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ABSTRACT. A new version of indirect drive target is proposed for heavy ion inertial fusion (HIIF), in which the 
cavity for radiative symmetrization is filled with a low density low Z material and is called a ‘hotraum’. When heated 
to a temperature T 2 100 eV, the hotraum becomes transparent to thermal X rays and ensures radiative smoothing of 
the energy flux which implodes the fuel capsule enclosed in the cavity. Ion beams are focused on the full target cross- 
section and deposit their energy in the high Z casing and in the outer region of the hotraum. The initial target configu- 
ration is spherical and requires no special orientation in the reactor chamber. Enhanced hydrodynamic efficiency of the 
capsule implosion, resulting from tamped ablation inside the hotraum, compensates for the high losses in the hotraum 
and leads to a beam-to-fuel energy coupling of about 5% and target gains in the range of 50-100. Hydrodynamic 
mapping of deposition non-uniformities onto the fusion capsule can be avoided by fast initial heating of the hotraum. 
A regime is found in which the ablating capsule insulates itself from hydrodynamic disturbances in the hotraum. The 
low density required for the hotraum fill allows stopping ranges of up to 100 mg/cm2, corresponding to 6 GeV 209Bi 
ions. 

1 .  INTRODUCTION 

In a number of one dimensional (1-D) theoretical 
studies [l-71 it has been demonstrated that high energy 
gains (G L 100) can be achieved in deuterium-tritium 
targets driven directly by heavy ion beams. Beam 
power, ion energy and final focus parameters were 
found close to what is feasible with modern accelera- 
tors [ l ,  81. However, to implement the concept of 
direct drive, a high degree (with RMS deviations of 
5 1-2%) of spherical illumination symmetry is needed 
[9, 101. Currently, such symmetry is considered to be 
technologically not possible. An alternative approach is 
to use the concept of indirect drive. 

A key element of indirectly driven targets is the 
radiation cavity (hohlraum) enclosing the fusion cap- 
sule [ l l ,  121. The driving beam heats the hohlraum at 
some interaction spots, and the emitted thermal radia- 
tion transports the energy to the capsule. This transport 
smears the non-spherical pattern of beam deposition 
and ensures radiatively driven implosion of the capsule 
with a high degree of spherical symmetry [13, 141. 
To minimize radiation losses to the outside, the cavity 
casing is made of a high Z material. The physics of 
radiative processes in high Z cavities has been inves- 
tigated both theoretically and experimentally in a num- 
ber of recent publications [ 15-17]. Important issues 
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which link target and accelerator design are the geome- 
try, the size and the location of the converters trans- 
forming ion energy into thermal radiation. In previous 
publications on indirect drive HIIF targets [12, 181, the 
converters have been envisaged as compact objects 
placed inside the hohlraum. However, such hohlraum 
targets require a high specific deposition power (a factor 
of 10-30 higher than direct drive targets [19]), and 
this poses serious problems for the accelerator design. 
Furthermore, Temporal and Atzeni [ 141 have found 
that two converters proposed in Ref. [12] do not pro- 
vide the necessary symmetry of capsule irradiation, 
and as many as six converters (or some other target 
modifications such as shields around the converters or 
shimming of the fusion capsule) may be needed. Also, 
the targets with compact converters require a precise 
orientation in space, so that the beams hit the con- 
verters, and this may lead to difficult technological 
problems for the target injection system. 

In this paper, a new version of indirect drive HIIF 
target is studied. The special point about this target is 
that the radiation cavity is filled with optically thin 
material, which is nonetheless dense enough to absorb 
a sizeable portion of the ion energy and to withstand 
the ablative expansion of the capsule and casing sur- 
faces. To distinguish it from an empty hohlraum, we 
call it a hotruum. Some ideas discussed in a phper by 
Tahir and Long [20] come close to the concept of the 
hotraum target, but these authors did not develop them 
in any detail. A schematic view of the hotraum target 

NUCLEAR FUSION, Vo1.33, N o . 4  (1993) 60 1 



BASK0 and MEYER-TER-VEHN 

is given in Fig. 1. One observes that its initial configu- 
ration is perfectly spherical. Ion beams illuminate the 
full target cross-section from many sides. In realistic 
cases, the incoming beams form non-spherical arrays, 
and the beam heated region may deviate considerably 
from being spherically symmetric. Stopping and energy 
conversion into X rays occur in the casing and the 
outer regions of the hotraum. Evidently, this design 
requires less tight beam focusing than designs with 
small compact converter elements, thereby relaxing the 
constraints on driver parameters. Also, extending the 
beam-target interaction region automatically makes the 
distribution of X ray emission, as seen from the capsule, 
more uniform. 

On the other hand, there are disadvantages. The 
hotraum design requires a lower ion energy and stop- 
ping range than used before. Otherwise the mass of the 
deposition layer, equal to the product of ion range and 
irradiated area would become unacceptably large and 
would degrade the target efficiency. Lower ion energy 
implies higher beam current, which makes driver design 
and, in particular, final focusing more difficult. In the 
present study, it will be shown that for a *09Bi ion pulse 
with energy Ed = 10 MJ, power Wd = 1000 TW and a 
target radius rbf = 5 mm the optimum ion energy is 
Eb, = 6 GeV. It is significantly lower than the value 
of fb ,  = 10 GeV used previously in direct drive and 
hohlraum target designs, but still within the scope of 
modern accelerator schemes discussed recently by 
Rubbia [21]. 

of the hotraum target that are not sensitive to spatial 
non-uniformities of the ion energy deposition, and we 

In the present paper, we analyse the physical aspects 
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FIG, I .  Schematic view of a spherical hotraum target irradiated 
by ion beams focused on the full target cross-section. The dotted 
line inside the hotraum shows the front of ion penetration. 

assume for simplicity that ions irradiate the target in a 
spherically symmetric way and propagate radially. 
Illumination asymmetries and two dimensional (2-D) 
aspects of the target performance are considered in a 
companion paper following the present one (hereafter 
referred to as Paper 11). Here, we use two different 
1-D codes for target simulations: the three temperature 
(3-T) code DEIRA and the multifrequency diffusion 
code MULTI. The purpose of using two independent 
codes was, on the one hand, to check the sensitivity of 
the target design to different equations of state, opaci- 
ties and numerical schemes, and, on the other hand, to 
study the spectral effects on propagation of the radia- 
tion wave through the hotraum and to compare these 
with the results of the 3-T approximation. We find that 
the global features of target performance are well 
reproduced by both codes. The hotraum target appears 
as a viable option for HIIF which reconciles the sym- 
metry requirements with those of efficiency and high 
gain. 

2. TARGET AND PULSE PARAMETERS 

In this section the choice of materials and para- 
meters for the hotraum target is discussed. A target 
sector is shown in Fig. 2. Particular attention is paid 
to the outer hotraum; the inner capsule is more or less 
standard. 

FIG. 2. Initial conjiguration and parameters of the hotraum target 
studied in this paper: layer materials and densities are given, and 
interface radii are named. 
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2.1. Hotraum fill 

The necessity to fill the radiative cavity with matter 
can be explained as follows. On the one hand, for 
symmetry reasons, the ions should pass through the 
casing completely and heat its entire inner surface 
from the very start of the pulse. On the other hand, 
they should not reach the capsule. For a non-spherical 
configuration of ion beams irradiating a spherical tar- 
get this is possible only when the cavity between the 
capsule and the casing is filled with some type of 
material. Also, there are ion range variations due to 
the effects of range lengthening and shortening [22] in 
heated and expanding matter that should also be con- 
fined to the hotraum cavity. 

highest possible stopping power and, at the same time, 
a low cross-section for radiation absorption. For fixed 
temperature, density and ion energy, the ratio of the 
Rosseland mean free path, PR, to the path length of 
beam ions, &,, can be used as a suitable dimensionless 
parameter for evaluating the quality of the candidate 
material for the hotraum fill. By far the highest values 
of PR/Pb, are achieved in hydrogen and its isotopes: at 
temperatures T, z 100 eV, hydrogen is fully ionized 
and has the highest possible stopping powers (per 
electron) for fast ions among all the elements; its 
opacity is determined by inverse bremsstrahlung and 
is the lowest among all the elements. Deuterium is 
better than hydrogen because, at the same temperature, 
its sound speed is &! times lower. Therefore, the 
hydrodynamic transfer of pressure non-uniformities 
from the deposition region towards the capsule is 
slower and less harmful. 

Clearly, the hotraum material should have the 

2.2. Hotraum size 

The larger the hotraum volume, the more energy 
is wasted in heating the hotraum material and the less 
efficient is the target. On the other hand, the larger the 
hotraum volume, the better the symmetry obtained for 
the radiative flux driving the fusion capsule. To find 
the best compromise, one has to perform at least 2-D 
radiation hydrodynamics simulations. Having no such 
code, we estimate the hotraum proportion on the basis 
of earlier geometrical optics calculations of radiative 
symmetrization in cavities due to a single pass of pho- 
tons [ l l ,  23, 241. 

The authors of Refs [l 1 , 23, 241 assumed a non- 
uniform brightness distribution on the inner surface of 
the casing and calculated the reduction factor f,,d(t,x) 
for the non-uniformity of illumination of the capsule 

surface as a function of the Legendre mode number P 
and the capsuleicasing radii ratio x = R,/K. Their 
results show that a good symmetrization can be 
achieved only for high modes (P 2 4) and only for 
x 5 0.5, namely f,,(4,0.5) = 4 and fred(6,O.5) = 20. 
A rather insignificant reduction has been calculated for 
the second harmonic, fr,,(2,0.5) 5: 1.5. Taking advan- 
tage of these results, we adopt (somewhat arbitrarily) a 
moderate value of the inner-to-outer hotraum radii 
ratio, R,/K = 0.5, which ensures effective radiative 
smoothing of high asymmetry modes with P 2 6. The 
lower modes can be suppressed by the proper geome- 
tric arrangement of the irradiating beams. A detailed 
analysis of the implosion symmetry of our target for a 
specific non-spherical illumination scheme is given in 
Paper 11. 

2.3. Target parameters 

We consider a reactor sized target driven by a pulse 
of *09Bi ions with an input energy of Ed = 10 MJ and 
a peak power of Wd = 1000 TW. To obtain spark igni- 
tion of the imploding DT fuel, an implosion velocity 
of v,, z 2.5 x lo7 cm/s must be reached [25]. A 
reasonable estimate for the initial fuel radius Rf can 
be obtained if we assume that, during the effective 
acceleration period At 5: Ed/Wd = 10 ns, the pusher- 
fuel interface travels about one half of its initial radius, 

f R f  = fv,, At * Rf = 2.5 mm (1) 

In all the variants of the hotraum target discussed 
below, we keep the outer fuel radius fixed at 
Rf = 2.5 mm. 

introduced as a radiation shield between hotraum and 
fuel, and as a means to improve the implosion 
hydrodynamics [7]. It is not an absolutely critical ele- 
ment of the hotraum target and can, in more realistic 
designs, be either removed or replaced by, for exam- 
ple, carbon doped with a high Z element. The stability 
of this layer is discussed in Section 4.6. The initial 
density and thickness of the gold pusher were fixed at 
ppo = 5 g/cm3 and Rp - Rf = 0.025 mm, respectively. 
This corresponds to a pusher mass of mp = 10 mg, 
approximately twice the fuel mass that can be ignited 
in our target. 

as to have the carbon layer practically 100% ablated 
by the time of ignition. This thickness will differ for 
different drive conditions, and also when simulating 
the same target with different codes, which have 

The gold pusher surrounding the DT shell has been 

The thickness of the capsule ablator was adjusted so 
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different opacity models and equations of state. Typical 
values are R, - R, = 0.2-0.3 mm. 

The inner radius R, of the casing is fixed at a value 
of 5.2 mm, so that the ratio R,/R, is always close to 
0.5 as suggested in Section 2.2. The casing serves to 
confine radiation and deuterium plasma inside the 
hotraum. Therefore, the criterion for the choice of the 
casing material is just the opposite to that for the 
hotraum fill and requires the value of &/&, to be 
minimized by choosing Z as high as possible. In this 
paper, we assume that the casing is made of solid- 
density gold; its thickness, R - R, = 0.045 mm, is 
adjusted such that radially propagating 6 GeV *09Bi 
ions stop approximately in the middle of the hotraum. 

The mass and the initial density of the hotraum fill 
can be estimated as follows. When the capsule implo- 
sion is driven by thermal radiation with temperature 
T, = 150-300 eV, the hotraum material must be 
heated to approximately the same temperature. If we 
assume that no more than about 0.3Ed = 3 MJ of the 
input energy should be spent in heating the hotraum to 
T, = T, = 200 eV, we find that the hotraum should 
contain no more than mh 5: 100 mg of deuterium. 
For R, = 5.2 mm, the latter implies an initial density 
of phO 5 0.2 g/cm3, which is quite close to the normal 
density of solid deuterium. Numerical simulations have 
shown that somewhat better results are obtained for 
mh = 60 mg, which corresponds to an initial deu- 
terium density of = 0.12 g/cm3. This value is 
chosen for all the cases considered below. 

The initial thickness of the solid fuel shell, Rf - Rgf, 
was adjusted so as to obtain ignition for each particular 
target option. In all the cases considered, a satisfactory 
spark ignition configuration was found with a central 
DT gas density of pgf = loT3 g/cm3, and no optimiza- 
tion was performed with respect to this parameter. 

At this point, the reader should be cautioned against 
taking the target design shown in Fig. 2 too literally. 
Clearly, it represents a certain compromise between 
our desire to explore a hotraum concept with the sim- 
plest computational means and, at the same time, to 
stay as close to reality as possible. Only after this 
concept proves to be a viable option for heavy ion 
fusion, will the additional efforts be justified to make 
the target (and especially the fusion capsule) fully 
realistic from the point of view of fabrication and 
delivery into the reactor chamber. 

2.4. Ion energy 

ion species (209Bi in this study), the input energy Ed, 
and the driving power Wd are fixed, accelerator 
physics favours higher values of Ebl because they lead 
to lower beam currents and less space charge. From 
the point of view of the target physics, however, there 
is an optimum value of Ebl for each pair of Ed and wd. 

It is related to the energy El,,, lost by radiative emission 
from the outer surface of the target. 

To simplify the argument, suppose that the hotraum 
dimensions are fixed and the ion energy Ebl is increased 
for constant values of Ed and wd. Since the ion range 
increases with Eblr we have to increase simultaneously 
the areal density and the mass of the absorbing region. 
As a consequence, the specific deposition power 
decreases, and so do the implosion velocity and the 
overall target efficiency. 

the mass and, consequently, the optical thickness - 
hence the ability to confine radiation - of the target 
casing. As a result, the radiative energy loss from the 
outer target surface El,,, increases and eventually 
degrades the efficiency of the target performance. It is 
easy to estimate that in the extreme limit of an opti- 
cally thin casing with R, = 2R, the energy loss will be 
E,,,, > 0.9Ed for purely geometric reasons. 

Our calculations indicate that for Ed = 10 MJ, 
Wd = 1000 TW and the hotraum proportion 
R,/R, = 0.5, the optimum value of the *09Bi ion 
energy is around 5-7 GeV. In this paper we adopt a 
value of Ebl = 6 GeV. With the assumption of radial 
ion propagation, this value of leads to a negligible 
radiation loss, Eloss = 0.05Ed. When, however, the 
oblique incidence of ions in a realistic illumination 
scheme with finite beam emittance is taken into 
account, radiative losses rise to Eloss = 0.3Ed 
(see Paper 11). Typical values of the Rosseland optical 
thickness of the target casing in these two cases are 
about 100 and 50, respectively. 

difficult to generate and transport an ion pulse with 
Ebl = 6 GeV than one with Ebl 2 10 GeV because it 
implies a higher current to reach the required pulse 
power. On the other hand, the 6 GeV pulse needs less 
focusing because the full target cross-section with a 
radius of rbf = 5 mm is available for beam absorption 
as compared with rbf = 1-2 mm in the scheme with 
compact converters. Apparently, a separate analysis 
from the point of view of accelerator physics is needed 
to determine which of these two possibilities is 
preferred. 

Conversely, if we decrease Ebi, we have to decrease 

As already discussed in the Introduction, it is more 

An important parameter for both target and accelera- 
tor physics is the energy of the beam ions Ebj. If the 
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3. NUMERICAL CODES 

The results presented below have been obtained with 
two different 1-D numerical codes. The main series of 
calculations, required for the (limited) parametric 
study, was performed with the 3-T code DEIRA, 
developed by one of the authors (MMB). The multi- 
frequency code MULTI was used to investigate spectral 
effects on the propagation of radiation across the 
hotraum and to verify the ignition of the target 
configuration found with DEIRA. 

3.1. The code DEIRA 

In the code DEIRA, the equations of 1-D 
hydrodynamics and the equation of radiation diffusion 
are solved on a Lagrangian mesh. To minimize the 
effect of spurious entropy generation in the target 
centre behind the convergent shock, which is inherent 
in numerical schemes with the Richtmyer artificial vis- 
cosity and which may lead to a spurious fuel ignition, 
a more complex tensor version of the artificial vis- 
cosity [26] is used. The equation of state employs the 
mean ion model from Ref. [27] and accounts for both 
thermal and pressure ionization at high temperatures 
and/or densities, as well as for realistic properties of 
materials near normal conditions. Non-local energy 
deposition by 3.5 MeV alpha particles is treated in the 
diffusion approximation. The mean Rosseland and 
Planck opacities are evaluated for the combined contri- 
butions of free-free, bound-free and bound-bound 
electron transitions and of Thomson scattering. For 
bound-free and bound-bound transitions, the approxi- 
mation from Ref. [28] based on the sum rule for 
dipole oscillator strengths is used. The free-free Gaunt 
factor of deuterium is evaluated in the Born approxi- 
mation. The Compton energy exchange between 
electrons and photons is also accounted for. For 
ion stopping, the full scale model of Ref. [22] is 
implemented. 

The numerical simulations performed in the course 
of this work have shown that propagation of the initial 
heat wave in the hotraum, as described by the 3-T 
model, is rather sensitive to the limit imposed on the 
diffusive radiation flux. For a quasi-Planckian radiation 
field with energy density 

(for non-Planckian radiation, Eq. (2) is to be consid- 
ered as a definition of the radiation temperature T,; asB 
is the Stefan-Boltzmann constant) the physical limit on 

the energy flux may range from asBT; to 4as,T,4, 
depending on the degree of radiation anisotropy 
allowed by the geometry of the specific problem under 
consideration. In our case, the heat wave in the 
hotraum can be treated to a reasonable accuracy as a 
planar front driven by radiation emerging from the 
inner surface of the gold casing. Then, the maximum 
possible anisotropy of the radiation intensity at the 
wave front can be approximated as 

(3) 

where 0 = 0 is the direction of the heat front propaga- 
tion. From Eq. (3) one calculates the following values 
of the radiation energy density and flux: 

to m 

SI %f2a [TsinOcosOdO [ I,(O)dv = 7r [ Iddv (5) 
Jo J o  Jo 

Equations (4) and (5) imply the flux limit 

(6) 
C 

SI I - G ,  = 2aSBTP 
2 

which has been used in all the target simulations with 
DEIRA discussed in this paper. 

3.2. The code MULTI 

The code MULTI also uses a 1-D Lagrangian for- 
malism, but solves radiation transport in a multigroup 
diffusion approximation; alpha particle transport is 
treated in a single group diffusion approximation. Data 
for the equation of state are taken from the SESAME 
library [29] ; tables for group opacities were calculated 
according to the work of Tsakiris and Eidmann [30]. 
MULTI contains no detailed physics for ion energy 
loss, but models energy deposition in terms of constant 
stopping powers for each material. A description of the 
code is given in Ref. [31]. 

4. SIMULATION RESULTS 

4.1. Overview of implosion 

A typical hotraum implosion is displayed in Fig. 3 
by plotting the trajectories of Lagrangian cell interfaces 
in a radius-time diagram. In the shell of the fusion 
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FIG. 3. Overall r-t diagram of the hotraum target performance as 
calculated with the code MULTI. Initial target and pulse parameters 
are those of case 2 in Table I ,  except for the deuterium opacity, 
which is taken to be 3 times the natural value. 

capsule, initially at 2.5 mm, and in the gold layer of 
the hotraum casing at 5.2 mm, the trajectories are so 
dense that they appear as black areas. The hotraum 
trajectories between 2.7-5.2 mm depict the hydro- 
dynamic motion caused by energy deposition of the 
beam pulse in the outer hotraum region between 
4.0-5.2 mm and in the casing; the particular pulse 
parameters correspond to case 3, described further 
below in Section 4.3. It is seen that the heated material 
of the deposition region expands slightly and drives a 
shock front inwards through the hotraum. This com- 
pression wave has to be controlled carefully, because 
it may map non-spherical patterns of beam deposition 
onto the fusion capsule and affect its symmetry of 
implosion. Recall that allowing for a certain level of 
non-spherical deposition is the very point of the 
hotraum concept. 

port to the capsule. In Fig. 3 the trajectories peeling 
off from the black capsule shell provide evidence for 
this tramport. X rays originating from the deposition 
region pass the hotraum and cause the outer carbon 
layer of the capsule to ablate. The onset of ablation 
is noticed at about 2 ns. The radiation wave, passing 
through the hotraum material between 2.7-4.0 mm 
during the first two nanoseconds and turning it into a 
plasma, is supersonic and not visible in the hydro- 
dynamic plot. It will be discussed in terms of tempera- 
ture profiles in Section 4.2. 

The carbon plasma ablating from the capsule first 
drives an outgoing shock, which collides with the in- 
going deposition shock at about 7 ns. After this time 
the carbon ablation is impeded, but is apparently strong 

Symmetry is to be ensured by radiative energy trans- 

enough to keep the ingoing shock, which now has 
intruded upon the ablation layer, at some distance from 
the ablation front. This is the crucial process: radiative 
ablation driven with a high degree of spherical sym- 
metry pushes away the hydrodynamic perturbations 
which transport the deposition non-uniformities. 
Since information cannot be sent hydrodynamically 
across a shock front in its direction of propagation, the 
ablating capsule insulates itself from the hotraum. In 
Section 4.5 this point is made more explicit by showing 
characteristics that run inwards from the deposition 
region. It should also be noted that the plasma pres- 
sures in the casing, the hotraum and the ablated carbon 
become roughly equal at this stage and the hotraum 
practically preserves its initial size for the entire period 
of capsule drive; this is important for radiative 
symmetrization. 

Further, it is seen in Fig. 3 how the ablation implodes 
the capsule. At about 12 ns, the first shock has passed 
the shell and runs into the inner DT gas, which even- 
tually forms a thermonuclear spark and ignites the 
fuel. Ignition and burn occur at about 21.5 ns in this 
particular run (performed with MULTI), and an energy 
gain of 80 is obtained. The physics of fuel implosion, 
spark ignition and burn propagation has been described 
in other work [32, 33, 25, 71; it is present in our 
simulation, but is not accentuated in this paper. 

An important feature to be mentioned here is the 
considerable enhancement of the hydrodynamic effi- 
ciency of the capsule implosion when the capsule is 
embedded in the hotraum gas at high pressure. In our 
case, about 30% of the energy absorbed by the capsule 
is found in the fuel at the time of stagnation. This value 
is a factor of 1.5 higher than the maximum hydro- 
dynamic efficiency of 7 = 18-20 % calculated for free 
ablation into the vacuum [34]. Such high values of 7 
result from the tamped ablation in the hotraum where 
the kinetic energy invested in the blow-off plasma is 
almost negligible, whereas it amounts to a major frac- 
tion of the energy balance in cases of free ablation. It 
is the enhanced capsule efficiency that compensates for 
the sizeable hotraum losses to be discussed in Section 4.4 
and makes the hotraum design feasible. 

4.2. Initial heating of the hotraum 

Here we inspect more closely the initial phase of 
hotraum heating which precedes the onset of intensive 
capsule ablation. For illustrative purposes, a beam of 
209Bi ions at a constant power of 1000 TW is assumed. 
The initial parameters of the gold casing and the deu- 
terium hotraum are those of cases 1 and 2 in Table I .  

606 NUCLEAR FUSION, Vo1.33, N0.4 (1993) 



HOTRAUM TARGET FOR HEAVY ION INERTIAL FUSION 

TABLE I. INITIAL PARAMETERS FOR THREE 
CASES OF TARGET PERFORMANCE 

Case 1 Case 2 Case 3 

Pulse shape Box Two humps Two humps 

t d l ,  td,, td3 (ns) 13.33,--, - 3.5,9.0,  14.4 3.0, 9.5, 15.85 

w d ] ,  W,,, W,, (TW) 750, -, - IOOO,2OO, 1000 1000, 100, IOOO 

Casing Au Au Au 
R - R, (mm) 0.045 0.045 0.045 

mc (mg) 300 300 300 

Hotraum D2 D, D,, opacity ( x 3) 
R,, R, (mm) 5.2, 2.74 5.2, 2.74 5.2, 2.79 

mh 0" 60 60 60 

Ablator C C C 

R, - R, (mm) 0.215 0.215 0.265 

ma (mg) 40 40 50 

Pusher Au Au Au 

R, - Rf ("1 0.025 0.025 0.025 

mp 0%) 9.9 9.9 9.9 

DT fuel 
Rf - Rgf ("1 0.22 0.31 0.42 
mDTIce, mDTgar (mg) 3.56, 0.050 4.83, 0.044 6.24, 0.038 

j i / /  
7 8 :  i J j *  

-0.02 0.00 0.02 0.04 0.06 0.08 

mass  co-ordinate (g/cm2) 

FIG. 4. Radial projiles of specijic deposition power of 6 GeV 209Bi 
ions at different times as calculated with the code DEIRA for the 
rarget shown in Fig. 2. The origin of the mass co-ordinate is 
assigned to the casing-hotraum interface; positive values of the 
abscissa correspond to the gold casing, negative ones to the 
deuterium jilled hotraum. Ions enter from the right and the total 
beam power is fixed at W, = IOOO W. 

Profiles of specific deposition power at different 
times are plotted in Fig. 4 as a function of a radial 
range co-ordinate; positive abscissa values refer to the 
casing and negative ones to the hotraum. Specific depo- 
sition is 5-10 times higher in the deuterium fill of the 
hotraum. These results have been obtained with the 
code DEIRA and include the full physics of ion stop- 
ping in partially ionized plasmas [ 2 2 ] .  Both range 
lengthening and range shortening are observed as the 
temperature increases during the first 10 nanoseconds. 
At the beginning, range lengthening in gold exceeds 
range shortening in deuterium so that the total ion 
range increases and the deposition front shifts to the 
left in Fig. 4. Later on, at times t 2 5 ns, when the 
casing wall expands and its temperature rises, the stop- 
ping power increases in both the casing and the hot- 
raum, and the total range shortens. By this time, how- 
ever, the inward displacement of the casing-hotraum 
interface becomes noticeable. As a net result of all 
these effects, the radial position of the ion penetration 
front remains almost invariant at r = 3.9-4.0 mm, 
that is about 1.3 mm above the ablator surface. 

Thermal X rays emitted from the beam heated 
regions of casing and hotraum are transported through 
the non-heated parts of the hotraum towards the cap- 
sule in the form of a radiative wave. At the wave 
front, cold deuterium ionizes and turns into an opti- 
cally thin plasma. The simulation results strongly 
depend on the scheme used to model the radiation 
transport. In Figs 5(a) and 5(b), the temperature evolu- 
tion in the hotraum is shown as obtained by the simu- 
lations with DEIRA and MULTI, respectively. The 
major difference is seen in the profiles of the radiation 
temperature (dotted curves). The one group diffusion 
model of DEIRA produces a sharp front which moves 
relatively slowly and arrives at the capsule surface 
(initially at R, = 2.74 mm) only after 4 ns - com- 
pared with 1 ns when calculated with the more realistic 
multigroup model of MULTI. Apparently, the multi- 
group treatment is important for this stage of hotraum 
performance because the hotraum matter evolves along 
a sequence of states that are transient between being 
optically thin and optically thick, depending on the 
photon energy and plasma temperature. Table I1 gives 
the relevant values of the photon mean free path that 
are to be compared with the hotraum dimensions. 

An important point about this initial phase of 
hotraum heating is that it has to occur supersonically, 
with radiative ablation of the capsule setting in before 
the sonic perturbation arrives. This is clearly observed 
in Fig. 5 .  The profiles of matter temperature (solid 
curves) show rising peaks at the left hand side as soon 
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as the radiation wave has arrived at the capsule sur- 
face, and indicate that the carbon layer is heated and 
starts ablating. At the same time, the shock wave 
emerging from the beam deposition region is seen in 
the matter temperature curves as a shoulder (see arrows 
at curves 4 and 5), still at some distance from the 
ablation zone. Of course, this supersonic heating of the 
hotraum requires high initial beam power with a sharp 
onset: the results shown in Fig. 5 suggest that the full 
power must be attained in the first 1-3 ns after the 
turn-on, which implies an additional constraint on the 
accelerator design. 

The X ray spectrum incident on the ablator at time 
t = 5 ns is shown in Fig. 6 as a solid curve. The steps 
correspond to the 20 energy groups used in the simula- 
tion MULTI. The spectrum is nearly Planckian with a 
temperature of 180 eV. The broken curves 2 and 3 in 
Fig. 6 correspond to spectra inside the carbon ablator, 

i 

al 
L 
3 
- 1  2 
n 
E 
e 

Iv2.5 3.0 3.5 L.0 L.5 5.0 
radius ( m m )  

FIG. 5. Propagation of the initial radiative heating wave in the 
hotraum as calculated (a) with the 3-T code DEIRA and (b) with 
the multifrequency code MULTI. Curves I ,  2, . . . , 5 show tempera- 
ture profiles at t = I ,  2, . . . , 5 ns, respectively. Ions enter the target 
from the right and are stopped at r = 4 mm. The beam power is 
p e d  at W, = IO00 TW. Arrows indicate positions of the incoming 
shock front at t = 4 and 5 ns. 

TABLE 11. PHOTON MEAN FREE PATH (in mm) 
IN DEUTERIUM AT A DENSITY OF 0.12 g/cm3 

T, (eV) Photon energy 
(eV) 0 200 500 

100 
200 
3 00 
5 00 

1000 

0.014 0.36 0.46 
0.13 3.7 4.6 
0.46 14.6 18 
2.4  83 100 

24 900 1.07 x io3 

l O L f  " " '  """"" """""" ' 1 

- e 
L !ly[ 4 10-1 , , ,  [::\ 
10-2 

0 05 10 1 5  2 0  2 5  3 0  3 5  
photon energy (keV1 

FIG. 6. Spectral distribution of the radiative power incident on the 
fusion capsule at t = 5 ns as calculated with the MULTI code. 
Histogram steps correspond to frequency groups used in MULTI: 
I - radiation spectrum at the capsule ablator surface, 2 and 3 - 
radiation spectra inside the carbon ablator at depths of 5.5 and 
I I mg/cm2, respectively. 

also at time t = 5 ns but at depths of 5.5 and 
11 mg/cm*, respectively. One sees that only hard 
photons with energies above 1 keV have penetrated to 
these depths by t = 5 ns, whereas the soft part of the 
spectrum is absorbed by K and L shell electrons in 
carbon. Of course, these spectral details of radiation 
transport require a multigroup treatment and cannot be 
reproduced within the 3-T model. On the other hand, 
more global features are obtained almost identically 
from the MULTI and DEIRA runs. For example, the 
radiation temperature in the hotraum at t = 5 ns is 
180 eV in both simulations; note also that the radiation 
temperature is uniform over the hotraum and equal to 
the wall temperatures on both the ablator and casing 
surfaces, just as in an empty hohlraum. 
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Both parts of Fig. 5 clearly demonstrate that the 
matter temperature in the hotraum deposition zone is 
considerably (by about a factor of two) higher than the 
radiation temperature. This means that the optical 
coupling between the deuterium plasma and the radia- 
tion field is not perfect, and the thermal energy of the 
hotraum plasma could be utilized more efficiently by 
increasing its opacity (which is related to emissivity by 
Kirchhoff's law). This will be demonstrated more 
explicitly in the next section. 

wd3 
i w d l  

9 
a 

a 

wd2 

t d l  td2 t d 3  
time 

FIG. 7. The two hump pulse shape applied in cases 2 and 3. 

TABLE 111. DEIRA SIMULATION RESULTS FOR 
THREE CASES OF TARGET PERFORMANCE 

Case 1 Case 2 Case 3 

Energy partition at stagnation (MJ) 

El,,, 0.54 0.53 
E,,,, 5.13 5.21 

2.65 2.66 
Ecaps 1.68 1.61 
Ecaps, r 1.57 1.54 
Egusher 0.08 0.05 
E,,, 0.404 0.44 

Ed 10 10 10 
0.53 
5.06 
2.37 
2.05 
2.25 
0.06 
0.60 

9 0.29 0.31 0.32 
V n ,  9f 0.040, 0.24 0.044, 0.27 0.060, 0.29 

Ignition parameters 

RDT ("1 0.216 0.208 0.258 
( P r ) D T  (dcm2)  2.0 3.1 2.9 

Thermonuclear yield (MJ) 476 757 865 
Burn fraction 0.39 0.46 0.40 
Gain 47.6 75.7 86.5 

4.3. Pulse shaping and three implosion cases 

In this section we describe three examples of target 
implosion which illustrate the effects of pulse shaping 
and hotraum opacity on the overall target performance. 
They also provide some information concerning strate- 
gies to improve target efficiency. The initial parameters 
for these three cases are listed in Table I .  The pulse 
shape used in cases 2 and 3 is shown in Fig. 7. 
Various performance characteristics are given in 
Table 111. 

The temporal shape of the driving pulse is important 
because it controls the level of fuel entropy at ignition, 
which is largely determined by the strength of the first 
shock front passing the capsule. Low entropy is required 
for high compression of the bulk of the fuel, while 
higher entropy is needed only for a small fuel portion 
in the centre, forming the thermonuclear spark for igni- 
tion. To keep the first shock front weak, the driving 
power has to be low initially and should rise to its 
maximum only at a later time when the first shock 
front has almost passed the fuel and is not influenced 
any more by the peak power [35, 321. 

Cases 1 and 2 in Table I differ in their pulse 
shapes. A box pulse characterized by the beam power 
Wd, which is constant over the illumination period 
0 < t < tdl , is taken in case 1. Even though the full 
beam power is turned on suddenly, the radiative power 
driving the fusion capsule is gradually increasing with 
time as seen in Fig. 8. This internal pulse shaping is 
due to the relatively large heat capacity of the deposi- 
tion region. As a consequence, it is found that spark 

[ - case 1 
---- case 2 
' case 3 

250! 

time (ns) 

FIG. 8. Temporal projle of the radiative power driving the implo- 
sion of the fusion capsule as calculated with the code DEIRA for  
the three cases of target pelformance described in Section 4.3.  
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ignition and an energy gain of G = 47 can be 
achieved even with the box pulse for the beam power 
Wd = 750 TW and the pulse duration tdl = 13.33 ns. 

Pulse shaping of the driving beam can improve this 
result. However, a low initial power is in conflict with 
the physics of the hotraum, which requires sudden ini- 
tial heating as explained in the previous section. We 
therefore propose a doubly humped pulse shape, shown 
in Fig. 7 .  The high intensity prepulse at 0 < t < tdl 
with power Wd = Wdl is needed to heat the hotraum. 
Then, the beam power is lowered to Wd = Wd2 for a 
period tdi < t < td2 to let the first shock front reach 
the fuel region. At t = td2 the main pulse is turned on, 
which accelerates the fuel and the pusher to the required 
implosion velocity. In this second example of hotraum 
design (case 2), the free parameters of the pulse profile 
shown in Fig. 7 were optimized to ignite the maximum 
fuel mass. The total input energy 

Ed = Wdltdl f w d 2  (td2 - tdl) + w d 3  (td3 - td2) (7) 
was kept fixed at 10 MJ. An increased energy gain of 
G = 75 was obtained. 

As already mentioned in Section 4.2, the target effi- 
ciency can also be improved by increasing the opacity 
of the hotraum. Case 3 differs from case 2 in that both 
the Rosseland and Planck mean free paths of radiation 
are reduced by a factor of 3 throughout the hotraum 
region. As a result, the coupling between matter and 
radiation increases and a higher fraction of the beam 
energy deposited in the hotraum is transferred to the 
fuel capsule. At the same time, the heated hotraum still 
remains optically thin for photons with hv z 300 eV, 
as one easily estimates by using the data from Table 11. 
After a certain readjustment of the pulse shape para- 
meters and of the ablator thickness, an energy gain of 
G = 86 was obtained in case 3. Note that raising the 
opacity in the deposition region only (rather than in the 
entire hotraum) would further improve the performance. 
Using a low density plastic foam soaked with liquid 
deuterium could provide the desired increase in opacity 
and be a practical solution for a realistic target. 

4.4. Energy partition 

Indirect drive is inherently inefficient (as compared 
with direct drive) because it involves the additional 
intermediate step of energy conversion into thermal 
X rays. Only a fraction of the energy Ed initially 
deposited reaches the fusion capsule. Acceptable target 
gains can be expected only when this transfer effi- 
ciency is not too low and when the capsule efficiency 
is high enough. In this section, we discuss how the ion 

time (ns) 

FIG. 9. Energy partition in the hotraum target as a function of 
time for case 2 of Table 1: 1 - E,,,, (t), the total (kinetic plus inter- 
nal) enera  content in the gold casing; 2 - Ec.h (t), the total energy 
transfer from the casing into the hotraum; 3 - E,,,, (t), the radiative 
energy lost by emission from the outer target surface; 4 - Ehr (t), 
the total energy content in the hotraum; 5 - Ecaps (t), the total 
energy transfer from the hotraum into the fuel capsule. 

beam energy is redistributed among different layers of 
the hotraum target. Figure 9 shows this redistribution 
as a function of time for case 2; cases 1 and 3 
(described in Section 4.3) show a qualitatively similar 
behaviour. Table I11 lists the partition of the input 
energy Ed at the time of ignition for all three cases. 

Curve 1 in Fig. 9 gives the energy E,,,, residing in 
the gold casing; it amounts to nearly 5 MJ at the end 
of implosion (see also Table 111). The energy transfer 
from the casing inwards (curve 2) does not exceed 
0.5-0.6 MJ; about one half of it is transported by 
radiation, the other half as mechanical work. The 
radiative losses from the surface of the casing out- 
wards (curve 3) are relatively small, E,,,, < 0.06 Ed. 
One might conjecture that the energy E,,,,, which is 
essentially wasted, could be reduced by reducing the 
casing thickness and the ion energy. The calculations 
performed with DEIRA have shown that this is not the 
case: when we decrease the 209Bi ion energy below 
6 GeV and take thinner casings, the reduction in E,,,, 
is balanced by the increase in Eloss and of the energy 
content in the hotraum Ehr; as a result, the energy Ecaps 
which enters the capsule remains practically the same 
or decreases. 

A significant portion of the beam energy must be 
spent in heating the hotraum material to its working 
temperature (curve 4 in Fig. 9). The radiation tempera- 
ture in the hotraum is T, = 250 eV by the end of 
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implosion. The thermal energy of 60 mg of deuterium 
at T, = T, = 250 eV amounts to 2.2 MJ. Note that 
this is a lower bound because typically we have 
T, = Ti > T, in the deposition region. In case 3 (see 
Ehr in Table 111) this lower bound is almost obtained. 

Curve 5 in Fig. 9 shows the total energy EcaFs that 
has entered the fusion capsule as a function of time. 
From Table I11 one sees that EcaFs differs from the 
radiation energy Ecaps, entering the capsule by no 
more than 10%. This qualifies the hotraum target as 
an indirect drive target. The temporal profiles of the 
radiative power driving the capsule implosion were 
already shown in Fig. 8 for all three implosion 
cases. The intrinsic efficiency of capsule implosion 
is characterized by its hydrodynamic efficiency 
q = (Epusher + Efuel)/EcaFs, and by the fuel coupling 
efficiency qf = Eh,,/Ecaps. The values of these para- 
meters, together with the overall fuel coupling effi- 
ciency qft = Ehel/Ed7 are given in Table I11 for all 
three implosion cases. As already mentioned in 
Section 4.1 the tamped ablation into the hotraum 
leads to significantly (by at least a factor of 1.5) 
higher values of 7 and qf than ablation into vacuum. 

4.5. Hydrodynamic contact between deposition 
region and fuel 

An important issue in the performance of hotraum 
targets is the propagation of hydrodynamic perturbations 
from the ion deposition region inwards. They carry 
information about the deposition non-uniformity and 
may distort the capsule implosion. However, as dis- 
cussed already in the overview of implosion of 
Section 4.1, strong radiatively driven ablation may 
prevent - or at least delay - the hydrodynamic 
impact on the capsule. This mechanism is now studied 
in more detail by integrating the characteristic equation 

-- - U - &  dr, 
dt 

where U = U (t, r,) is the fluid velocity and c, = c, (t, r,) 
is the sound speed. Equation (8) describes the propaga- 
tion of acoustic perturbations towards the target centre. 
Clearly, if the initial value r,(O) is set equal to the 
radius of the ion penetration front, the zone of hydro- 
dynamic influence of the deposition region at any time 
t is restricted to r 2 rs(t). 

In Figs lO(a) and 10(b), the rs(t) curves for the 
cases 1 and 2, respectively, defined above are shown 
as thick solid curves starting at r,(O) = 4 mm and 
crossing the trajectories of individual Lagrangian zones. 

time (ns) 

(b )  
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FIG. IO. Implosion diagram of (a) case I and (b) case 2. The 
thick solid curves starting at r = 4 mm represent the result of 
integration, r = r, (t)* of the characteristic equation (8). They 
delimit the domain of hydrodynamic influence from the ion 
deposition region. 

It is seen that in case 1 (Fig. 10(a)) the hydrodynamic 
contact between the deposition region and the fuel occurs 
at t = 19 ns, when the fuel has already been accelerated 
to its maximum velocity of U = -2.5 X lo7 cm/s and 
travelled down to r = 1 mm. We argue that the hydro- 
dynamic perturbations from the ion deposition region 
cannot ruin the symmetry of implosion in this 
situation. 

(Fig. 10(b)), where the r,(t) curve enters the fuel at 
t = 13 ns. The fuel velocity at this time is only 
U = -0.6 x lo7 cm/s, and all the further acceleration 
of the fuel proceeds under the conditions of direct 
causal hydrodynamic contact between the deposition 

A quite different situation is found in case 2 
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region and the fuel. In this case any definite conclu- 
sion about the effect of hydrodynamic perturbations on 
the symmetry of implosion can only be reached after 
one performs 2-D simulations. Here, we simply note 
that the situation of case 2 can be easily improved by a 
threefold increase of the hotraum opacity (similar to 
case 3, but with the same fuel mass as in case 2). 
After such a modification the hydrodynamic contact 
takes place at t = 16.5 ns, when the fuel has already 
been accelerated to U = -2.5 x lo7 cmis and has 
travelled down to r = 1.5 mm. However, the energy 
gain is reduced from G = 75 to G = 66. From this 
we conclude that: 

(1) the time of arrival of the hydrodynamic perturba- 
tions at the fuel is rather sensitive to the target 
and drive parameters; 
in general, these parameters can be adjusted so as 
practically to avoid any direct hydrodynamic 
influence from the ion deposition region, though 
perhaps at a certain expense of the energy gain. 

(2) 

4.6. Stability issues 

During the acceleration stage of the capsule implo- 
sion there are two Rayleigh-Taylor unstable interfaces, 
namely the ablation front in carbon and the ablator- 
pusher interface. The initial aspect ratio of the carbon 
ablator (see Table I) is quite moderate, 

= 10-12 Ra 
R, - R, 

A,, = (9) 

The results of a detailed 2-D numerical study by 
Verdon et al. [36] indicate that, owing to the effect of 
ablative stabilization, ablator shells with initial aspect 
ratios of A,, = 10 can survive the Rayleigh-Taylor 
instability. The ablator-pusher interface is not stabil- 
ized by ablation. Taking into account the fact that the 
Atwood number for this interface is about 0.3-0.5 and 
using the results of classical analysis [37], we conclude 
that the gold pusher will break up after it travels a dis- 
tance of about 20-30 times its inflight thickness; that is 
some 0.2-0.3 mm. But before this happens, the gold 
layer will play a certain beneficial role in weakening 
the amplitude of the first shock front as it enters the 
fuel. Even after mixing with the carbon ablator, the 
‘debris’ of the gold pusher will serve as a radiation 
shield between the fuel and the outer parts of the tar- 
get. On the other hand, the breakup of the gold pusher 
can lead to a certain mixing into the fuel and, there- 
fore, poses a very serious problem. Most likely, the 
present capsule design will have to be modified by 

using, for example, carbon (or plastic) doped with 
some high Z element instead of pure gold. We did not 
explore this possibility since the corresponding opacity 
and equation of state tables for such materials were not 
available and because the focus of this work was on 
the hotraum physics rather than on the thermonuclear 
capsule performance. 

tion, the cold-hot fuel interface becomes Rayleigh- 
Taylor unstable. This instability has been closely ana- 
lysed in Refs [9, 101. Their results indicate that the 
admissible amplitude of the ablation pressure perturba- 
tions depends strongly on the ignition margin and the 
asymmetry mode number f .  In Ref. [lo], the restriction 
Apip 5 4% (7%) has been obtained for the P = 4 
( f  = 2) mode and the hot spot convergence ratio 
C, = 35-40, when ignition occurs at a certain margin 
from the threshold. In the subsequent Paper I1 it is 
shown how the amplitudes of the low mode ( f  5 4) 
asymmetries can be suppressed to the required level 
by the proper arrangement of the beam configuration, 
while the higher modes (P 2 6) are expected to be 
radiatively smoothed to below 1 %. 

Shortly before the stagnation, at the stage of decelera- 

5. SUMMARY AND CONCLUSIONS 

This paper suggests that high gain ICF targets for 
indirect drive with heavy ion beams can be made simply 
by wrapping an inner fusion capsule with some low 
density low Z material (hotraum), covering this with a 
layer of high Z material (casing), and illuminating the 
full surface with beams from many directions. In con- 
trast to the hohlraum targets described previously, con- 
version of beam energy into thermal X rays is not 
limited to localized interaction spots, but takes place 
everywhere in the casing and in the outer regions of 
the hotraum. The initial target configuration is essen- 
tially spherical and needs no special orientation in a 
reactor chamber. This may be important for applica- 
tions in power reactors. 

tive ablation can insulate the fusion capsule from 
hydrodynamic disturbances in the hotraum. Although 
the hotraum becomes optically thin after a short 
initialization phase and energy transport to the capsule 
is predominantly by radiation, hydrodynamic contact 
between the beam deposition region and the capsule is 
still possible, and deposition non-uniformities carried 
inwards by shock waves may distort the symmetry of 
implosion. However, the 1-D simulations reveal a 
regime in which the ablating capsule material keeps the 

An essential result of this paper is that strong radia- 
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incoming shock wave at some distance from the abla- 
tion front. The gas dynamics is similar to that of 
supersonic flow in a Lava1 nozzle, which completely 
decouples from the flow outside the nozzle and con- 
nects to the outer gas only through a shock front. We 
conjecture that this self-insulating regime of tamped 
ablation can also prevail in real 3-D situations. The 
uniformity of the energy influx on the capsule is then 
given by the uniformity of the incident radiation field, 
but is not influenced by the hydrodynamics in the 
hotraum. 

Indirect drive targets are plagued by their inherent 
inefficiency. Much energy is lost in heating the radia- 
tion cavity. In the present hotraum design, only 15-20% 
of the absorbed beam energy is transferred to the 
fusion capsule. The reason that it yields high gains 
nonetheless, in the range of 50-100, lies in the fact 
that the hydrodynamic efficiency of the tamped, radia- 
tively driven ablation inside the hotraum is significantly 
higher than that of the ablation in vacuum. Values of 
about 30% are obtained, leading to overall fuel coupling 
efficiencies of 4-5 % . We expect that these results can 
be improved by further optimizing the hotraum, espe- 
cially by tuning its size, mass, structure and opacity by 
choosing appropriate materials. 

Another important result concerns the beam ion 
energy and its stopping range. The hotraum concept 
requires small ion ranges in order to keep the hotraum 
losses (first of all related to the hotraum mass) at an 
acceptable level. On the other hand, there is also a 
lower bound set by the disintegration of the casing 
during the time of capsule implosion. In order to sur- 
vive as an effective shield for radiation confinement, 
the casing needs an areal mass of about 50-90 mg/cm2, 
and the ion range has to be larger so that the beam 
can reach the hotraum. In the present paper, a range 
of 87 mg/cm2 Au + 13 mg/cm2 D2 was found to be 
optimal; this corresponds to 6 GeV '09Bi ions. 

When compared with previously discussed indirect 
drive HIIF targets, the hotraum target poses additional 
constraints on the driver design by requiring a lower 
ion energy (6 GeV instead of 10 GeV) and a steep rise 
(within 1-3 ns) of the pulse power. On the other hand, 
the constraints on the focusing system are considerably 
relaxed. Which of the two ways will lead to a more 
practical solution still remains to be explored. 

Of course, the central issue of indirect drive targets 
is to achieve spherically symmetric implosion with more 
or less non-spherical illumination. A realistic illumina- 
tion scheme is investigated in Paper I1 by calculating 
the non-spherical deposition volume explicitly and 
determining the conditions under which the lowest 

multipole components ( a  = 2 ,4 )  of the generated radia- 
tion field are suppressed. Higher order components are 
reduced by radiative smoothing in the hotraum. At 
present, we can treat these processes only under 
simplifying assumptions. More work has to be done 
for the multidimensional simulation of the radiation- 
hydrodynamics of these targets. 
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