporized part of the shell is large.
For a gold target a final shell velocity 3- 107 cm/s is achieved
for a~2.5 and a relative mass of the vaporized material of
1—u~0.83, while a velocity of 4-10” cm/s is achieved for
a~3.5 and 1—x~0.93. The maximum velocity, correspond-
ing to the maximum possible value of « equal to 4.34, is
4.5-10" cm/s. Thus, indirect drive has essentially no margin
above the minimum (from the standpoint of hydrodynamic
efficiency) shell velocity. An indirect-drive target can operate
only in a narrow range of the parameter a, 2.5<a<4, the
upper limit of which corresponds to the value of the hydro-
dynamic coupling coefficient 7~0.1 [see Fig. 4 and Eq.
(34)], while the lower limit corresponds to a velocity 3-107
cm/s.

The prospects for using the direct approach to compres-
sion in order to achieve large final velocities for the target
shell are considerably broader. Specifically, as shown by the
calculation using Egs. (37) and (38), at the maximum value
of the laser radiation for the third harmonic of an Nd laser
the velocity 3-107 cm/s is reached at a~0.17 and 4- 107 cm/s
is reached at a=~0.3, while the maximum velocity corre-
sponding to the maximum possible value a=4.5 is 1.5-108
cm/s.

Thus, the operating regime of a target in indirect drive
differs from that of a target in direct drive. An indirect-drive
target operates at large values of the parameter a~2.5-3.5
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and hence at large values of the relative mass of the vapor-
ized material 1—u~0.8-0.9 (see Fig. 2).

6. CONCLUSION

In conclusion we consider the important question of the
maximum possible aspect ratios for indirect-drive targets sat-
isfying the criterion for hydrodynamic efficiency of the target
acceleration.

The values of the shell aspect ratio that are acceptable
from the standpoint of hydrodynamic stability are less than
30 (Ref. 19). For the shell in an indirect-drive target made of
gold, in the normal state with initial density p,~19 g/cm® the
parameters a~2.5 (v=3-10" cm/s, 7,~0.32) and a~3.5
(v~4-10" cm/s, 7,~0.18) correspond to very large aspect
ratios, 310 and 420 respectively.

It is evident that for a given value of a (for a given
hydrodynamic efficiency) the aspect ratio of the target can be
chosen smaller if the initial density of the ablator is smaller
(Ro/AR=apy/p). The need to absorb x radiation imposes
definite restrictions on the amount by which the initial den-
sity of the ablator can be reduced in indirect drive: specifi-
cally, the vaporized part of the ablator must be made of
heavy elements.

One way to reduce the aspect ratio of a target in indirect
drive may be the use of a combined ablator, consisting of an
outer layer of heavy material with normal density, e.g., gold,
whose mass would be equal to the mass of the radiating
corona that forms, together with an internal layer made of
material from light elements with a mass equal to the mass of
the unvaporized part of the shell, which would not have to
absorb x radiation. However, because of the requirement that
the vaporized material have a large relative mass, i.e., that
the mass of the radiating corona be large, corresponding to
the effective operating regime of an indirect-drive target, this
reduction is insufficient from the standpoint of hydrody-
namic stability. In fact, in order that the bulk of the ablator
kinetic energy pass into internal energy of the thermonuclear
plasma when the target is compressed the initial density of
the unvaporized part of the ablator should be at least 5-10
times greater than the density of the thermonuclear material
(phr=~0.2 g/cm? for DT ice).'” However, using material with
a density py~1 g/cm? as the inner layer of a confined ablator
(e.g., polyethylene) for a=3.5 (u~0.9) reduces the aspect
ratio of an indirect-drive target only to 140, while for a=~2.5
(u=~=0.8) it is reduced only to 70.

In this work we would like to propose a different (and in
our opinion the only) way of efficiently reducing the aspect
ratio of an indirect-drive target. This is to use an ablator
consisting entirely of a low-density porous material of heavy
elements with a microscopic density close to 1 g/cm3. At
present it is technically feasible to fabricate such a target,
since the technology of preparing porous materials of heavy
elements with macroscopic density from 1072 to 1 g/cm’ has
achieved considerable success, e.g., in the case of porous
copper and porous gold.? When @=3.5 is reached the aspect
ratio of a target with an ablator made of porous gold is equal
to 20, while for @=2.5 it is only 15.

Thus, the target parameters using an ablator made of
porous material of heavy elements with a macroscopic den-
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sity of 0.5-2 g/cm® can be chosen so as to ensure high hy-
drodynamic target acceleration efficiency under conditions
favorable for stable compression.
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