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The results of 1-D numerical study are reported for a class of simple D-T targets driven
by the beams of heavy ions. A simple target is defined as a uniform spherical metallic shell
with the frozen D-T deposited on its inner surface and the D-T gas in the central cavity.
Optimum target parameters have been found for several combinations of the three rele-
vant driver parameters — the input energy Ein, the beam pulse duration t-m, and the beam
ion energy Eb. A simple box pulse profile was assumed. As a central set of driver param-
eters around which most of the calculations have been done, the values Ein = 6.12 MJ,
/in = 17 ns, and Eb = 20 GeV have been adopted. It was found that all the targets from
the class under consideration ignite uniformly over the entire fuel mass. Maximum energy
gains amount to Gopt = 80-100. The physical picture of the target performance is analyzed
in detail.

1. Introduction

This article explores one of the simplest types of direct-drive deuterium-tritium targets
illuminated by the beams of heavy ions. The principal objective of the present study was
not to produce a realistic target design that could be expected to work under real experi-
mental conditions but rather to pinpoint a well-established reference case for future inves-
tigations. Having restricted the analysis to purely 1-D physics and ignored the destructive
role of the hydrodynamic instabilities, an attempt was made to answer the question of what
could be the minimum (from the point of view of accelerator physics) requirements for the
key beam parameters that would ensure acceptable values of the energy gain in the sim-
plest class of D-T targets. As an acceptable (from the point of view of energy production)
threshold for the energy gain of heavy-ion targets, the value G — 40 is assumed.

To determine the most lenient acceptable values of the ion beam parameters, different
sets of these parameters have been tried and for each given set a target with the maximum
energy gain was found. In this aspect, this present work differs from all previous publica-
tions on the direct-drive heavy-ion targets [see the review article by Arnold & Meyer-ter-
Vehn (1987) and references therein; also Metzler & Meyer-ter-Vehn (1984); Velarde et al.
(1986); Tahir & Long (1987); Basko et al. (1989)]. A special emphasis was put on the driver
parameters proposed by Zenkevich et al. (1985). Optimization was performed in a class of
single-shell two-layer cryogenic D-T targets (for a more detailed definition, see Section 2)
irradiated by a simple box-shaped pulse of heavy ions. All calculations have been done with
the 1-D hydrodynamics code GITTAM, in which different temperatures for matter and radi-
ation are assumed and realistic properties of materials are taken into account. It was found
that the driver parameters from Zenkevich et al. (1985), namely, 6 MJ of 20-GeV 209Bi
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ions delivered in 17 ns, happen to be the softest (or at least one of the softest) combina-
tion that still leads to acceptable energy gains of simple targets.

Strong motivation for presenting here the results of the 1-D study of simple targets comes
also from the fact that the performance of these targets is qualitatively different from the
conventional approach used in the inertial confinement fusion. It is widely accepted (Storm
1987; Bangerter 1989; Lindl 1989) that the target ignition and high gain can be achieved
only when the implosion velocity of =3 X 107 cm/s is reached and the burn is initiated with
a central hot spot (thermonuclear spark) heated to T~ 5 keV. In contrast, the targets dis-
cussed below ignite uniformly over the fuel mass; the fuel is heated and compressed by a
sluggish high-Z pusher with a rather low implosion velocity of = 1.5 x 10 cm/s and the igni-
tion starts from relatively low fuel temperatures of T = 1.5-2 keV. In this sense, the sim-
ple targets discussed below may serve as an illustration for the concept of volume ignition
strongly advocated by H. Hora and coworkers (Kasotakis et al. 1989). Of course, it is highly
questionable whether such a regime of slow-volume ignition can survive the Rayleigh-Taylor
instability of the pusher-fuel interface during the final deceleration phase of implosion.

2. Class of simple targets

2.1. Target parameters and initial conditions

Consider spherical deuterium-tritium targets with a single solid shell that consists of only
two different layers (see figure 1). The internal layer is the equimolar D-T mixture in a solid
state. The external layer, made of heavy metal, absorbs the beam of fast heavy ions and
transforms its energy into the kinetic energy of the pusher moving toward the target cen-
ter; so, the outer part of the initially homogeneous metal layer serves as an absorber while
its inner part as a pusher. A spherical cavity inside the solid shell is supposed to be filled
with the D-T gas, whose density is treated as a free parameter. By varying the mass ratio

FIGURE 1. Schematic diagram of a simple D-T target.
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between the gaseous and solid D-T, one can optimize the entropy of the fuel at ignition
without changing the ion pulse parameters.

Assume further that the simple targets are irradiated by a box pulse of 209Bi ions so that
the pulse power Wm remains constant within the time interval 0 < t < tin and the total input
energy is given by

Ein=Win-tin. (1)

Then, provided that the target material has been chosen, any simple target is characterized
by a set of the following seven free parameters.

Driver parameters:

E-m (MJ) = the total beam energy injected into the target;

tin (ns) = the ion pulse duration; (2)

Eb (GeV) = the energy of 209Bi ions in the beam.

Target parameters (see figure 1):

R (mm) = the outer target radius;

RDT (mm) = the outer radius of the solid D-T layer;

Rc (mm) = the radius of the central cavity filled with the D-T gas;

pc (g/cm3) = the density of the D-T gas in the central cavity.

The best choice of material for the outer target layer is linked to the problem of attaining
the highest possible values of the hydrodynamic efficiency 77, defined as the ratio of the
kinetic energy acquired by the payload (the pusher and the adjacent fuel layer) to the input
energy Ein. For a fixed outer radius R, the hydrodynamic efficiency of a spherical shell
illuminated by ion beams grows monotonically with the shell aspect ratio R/(R — RDT)
(Basko 1990a). The latter means that the best material would be that one in which heavy
ions with a given energy Eb have a minimum geometric range. Despite the general tendency
for the mass ranges to increase with the atomic number of the absorber material, the min-
imum geometric range under the normal conditions occurs in osmium —a metal with the
maximum normal density (Z = 76, p0 - 22.5 g/cm3 at T = 20°C). For the present study,
however, a less exotic gold (Z = 79, p0 = 19.3 g/cm3 at T- 20°C) was chosen; geometric
ranges of heavy ions with Eb — 50-100 MeV/amu in gold are some 20% larger than those
in osmium. In some particular cases, targets with lead (Z = 82, p0 - 11.3 g/cm3 at T =
20°C) shells have been also considered.

Once the material for the outer target layer is fixed, the masses of the pusher + absorber,

and the fuel,

4TT

-PaoiR'-Rhr), (4)

(5)

are defined by the values of the above-listed free target parameters (3) and the initial den-
sities of the absorber, pa0 = 19.5 g/cm3, and the D-T ice, pD T 0 = 0.225 g/cm3 ( 7 = 4 K).
Note that, having specified the ion energy Eb, we actually specify the pusher/absorber
mass ratio as well:

Upa = Mp/Ma, Ma + Mp = Map, (6)
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provided that the values of R and RDT have already been chosen and with a reservation
that no clear-cut a priori definition of the pusher-absorber interface can be given because
of the ion range variations in the course of heating and expansion of the absorber.

2.2. Numerical code

The target simulations described below have been performed with the Lagrangian 1-D
hydrodynamics code GITTAM, in which separate temperatures Fand Tr are assumed for
matter and radiation (Arpishkin et al. 1989; Basko 1989; Basko & Sokolovskii 1989). The
equation of state and the electron thermal conductivity are calculated according to the mod-
els from Basko (1985a, 1985b), adequate for both the hot low-density and cold high-den-
sity plasmas of multiply charged ions.

In each Lagrangian mesh interval of the fuel, the time evolution of the deuterium, tri-
tium, and helium-3 abundances is followed. The fuel heating by charged products of fusion
reactions D + T, D + D, and D + He3 is treated locally. Nonlocal effects of the a-parti-
cle energy deposition are approximated as an additive term in the heat conduction coeffi-
cient (Basko 1987). The nonlocal heating of the D-T region by fast neutrons is estimated
under the simplifying assumption that the specific power of the neutron heating per unit
mass is constant over the fuel mass. To evaluate the total fraction of the energy deposited
by fast neutrons within the D-T sphere, a simple formula is used:

= - 5 - (7)

Here, rn is the optical depth of the D-T sphere in the radial direction with respect to the
neutron scattering at the neutron birth energy; T0 is a constant that can be calculated in
the optically thin limit rn « T0; for a uniform D-T sphere, one finds T0 = 4.0.

Spatial distribution of the specific deposition power by 209Bi ions is calculated accord-
ing to the full-scale theory of ion stopping in materials with varying temperatures and den-
sities (Basko 1984), under the assumption that fast ions propagate strictly along the target
radii.

2.3. Results of optimization

The problem of optimization has been stated as follows: Given a specific set of the
driver parameters (2), find the best values of the target parameters (3) that correspond
to the maximum value of the energy gain G. The target energy gain G is defined as the
ratio of the total liberated thermonuclear energy to the input energy Ein. The gain coeffi-
cient Gopt obtained after such optimization is a function of the driver parameters: Gopl =
GOpt(Em,tin,Eb). Further optimization (say, with respect to the ion energy Eb or the pulse
duration tin) must include the physics of generation and transportation of the ion beams
and is not discussed in this article. It should be only noted that from the point of view of
accelerator physics higher values of Eb and tm are generally preferable when the total
energy in the beam Ein is fixed.

Table 1 lists the main parameters of the five optimum targets found for five different
sets of the driver parameters. The first target in this list, ST-6-360-20 (a simple target with
£in = 6 MJ, Win — 360 TW, Eb - 20 GeV), corresponds to the driver parameters proposed
earlier by Zenkevich et al. (1985) —with the only difference that the pulse duration tin has
been shortened from 25 to 17 ns. The next two targets, ST-6-720-20 and ST-6-360-10, dem-
onstrate how the efficiency of the target performance depends on the beam power W{n and
the ion energy Eb. The fourth target, ST-1-360-5, indicates what energy gain can be
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TABLE 1. Parameters of the optimum simple D-T targets

Ein (MJ)
Wia (TW)
/in (ns)
Eb (GeV)

R (mm)
RUT (mm)
Rc (mm)
pc (g/cm3)

MDT (mg)
Map (mg)
Mp (mg)

f-c

V-PS

V-pa

&a

Tin

V
Vf

6.12
360

17
20

2.910
2.450
2.378
0.0026

1.333
812

65

0.11
49
0.087
0.143
0.53
0.125
0.031

Maximum compression of the fuel
(pr) (g/cm2)
/•(mm)
p (g/cm3)
T (keV)
<pAr>p (g/cm2)

Burn recompression
<pr> (g/cm2)
T (keV)
7> (keV)

fb
GOpi

2.73
0.113

230
1.7

16.1

of the fuel
6.41

18.5
16.0

0.73
53.7

6.12
720

8.5
20

2.580
2.100
1.930
0.005

2.104
646

69

0.072
33
0.12
0.162
0.34
0.146
0.049

3.10
0.135

210
1.7

15.1

7.98
19
16.0

0.73
84.9

6.12
360

17
10

3.200
3.00
2.950
0.0007

1.326
471

85

0.06
64
0.22
0.051
0.67
0.145
0.031

2.71
0.115

220
1.7

18.0

6.52
18.5
16.1

0.74
54.6

1.08
360

3.0
5.0

1.195
1.100
1.050
0.0001

0.164
30.7
7.4

0.003
45
0.31
0.058
0.55
0.127
0.023

1.83
0.048

360
2.5
9.1

3.77
17
15.2

0.59
30.4

7.0
2180

3.21
7.4

4.0
3.857
3.786
0.00016

2.97
541
92

0.012
31
0.20
0.03
0.10
0.19
0.055

3.57
0.154

200
1.7

15.3

11.6
20
16.0
0.74

106

5.0t
500

10
10

4.0
3.12
2.96
0

4.0
449

20

0
5
0.047
0.19
0.27

=0.14
0.087

0.93
0.260

30-200
£6

1.6

0.61
165

tParameters of the target studied by Metzler and Meyer-ter-Vehn (1984) in the case of the box pulse. Note that
their target has a more complicated two-layer absorber structure.

expected at a considerably lower input energy Em = 1 MJ. The fifth target, ST-7-2000-7,
is the best simple target (for the input energy Ein ~ 6 MJ) found when no constraints are
imposed on the total beam power Win. For comparison, in the sixth column of table 1 the
parameters of the target studied by Metzler and Meyer-ter-Vehn (1984) are given.

Comparing with one another the energy gains of the five targets from table 1, the fol-
lowing general conclusions can be drawn:

1. For the efficient performance of simple D-T targets at the input energy of =6 MJ,
the beam power Win = 360 TW is too low: A twofold increase in Win results in a sub-
stantial increase of the energy gain, from Gopt = 54 to Gopt = 85; there is no point,
however, in raising the beam power any further, beyond Win = 1000 TW, because,
as demonstrated with the ST-7-2000-7 target, it will hardly be of any help in getting
beyond the value G = 100.

2. For the input energy £in = 6 MJ and the input power Wm = 360 TW, the target with
the gold absorber irradiated by 20-GeV 209Bi ions is almost as efficient as the target
irradiated by 10-GeV ions.
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3. Under the conditions of ideal spherically symmetrical illumination by heavy ions, the
theoretical breakeven (G = 1) occurs well below 1 MJ of the input energy.

Note that the above conclusion 2 differs from the results obtained by Metzler and Meyer-ter-
Vehn (1984), who found that ion energy Eb = 10 GeV is significantly better than Eb = 20
GeV. Most likely, this discrepancy stems from the difference in the absorber materials —
Metzler and Meyer-ter-Vehn (1984) used a less compact two-layer absorber of Pb and PbLi.
Such interpretation is supported by the following result: When gold is replaced by lead in
the ST-6-720-20 and ST-6-720-10 targets and they are reoptimized, the energy gains of
Gopt = 37 and Gopt = 76 are obtained, respectively, for Eb = 20 and 10 GeV.

3. Physical aspects of target performance

In this section, various physical aspects of the implosion and burn performance of sim-
ple D-T targets are discussed, with the central ST-6-360-20 variant taken as an example.
In most respects, the performance of the other optimized targets is similar to that discussed
below.

3.1 Implosion

When fast 209Bi ions begin to heat the absorber, the first shock wave is generated (see
figure 2). It propagates down into the pusher and by t = 2.7 ns reaches the pusher-fuel
interface (r = RDj). Further on, it gains strength in two successive steps when it passes
into the solid (t = 2.7 ns) and gaseous (t = 4.4 ns) D-T regions due to the successive step-
like drops in matter density. The first shock compresses and heats the gold to p - 60 g/cm3,
T= 20 eV, and P = 70 Mbar; the D-T ice to p = 1 g/cm3, T- 7 eV, and P = 3.3 Mbar;
and the D-T gas to p = 0.01 g/cm3, 7 ^ 20 - 40 eV, and P = 0.2 - 0.35 Mbar.

As the first shock converges to the center of the gaseous D-T cavity, the latter is filled
with radiation whose effective temperature reaches a few tens electronvolts. As a conse-

2.6

2.0
4 6

time (ns)
10

FIGURE 2. R-t diagram of the initial phase of implosion in the vicinity of the pusher-fuel interface.
For better visual contrast, only part of the total number of the fuel Lagrangian cells are plotted. In
gold [r(0) > 2.45 mm], every second Lagrangian cell is shown.
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quence, the reflection of the first shock from the target center is cushioned and a radia-
tive heat wave is launched into the initially solid D-T layer. By the time of maximum
compression, this heat wave levels off the entropy distribution over the entire fuel region.

Practically all the entropy that fuel accumulates by the time of maximum compression
is created by the first shock. The values of the specific entropy generated in the D-T ice
and gas are different; therefore, by varying the D-T gas/ice mass ratio one can vary the
entropy of the compressed fuel. In contrast with the results of Metzler and Meyer-ter-Vehn
(1984), no noticeable effect due to the second and next shocks generated when the rare-
faction wave reflects from the fuel-pusher and pusher-absorber interfaces has been
observed. Figure 3 shows the time variation of the fluid velocity in two Lagrangian cells:
j = 60 (solid line) at the pusher-fuel interface andy = 48 (broken line) in the middle of the
solid D-T layer. It is seen that the phase of rapid acceleration at 4.5 ns < t < 6 ns resem-
bles the passage of the second shock discussed by Metzler and Meyer-ter-Vehn (1984), but
in our case this is still a smooth acceleration and the entropy parameter P/pin aty = 48
changes by less than 1% between / = 4 ns and / = 6 ns. Such difference in the role of the
second shock can be explained by a larger pusher mass (see table 1) and lower specific depo-
sition power by heavy ions (due to the higher energy of 209Bi ions) in our target as com-
pared to that of Metzler and Meyer-ter-Vehn (1984). Nevertheless, due to the initial presence
of the D-T gas in the central cavity an essentially nonuniform entropy distribution is cre-
ated by the time / = 20 ns (see figure 4) —7 ns before the maximum compression of the fuel.

Initially, the mass thickness of the gold layer is (pAr) - 0.897 g/cm2. The range of
20-GeV 209Bi ions in the cold gold is 0.73 g/cm2. As the absorber is being heated, the ion
range first increases, reaches a maximum (at / = 2.5 ns), and then decreases (Basko 1984).
The maximum penetration depth corresponds to a Lagrangian layer with (pAr) = 0.86 g/
cm2 in the initial state. Such nonmonotonic variations in the ion penetration depth degrade
the hydrodynamic efficiency of the target and make any a priori division of the gold layer
into a pusher and an absorber layer ambiguous. However, by the time of maximum com-
pression there develops a sharp boundary between the inner highly compressed and outer
rarefied gold regions (see figure 5). In this article, I adopt an a posteriori definition of the

e
o

O

1.6

1.4

1.2

1.0

0.8

P 0.6
o
.2 0.4

> 0.2

0.0

j=60, pusher/fuel interface

j=48, fuel midmass

25 305 10 15 20

time (ns)

FIGURE 3. Time evolution of the fluid velocity in two Lagrangian cells of the fuel.
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1000

DT-ice

ST-6-360-20

t=20ns

10 20 30 40 50
LAGRANGIAN INTERVALS

'60

FIGURE 4. Distribution of the entropy parameter P/Pdeg <x P/p
5/3 [Pdeg = Pdeg(p) is the pressure of

a completely degenerate ideal electron gas at the D-T density p] over the Lagrangian mass coordi-
nate in the D-T fuel 7 ns before the time of maximum compression; for,/' > 15, the masses of mesh
intervals increase in geometric progression with the interval number j .

pusher-absorber interface as the Lagrangian coordinate at which the density of gold at max-
imum compression is equal to its initial value pa0. In the ST-6-360-20 target, this bound-
ary occurs at the Lagrangian coordinate with <pAr> = 0.812 g/cm2 in the initial state. The
pusher mass is then Mp - 65 mg = 0.087Mo (Ma + Mp - 812 mg).

— 26.50ns
— 27.04ns

27.375ns
— - 27.47ns

J.00 0.05 0.10 0.15 0.20

radius (mm)
0.25

FIGURE 5. Density profiles in the compressed target core at different instants of the stagnation and
burn phases. Density jumps at r = 0.09-0.14 mm correspond to the fuel-pusher interface.
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The imploding pusher is driven to a maximum velocity of uim = 1.45 x 107 cm/s. In
combination with the pusher internal energy and the fuel energy, the latter corresponds to
the hydrodynamic efficiency of T/ = 0.125. The maximum temperature and pressure reached
in the absorber are, respectively, Ta max = 300 eV, Pa_max = 200 Mbar.

3.2. Maximum compression

The fluid dynamics in the compressed target core around the phase of stagnation is por-
trayed in figure 6. From this figure, a confinement time of A/con = 0.8 ns (26.5 ns :S t S
27.3 ns) can be inferred, which exceeds by about a factor of 3 the time of sound propaga-
tion across the fuel region:

0.113 mm
3.6 X 107 cm/s

= 0.3 ns --1/2 (8)

Here, TkeV is the matter temperature in kilovolts. Confinement times that are significantly
longer than could be expected from the fuel <pr> values are typical for all the simple tar-
gets studied here and are explained by the presence of a massive pusher (MP/MDT = np/ s
30; see table 1) around the fuel.

The maximum of the fuel (pr), equal to 2.7 g/cm2, occurs at t = 27.04 ns. The density
and temperature profiles for this moment are plotted in figures 5 and 7 with thick solid
lines. The density jump and temperature drop at r = 0.113 mm correspond to the fuel-
pusher interface. It is seen that the fuel has a remarkably uniform thermal structure, a com-
mon feature for all the simple targets considered. Matter and radiation have equal
temperatures, T = Tr = 1.7 keV (about 30% of the energy in the fuel has already been
added by the fusion process). In other words, in all the targets studied in this article the
volume ignition takes place.

The principal mechanism responsible for leveling off the temperature distribution in the
fuel is radiative energy transport. For the bulk of the fuel compressed to p = 100-300 g/cm3,
this can be verified by means of a simple time scale analysis. First, note that the compressed
high-Z pusher is highly opaque for the radiation with Tr < 5 keV and, to a first approxi-

0.25

o.oo
25.5 26.0 26.5 27.0

time (ns)
27.5 28.0

FIGURE 6. R-t diagram of the stagnation phase for the pusher and fuel region. Every second La-
grangian cell is plotted. The secondary reimplosion of the pusher-fuel interface is clearly visible at
27.4 ns < t < 27.5 ns.
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io2
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10"
ST-6-360-20

0.00 0.05 0.10 0.15 0.20 0.25

radius (mm)

FIGURE 7. Matter and radiation temperature profiles in the compressed target core at the same times
as in figure 5. The fuel-pusher interface is clearly visible as a kink on the matter temperature pro-
files at r = 0.09-0.14 mm. Broken line: Special run with the zero radiation diffusion coefficient. In
this latter case, the bulk of the fuel is concentrated in a narrow layer 0.102 mm < r < 0.109 mm at
a temperature T= Tr = 0.35 keV (a "shelf" on the temperature profile).

mation, may be considered as a perfectly reemitting wall (this fact manifests itself in steep
temperature gradients above the fuel-pusher interface; see figure 7). On the other hand,
the Rosseland mean free path in D-T (Zel'dovich & Raizer 1966),

200 g/cm3

(9)

is larger than the fuel (pr) whenever T, Tr > 1 keV. [Equation (9) has been obtained with
the Gaunt factor calculated in the Born approximation (Greene 1959).] Hence, at any instant
of the stagnation phase the fuel region is filled with quasithermal radiation whose temper-
ature Tr is uniform and equal to the mean temperature of the fuel. In those parts of the
fuel where T^Tr, the thermal relaxation between matter and radiation proceeds on the
time scale

Qff
= 0.018

200 g/cm3

Here, ne is the number of free electrons per unit volume of D-T and

qff = 5.3 x 10-24 ergs cmVs n?T$

(10)

(11)

is the bremsstrahlung cooling rate (Zel'dovich & Raizer 1966). In the main fuel mass, where
p > 100 g/cm3 and T- 1-2 keV, Atff is much less than the confinement time Afcon.

If, however, there is a hot spot with, say, T— 10 keV and p = 20 g/cm3, its cooling time
scale At// = 0.6 ns is comparable to the confinement time Atcon. In such a case, the sur-
vival of the thermonuclear "spark" depends on its (pr) and temperature values and on the
implosion velocity vim (Lindl 1989). In the simple targets, the values of the pusher implo-
sion velocity, vim = 1.5 x 107 cm/s, are low and the sparks never survive, which is in agree-
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ment with the results presented by Lindl (1989). In the particular case of the ST-6-360-20
target, a separate run in which the radiation diffusion and the thermonuclear burn have
been turned off provides direct evidence that the spark is dissolved majorly by the radi-
ative processes: The matter-temperature profile obtained in this run for the time of maxi-
mum compression (broken line in figure 7) exhibits a clear spark-like structure.

It should be emphasized here that the result concerning the fuel temperature equilibra-
tion cannot be an artifact of the two-temperature approximation. First, it can be easily ver-
ified by the time scale analysis that the decoupling of the electron and ion temperatures
is not important for the stage of spark formation. Second, any departures from the Planck-
ian spectrum that preserve the total emissivity of the plasma will increase the relative
contribution of hard photons. More energetic photons have larger path lengths and, con-
sequently, transport energy more efficiently. Thus, one would expect that whenever the cen-
tral hot spot dissolves under the radiative-temperature approximation, it will do so even
faster with the multigroup spectral transport of radiation. Note also that because A7con >
Ats the pressure is almost uniform over the fuel region. Together with the uniform tem-
perature, this accounts for the nearly uniform fuel density distribution at the stage of stag-
nation (see figure 5).

A considerable portion (=20 mg) of the pusher mass is compressed to a cold dense state
with p — 2000 g/cm3, T= 100 eV, and (pAr) — 10 g/cm2 (see figures 5 and 7). And, only
its inner edge of mass =1 mg is heated to temperatures T> 500 eV. The dominant mecha-
nism of heat transport across the dense pusher is the electron heat conduction; it is in-
effective and the temperature of the pusher interior remains low. Also, at temperatures
T = 200-300 eV that occur in the absorber, the ablation of the outer pusher edge in the
process of implosion is negligible.

3.3. Dynamics of volume ignition and recompression of the fuel

It is well known that when a certain volume of equimolar D-T absorbs all a-particles
and is transparent for 14-MeV neutrons and thermal radiation, it ignites at a temperature
T = 4.5 keV, beyond which the heating rate by a-particles exceeds the bremsstrahlung cool-
ing rate. In the simple targets discussed in this article, the D-T fuel ignites uniformly over
its mass after it has been heated to a temperature T = 1.2-1.5 keV by the P dV work in
the process of implosion. Such a low ignition temperature is stipulated by the presence of
a compressed high-Z pusher around the D-T fuel. Its role is twofold. First, it confines the
fuel for a relatively long time, A/con > Ats. Second and most important-as discussed in
the previous section—it locks up the radiation within the fuel cavity. As a result, radia-
tion quickly comes to thermal equilibrium with matter and the bremsstrahlung cooling of
the fuel is quenched. As a direct consequence of the low ignition temperature, simple tar-
gets exhibit reasonably high energy gains, G — 50-100.

The dynamics of the volume ignition is clearly illustrated in figure 8, which depicts the
temporal evolution of the fuel and the radiation temperatures in the target center. After
the turning point (t = 27.04 ns) in the pusher implosion, when P dV heating of the fuel
changes to P dV cooling (see also figure 9), it takes about 0.3 ns for the temperature to
rise from 7 = 1.7 to 5 keV. But, once the temperature 7 = 5 keV is reached the thermonu-
clear flare develops on a short time scale of ttn - 20 ps, significantly shorter than the
hydrodynamic time scale th - 100 ps (here, the hydrodynamic time scale th is defined as
the time of shock propagation through the compressed part of the pusher with (pAr) ~
10 g/cm2, Ar = 50 /mi).

Figure 9 shows the balance between the sources and sinks of power for the whole fuel,
averaged over the fuel mass, during the slow initial phase of the volume ignition. The net
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FIGURE 9. Balance of power for the D-T fuel at the initial phase of the volume ignition. Each com-
ponent of the heating or cooling power is averaged over the fuel mass. Solid curve 1: Net sum of all
sources and sinks of power in the fuel. Broken-dotted curves: 2, the power of PdV work before the
turning point of the implosion (heating); 2', minus the power of PdV work after the turning point
of the implosion (cooling). Broken curves: 3, average specific rate of energy deposition by 3.5-MeV
a-particles; 4, average specific rate of energy deposition by 14-MeV neutrons. Dotted curves: 5, radia-
tive energy losses into the pusher; 6, energy losses through the fuel-pusher interface due to the com-
bined effect of the electron heat conduction and the energy transport by 3.5-MeV a-particles, the latter
approximated as an additive term in the total heat conduction coefficient.
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heating rate (curve 1) consists mainly of the P d V work (curve 2) and the a-particle heat-
ing (curve 3); a certain contribution (=30-50% of the a-particle heating rate) comes also
from the 14-MeV neutrons (curve 4). The radiative energy losses through the fuel-pusher
interface (curve 5) do not exceed =20% of the total heating rate. Nonmonotonic behavior
of the radiative flux through the fuel-pusher interface is caused by the a-particle heating
of the inner pusher layer (curve 6).

In figure 8, it is seen that the temperature of radiation Tr closely follows that of matter
(mainly due to the Doppler-Compton energy exchange between photons and electrons) until
the value Tr = 15 keV is reached. At this time, the Rosseland mean free path of photons
in the compressed gold becomes comparable to the pusher thickness. As a result, a fast radi-
ative heat wave is launched into the pusher: It raises the temperature of the compressed
pusher material on a time scale tr = 3 ps, i.e, much faster than the shock wave can cross
the pusher (th =• 100 ps). Hence, the pressure inside the pusher suddenly rises to the val-
ues a few times in excess of the fuel pressure. The exploded pusher generates ingoing and
outgoing shock waves. The ingoing shock recompresses the D-T fuel to (pr) = 6.4 g/cm2,
p = 400-1000 g/cm3 (see figures 5 and 7). Because of the fuel recompression, high burn
fractions, fb = 0.7-0.75, are achieved in the optimized targets (see table 1). Relatively low
maximum D-T temperatures, 7"s 30 keV, are explained by a strong Compton cooling of
the electron component of the one-temperature plasma.

It must be admitted here that the above-described target behavior during the second stage
of the thermonuclear flare is in many respects an artifact of the two-temperature model
implemented in the GITTAM code. Subsequent simulations of the same targets with the
three-temperature code DEIRA (Basko 1990b) have shown that the D-T ion temperature
rises to 7} s 100 keV and, consequently, practically no pressure overshooting in the
exploded pusher and no fuel recompression occur. But, the energy gains obtained with the
3-T code differ from those given in table 1 by no more than 5%. Thus, although the
2-T (matter temperature, radiation temperature) model strongly underestimates the D-T
ion temperature at the advanced burn phase, it leads to almost correct values of the energy
gain of simple targets with high-Z pushers because of a compensating effect of the fuel
recompression.

4. Parametric analysis

4.1. Dynamic properties of the optimum targets

The analysis of the target dynamic behavior and the comparison between different tar-
gets are convenient to perform in terms of dimensionless parameters. As such, the follow-
ing quantities are used below:

Me = pcRl/[pcRl + PDTOCKDT - Rl)]f the initial D-T gas fraction;

Up/ = Mp/MDT, the pusher/fuel mass ratio;

lipa = Mp/Ma, the pusher/absorber mass ratio;

ba - (R - Ra)/R, the initial relative thickness of the absorber;

7"in = — / —-, the relative ion pulse duration;
R \Ma
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t) — the hydrodynamic efficiency; and

r\f = the beam-to-fuel energy coupling efficiency.

The values of these parameters for the basic set of optimized targets are given in table 1.
First, note that all optimized targets are characterized by relatively high (with respect to

the fuel mass) pusher masses, \ipj ^ 30. The primary reason for that is the variations in the
ion range caused by temperature and density changes in the absorber. In the ST-6-360-20
target, for example, the ion range variations sweep over a mass of AMa = 100 mg. And,
because fast ions cannot be allowed to penetrate into the fuel, the pusher mass cannot be
expected to be much less than 0.5AMa.

The three parameters /xpo, 8a, and rin control the target hydrodynamic efficiency r\ and,
together with nPf, the fraction i\f of the input energy transferred to the fuel (Basko 1990a).
To achieve close to the maximum values of rj, the values npa = 0.2-0.3 and ba,rm <, 0.1 are
to be secured. As can be seen from table 1, the reference ST-6-360-20 target exhibits rather
poor values of these parameters, especially those of npa = 0.09 and rin = 0.53. The latter
means that the target performance can be significantly improved by changing the values
of the driver parameters (2). And, it is obvious that either tm or Eb, or both, should be
reduced.

Table 1 demonstrates that the most dramatic improvement is achieved when the value
of /jn is reduced by one half: After readjustment to a new optimum, the values of \ipa and
Tin become considerably better, while ba remains almost unchanged. And, although the
resulting increase in r\ from 0.125 to 0.145 is not large, the beam-to-fuel coupling efficiency
r\f and the energy gain Gopt rise by a factor of 1.6 due to the additional significant
improvement in the nPf value. Alternatively, a twofold reduction in Eb (the third column
in table 1) significantly improves the values of npa and 6a but degrades Tin and \x.pf. As a
result, the values of r\f and Gopt remain practically the same. When both tm and Eb are
reduced by a factor of two (target ST-6-720-10, not included in table 1), the values of all
four parameters \>.pa, 8a, 7in, and \x.Pf are improved and the energy gain Gopt = 94 is
achieved. And, finally, note that the energy gain Gopt = 106 of the ST-7-2000-7 target,
which has almost "ideal" values of \>.pa, ba, and Tin, is not much higher than the energy
gains of the ST-6-720-20 and ST-6-720-10 targets.

From table 1 it is seen also that the gain values G = 80-100, close to the maximum pos-
sible in the class of simple targets, are obtained with low aspect ratios of the external metal
layer, R/(R - RDT) = 5-15. Higher aspect ratios are unfavorable because, for a fixed ion
range, they lead to higher pusher and absorber masses. The optimum fraction nc of the D-
T gas is determined mostly by the specific power of energy deposition in the absorber and
typically falls in the range 0 < f i c s 0 . 1 . Zero values of nc are not encountered in table 1
because the boundary conditions in the GITTAM code do not provide for vacuum regions
inside the target.

4.2. Sensitivity of the energy gain to the target parameter variations

Having found the position of the optimum in the parameter space, it is important to know
also how the values of the energy gain G change when the target parameters deviate from
this optimum. In a typical case, there exists a well-defined ignition boundary in the param-
eter space separating nonburning targets from the burning ones: Across this boundary,
the energy gain changes abruptly from G < 1 to G » 1 (or vice versa). The optimum value
G = Gopt is always not far from the ignition boundary.

Once we are interest in the dependence G(a) of the energy gain on some parameter a,
we move along some curve in the multidimensional parameter space. As a rule, such a curve
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either once or twice crosses the ignition boundary. A typical example of the one-time cross-
ing is the dependence G(MDT). The broken line in figure 10 shows this dependence as cal-
culated for the ST-6-360-10 target, with the D-T gas/ice mass ratio nc kept constant. Fuel
masses some 10-20% above the optimum are already too large to be ignited, and the func-
tion G(MDT) drops precipitously to G <£ 1. In the opposite case, when the fuel mass is
decreased below the optimum value, ignition is no problem and the energy gain declines
gradually (roughly in direct proportion with MDT).

Another characteristic example is the dependence G(MP) of the energy gain on the
pusher mass Mp. The solid line in figure 10 displays this dependence for the same ST-6-
360-10 target as obtained by varying the outer target radius R, with all the other param-
eters kept fixed. Here, the ignition boundary is crossed twice—at large Mp because of a
too low pusher velocity and at small Mp because of a too short confinement and too high
fuel entropy. Thus, a plateau around the optimum is delimited by two sharp drops, which
is an indication of a particular sensitivity of the target gain to the pusher mass in the class
of simple targets.

It should be noted also that the energy gain is insensitive to variations of the outer tar-
get radius R by ±10-20%, provided that such variations are accompanied by retuning of
the remaining free target parameters (3) to a new optimum.

Of a certain interest is the question of how sensitive Gopt is to the choice of the pusher-
absorber material. The calculations show that when gold in the ST-6-360-20 and ST-6-720-
20 targets is replaced with cheaper but dynamically inferior lead and the reoptimization is
performed, the optimum gain is reduced by more than a factor of two — from Gopt = 54 to
Gopt = 23 for the 360-TW target and from Gopt = 85 to Gopt = 37 for the 720-TW target.
However, when 10-GeV instead of 20-GeV 209Bi ions are used, such a replacement is much
less ruinous: The optimum gain of the ST-6-720-10 target decreases from Gopt = 94 to
Gopt = 76. Thus, if one wants to use lead instead of gold as the absorber material and
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retain high-energy gains of simple targets (at Ein ~ 6 MJ), the energy of the 209Bi ions must
be lowered to Eb <, 10 GeV.

It has already been mentioned that the ion range variations due to the plasma tempera-
ture and density changes deteriorate the dynamic efficiency of implosion. This effect is well
illustrated by a target with parameters R = 4 mm, RDT = 3.906 mm, Rc = 3.836 mm, and
pc = 4 x 10~5 g/cm3 that are close to those of ST-7-2000-7 (see table l).This target can be
ignited with £in = 5.7 MJ of input energy deposited uniformly over the absorber with a
fixed mass of 300 mg (Ra = 3.922 mm). Its energy gain is G = 128 (compare with G = 106
for the ST-6-2000-7 target). Note that when the pusher-absorber interface is fixed a sig-
nificantly lower optimum pusher mass, MP/MDT = 18, is found.

4.3. Adequacy of the GITTAM code

Consider the most vulnerable of the assumptions adopted in the GITTAM code. First,
this is the assumption of one and the same temperature for the electrons and ions. By per-
forming simple estimates of the equilibration time scale, one can readily verify that this
assumption is valid for all target layers until the moment of ignition and is violated only
in the D-T fuel at the stage of strong thermonuclear burning when I s 10 keV. Hence, the
two-temperature (matter temperature, radiation temperature) model implemented in the
GITTAM code adequately describes the type and process of ignition and the initial burn
phase, and one might question only the values of the burn fraction fb calculated with it.
Later simulations of the same targets with the three-temperature code DEIRA have shown
that, although the phase of strong burning looks different, the values of the burn fraction
fb and of the energy gain Gop, given in table 1 are reproduced within 5°Io.

A fairly uniform structure of the D-T sphere by the time of ignition justifies the approx-
imations made in the GITTAM code to account for the fuel heating by 3.5-MeV a-parti-
cles and 14-MeV neutrons. At the initial stage of the thermonuclear flare, the nonlocal
character of a-energy deposition can be totally ignored because the path length of 3.5-MeV
a-particles in the D-T plasma with p = 200 g/cm3 and 1.5 keV s Te S 10 keV lies in the
range 0.07 g/cm2 s (pl)a <, 0.5 g/cm2 and is much smaller than the fuel <pr). In the GIT-
TAM model, the energy transport by fast alphas is approximated as an additive term in
the thermal conductivity of matter (Basko 1987). The corresponding increment in the ther-
mal conductivity coefficient is, however, much smaller than the coefficient of radiative heat
conduction and has little effect on the global features of the target performance.

Even in a uniformly igniting D-T sphere the heating of the fuel due to the neutron scat-
tering is not uniform: In the center of a sphere with rn « 4, it is twice as high as at its edge.
When, however, the optical thickness of the fuel sphere with respect to the neutron scat-
tering is rn = 1-3 and the energy is quickly redistributed by radiation, it is more impor-
tant to adequately estimate the total energy fraction that neutrons deposit in the D-T sphere
than to account in detail for the nonuniformity of the neutron heating. In this respect, a
simple formula (7)—although qualitatively correct —is not accurate and can be a factor
of —1.5 in error. But, because typical contribution of the neutrons to the total thermonu-
clear heating of the fuel is about 30%, a more detailed model for the neutron scattering
will hardly affect the overall performance of the targets studied here and would certainly
be inappropriate within the framework of the two-temperature approach.

5. Summary and concluding remarks

The results of an optimization study are presented for one of the simplest types of cryo-
genic D-T targets irradiated by heavy-ion beams. Target simulations have been carried out
with the 1-D two-temperature (matter temperature, radiation temperature) code under the
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assumption of a perfectly spherical illumination by fast 209Bi ions. The main series of opti-
mization calculations was performed for the input energy of £in = 6.12 MJ.

It is shown that in the class of simple D-T targets ignition occurs always uniformly over
the entire fuel volume and a low enough entropy of the fuel can be obtained with the sim-
plest box-shaped ion pulse. The central hot spot discussed earlier by Metzler and Meyer-
ter-Vehn (1984) and Tahir and Long (1987) is shown to never survive the final stage of
implosion. With the input energy of Em = 6 MJ, maximum possible energy gains amount
to Gopt = 80-100.

Having performed optimization for different driver parameters, with those proposed
by Zenkevich et al. (1985) taken as the nominal ones, it was found that the intrinsic tar-
get dynamics requires the nominal beam power Win = 360 TW to be raised by at least a
factor of two: In this way, the optimum energy gain can be brought from Gop, = 50 to
Gopt ^ 80. However, a further increase of the beam power would be useless because the
gain values saturate at G = 100-110.

Targets with gold^absorbers optimized for 20-GeV 209Bi ions are almost as efficient as
those optimized for 10-GeV ions. On the other hand, if lead is used instead of gold, the
optimum energy gains obtained with the 20-GeV ions are significantly (more than by a fac-
tor of two) lower than those for the 10-GeV 209Bi ions.

All the above results have been obtained in the framework of the 1-D physics, in which
there is no place for the important effect of the Rayleigh-Taylor instability. This instabil-
ity can ruin the target at two phases: first, when the payload is accelerated; second, when
the pusher is decelerated. In our targets, which demonstrate convergence ratios of =25,
have the initial pusher aspect ratios of =25, and start with the equal densities in the pusher
and absorber, the first phase is no more dangerous than in most other types of the iner-
tial fusion targets (Tabak et al. 1990)—provided the necessary symmetry of illumination
is achieved. More ruinous appears to be the second deceleration phase. It takes some
1-1.5 ns for the pusher to come to a halt (see figures 3 and 6) and then about 0.3 ns more
for the D-T temperature to rise from 1.7 to 5 keV. A considerable fraction of the D-T mass
may mix into the gold pusher at this stage and be essentially lost. There is, however, a cer-
tain stabilizing effect due to the inward radiative ablation of the gold pusher. To reduce
the detrimental effects of the instability, one could take a lower initial fuel mass (move away
from the optimum along the broken curve in figure 10). As a result, the ignition will occur
earlier (prior to the moment of stagnation) and there will be less time for the instability
to develop. But, the target performance will be degraded and the energy gain will be lower
than the 1-D optimum. To explore this issue in more detail, 2-D hydrodynamic simulations
are necessary.
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