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ABSTRACT. In a parametric study of reactor size DT targets driven by beams of heavy ions it was found that spark 
ignition and high energy gains can be achieved in four-layer single-shell targets irradiated by a non-shaped box pulse of 
10 GeV 209Bi ions. With an input energy of Ei, = 6 MJ delivered in ti, 5 10 ns, one-dimensional energy gains of 
G 2 400 are possible in the optimum cases. It is shown that, to obtain spark ignition and high energy gain, two 
conditions must be necessarily met: (1) a high enough implosion velocity, U, z 6.2 x lo7 cmis, must be reached, 
and (2) the fuel compression must be accomplished with a low enough pusherifuel mass ratio, M,/MDT 5 5-7 (0 is a 
dimensionless parameter determined by the density distribution in the compressed target core). It was found also that 
when the (pAr)  of the cold part of the compressed fuel is =2-5 g/cm2, the main portion of the fuel is ignited owing 
to the heating by 14 MeV neutrons emitted from the central hot region. 

1. INTRODUCTION 

Inertial confinement fusion driven by heavy ion beams 
(HIF) appears to be a promising option for future energy 
production [l-51. An important issue in assessing the 
feasibility of this option is the target energy gain. The 
two alternative concepts of direct and indirect drive, on 
which target design is based, differ considerably in this 
regard. Although indirect drive provides a practical way 
to smooth out the non-uniformities of illumination, energy 
losses at the stage of conversion to X-rays and transport 
onto the central pellet inevitably reduce by a factor of 
=3-5 [6] the energy gain of the best indirect drive 
targets as compared to the best direct drive targets. 
Which of the two concepts (or perhaps a synthesis of 
them) will ultimately prove to be most successful is not 
clear at the moment. 

Previous publications on HIF targets, presenting both 
target structure and gain calculations, have been devoted 
to the direct drive approach and based on 1-D hydro- 
dynamic simulations; maximum energy gains of 
G = 150-200 have been reported [7-111. The present 
work is along the same line. Its objective is twofold. 
First, by undertaking a systematic parametric study, 
I obtain a target configuration and ion beam parameters 
which yield the highest possible thermonuclear energy 
gain. Second, using this optimal target as an example, 
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I investigate the key physical processes which ensure 
efficient target performance. I adopt a target scheme 
and use ion beam parameters similar to those proposed 
in the HIBALL-I and HIBALL-I1 studies [ l ,  21 and 
explored in Refs [7-111. The analysis is performed 
within the framework of 1-D physics; then the role of 
the Rayleigh-Taylor instability is briefly discussed. The 
main new results compared to those of the previous 
studies are: (1) a much higher energy gain of G 2 400 
obtained for almost the same values of peak power and 
input energy, (2) spark ignition initiated by the non-shaped 
step-like power pulse profile, (3) simple criteria for spark 
ignition near the time of stagnation in imploding target 
cores and (4) an assessment of the role of 14 MeV 
neutrons in the thermonuclear burn propagation. Note 
that the results concerning the performance of target 
cores should be relevant for indirectly driven targets 
as well. 

A crucial point in achieving high energy gain is 
ignition of the bulk of the compressed and relatively cold 
fuel from a hot spot (thermonuclear spark) in the target 
centre [12-141, When restrictions due to the Rayleigh- 
Taylor instability are neglected, the optimum spark 
ignited targets produce two times higher energy gains 
than the optimum volume ignited targets [15]. However, 
it still remains a controversial issue what conditions 
must be met to achieve spark ignition in HIF targets. 
Tahir and Long [7, 111 and Magelssen [8] argued that 
a special temporal power profile (or perhaps even an 
ion energy profile) is needed to obtain spark ignition. 
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Velarde et al. [lo] performed a parametric study of 
four-layer single-shell targets driven by a two-step shaped 
ion pulse and obtained no spark ignition; their energy 
gains were G 5 100. On the other hand, Metzler and 
Meyer-ter-Vehn [9] pointed out that a thermonuclear 
spark can be naturally formed even with a box shaped 
pulse. In their calculations, however, they did not 
include radiative energy transport which - together 
with the electron thermal conductivity - controls the 
process of spark formation. 

the shortening of the ion range in the process of illumi- 
nation may have a serious deleterious effect on the 
target performance. My model for the stopping power 
of fast ions [17] exhibits not only range shortening but 
also range lengthening in dense high-Z plasmas with 
T 2: 30-100 eV. I find that, within the class of targets 
considered below for the 2wBi ion energy Eb = 10 GeV, 
no special remedy (as, for example, voltage ramping as 
proposed in Ref. [16]) is needed to compensate for the 
effect of ion range variations. 

The main emphasis of this work is on the physics of 
spark ignition and burn propagation in reactor size HIF 
targets. Section 2 describes the class of what I believe 
to be the simplest HIF targets in which spark ignition 
and high energy gains can be achieved. In Section 3 the 
key physical processes included in the numerical code 
are summarized. Section 4 presents three optimum targets 
that have been found in the course of the target para- 
meter study for three different sets of driver parameters. 

In Section 5, various physical aspects of the perfor- 
mance of the best target (HGT-6-720-10) are discussed 
in detail. Special attention is paid to the physics of burn 
propagation. It is shown that under certain conditions 
the contribution of fast neutrons and bremsstrahlung 
photons to the ignition of the outer cold fuel layers 
may be more important than energy transfer by alpha 
particles, electron heat conduction and the shock wave. 
Section 6 is devoted to a qualitative and quantitative 
analysis of the spark formation process in imploding 
target cores. It should be noted, however, that the 
model described there and the conclusions reached do 
not apply universally, but apply mainly to the targets 
which lie near the optimum in the parameter space. 

cations, the results of the optimization obtained under 
the assumption of perfect spherical symmetry may be 
considered as a solution to some idealistic theoretical 
problem. The thin gold layer between the DT fuel and 
the Be absorber is strongly Rayleigh-Taylor unstable 
and will mix with the lighter absorber material at the 
initial acceleration stage of implosion. But even so, such 

According to the calculations by Long and Tahir [ 161, 

Of course, from the point of view of practical appli- 

a layer may prove to be practical in preparing a spark-like 
entropy profile in the DT fuel when a non-shaped power 
pulse is used. Anyway, it is important to know what are 
the minimum constraints on the ion beam parameters and 
what should be the target design in the simplest ideally 
symmetric case which lead to high (close to the limiting) 
1-D energy gains. When trying to develop a more 
realistic target design, it will of course be necessary 
to modify the target structure found in the course of 
I-D optimization and to sacrifice some of its energy 
gain in order to overcome the destructive role of the 
hydrodynamic instabilities. But one would expect 
that even after such modifications the main results 
concerning spark formation, fuel ignition and burn 
propagation will remain valid. 

2. TARGET STRUCTURE 
AND PARAMETERS 

In this paper, I explore a class of spherical single- 
shell four-layer cryogenic DT targets whose structure 
is schematically shown in Fig. 1. An intermediate layer 
of a low-Z material between the outer high-Z tamper 
and the inner high-Z pusher significantly improves the 
hydrodynamic efficiency of targets driven by particle 
beams [ 181 because low-Z elements have higher stopping 
powers per unit mass (especially at the end of the ion 
range) and more effectively transform the absorbed 
energy to pressure. Also, a sandwich-like high-Z/low-Z 
structure of the energy deposition region suppresses the 

FIG. I .  Schematic diagram of a high gain DT target. 

1516 NUCLEAR FUSION, Vo1.32, No.9 (1992) 



HIGH GAIN DT TARGETS FOR HEAVY ION BEAM FUSION 

adverse effects of the ion range variations. The targets 
from this class are characterized by the following six 
free target parameters: 

R - the outer target radius 
R, - the outer radius of the low-Z absorber layer 
R, - the outer radius of the high-Z pusher 
RDT - the outer radius of the solid DT layer 
Rgf - the radius of the central cavity filled with DT gas 
pgf - the density of the DT gas in the central cavity. 

In all calculations it was assumed that the high-Z tamper 
and pusher are made of gold, while the low-Z absorber 
is made of beryllium. The initial densities of all solid 
materials were fixed at their normal values corresponding 
to the initial temperature of T = 4 K. The initial density 
pgf of the DT gas in the central cavity is treated as a 
free parameter; by varying its value, one can vary the 
entropy of the fuel at maximum compression. 

The target shown in Fig. 1 is supposed to be irradiated 
by a perfectly spherical beam of '09Bi ions focused on 
the target centre. I assume a box-like beam pulse profile: 
the beam power Win remains constant in the time interval 
0 < t < tin. The total input energy is Ein = Wintin. 
Hence, in addition to the above listed six target para- 
meters we have the following three driver parameters: 

Ein - the total input energy 
ti, - the ion pulse duration 
E,, - the energy of individual ions in the beam. 

The spatial distribution of the ion energy deposition 
was calculated according to the full-scale theory of ion 
stopping in materials with varying temperatures and 
densities [ 171. 

3. PHYSICAL MODEL 
AND NUMERICAL CODE 

Numerical simulations of the above described targets 
have been performed with the one-dimensional three- 
temperature hydrodynamics code DEIRA. This code 
solves the equations of hydrodynamics by a Lagrangian 
method with the tensor artificial viscosity [ 191. The 
equation of state is based on the mean ion model 
described in Ref. [20]. At high temperatures and low 
densities, this model employs the Raizer approximation 
to the Saha ionization equations, while for high density 
plasmas it reproduces to good accuracy the results of 
the Thomas-Fermi model. The Fermi degeneracy of 
electrons is fully accounted for. The model has a few 
fitting parameters that are adjusted so as to obtain the 
actual solid density and sound velocity in the limit of 

zero pressure and temperature. In each Lagrangian cell 
of the fuel region the time evolution of the deuterium, 
tritium and helium-3 abundances due to the T(d, n)4He, 
D(d, p)T, D(d, n)3He and 3He(d, P ) ~ H ~  thermonuclear 
reactions is followed. On-flight fusion reactions with 
the fast suprathermal nuclei are ignored. 

Special attention has been paid to furnishing the 
DEIRA code with an adequate description of the 
physical processes that are essential for thermonuclear 
spark formation, ignition and burn propagation, namely 
electron heat conduction, energy transport by radiation, 
and non-local energy deposition by 3.5 MeV alpha 
particles and 14 MeV neutrons. The non-local energy 
deposition by 3.5 MeV alpha particles is described by 
a separate diffusion equation for the energy density of 
these particles [21]. Flux limiting is not used, either 
for electron heat conduction or for radiation diffusion 
or for alpha particle diffusion. A posteriori, it can be 
readily verified that the corresponding flux limits are 
never reached in the targets considered. The formulas 
for the coefficient of electron thermal conductivity 
include the effects of Fermi degeneracy, multiple 
ionization and strong ion-ion coupling in dense 
plasmas [22]. The coefficients of radiation diffusion 
and of the energy exchange rate between radiation 
and electrons are evaluated by using the processes of 
Thomson scattering, bremsstrahlung and photoelectric 
absorption as the opacity mechanisms. The Compton 
energy exchange between electrons and photons is also 
accounted for. 

The non-local heating by 14 MeV neutrons is evaluated 
only for the central spherical region occupied by the DT 
fuel, in the framework of the following simple approxi- 
mation. It is assumed that the specific power of neutron 
heating (per unit mass) is the same for all fuel elements. 
The total fraction of the energy deposited by neutrons 
within the DT sphere is evaluated as 

where T, is the optical depth of the DT sphere in the 
radial direction with respect to the neutron scattering at 
the neutron birth energy, and ro is a constant which can 
be evaluated in the optically thin limit, T, 4 T ~ ;  for a 
uniform DT sphere, one finds T~ = 4.0 [15]. Then, the 
thus evaluated specific rate of neutron heating is divided 
between the plasma ions and electrons in proportion 
to the corresponding components of the drag force 
experienced by the recoil ions, but in the limit of an 
infinitely short range for the latter. The crudeness of 
the neutron heating model is of little importance for 
the process of spark formation and ignition, but it does 
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affect the stage of burn propagation and strong fuel 
depletion in the main portion of the DT mass. 
Comparison with other codes has shown [15] that 
the DEIRA code may underestimate the energy gain 
of strongly burning targets by some 10%. 

4. RESULTS OF OPTIMIZATION 

When a simple box shaped pulse of heavy ions 
irradiates a target belonging to the class defined in 
Section 2, the drive characteristics are completely 
specified by the values of the above mentioned three 
driver parameters E,,, t,, and Eb. The fast 209Bi ions are 
assumed to move strictly along the target radii. Optimi- 
zation has been performed as follows: having fixed the 
values of the three driver parameters, I searched for a 
target with the maximum energy gain by varying all six 
target parameters listed in Section 2. 

As the base set of driver parameters, I chose the 
values Ei, = 6.12 MJ, t,, = 8.5 ns (W,, = 720 TW) 
and Eb = 10 GeV. In addition, I considered two sets 
with relaxed values of the beam power, W,, = 360 TW 
(t,,, = 17 ns), and of the ion energy, Eb = 20 GeV. 
This choice of the driver parameters stems from the 
earlier proposal [23] by the ITEP (Moscow) group. 
In all calculations, initial densities of 19.5 g/cm3 for 
the gold tamper and pusher, 1.9 g/cm3 for the beryllium 
absorber and 0.225 g k m 3  for the DT ice were assumed. 

In Table I, the first three columns list the main 
characteristics of the three optimum targets that have 
been found for the three sets of the driver parameters. 
The fourth column illustrates how high an energy gain 
can be obtained when the fuel ignites uniformly over its 
mass. The highest optimum gain, Gopt = 418, is achieved 
in the HGT-6-720-10 target (high gain target with 
E,, = 6 MJ, W,, = 720 TW, Eb = 10 GeV; first column 
of Table I). In fact, this gain value is quite close to the 
maximum possible energy gain that can be obtained with 
DT masses, MDT 5 10 mg, for any combination of the 
driver parameters and with any temporal pulse profile 
within the straightforward ideology of direct drive. 

Indeed, the energy gain of a directly driven target 
can be evaluated as a product of the hydrodynamic 
efficiency of the implosion q and the core gain G,, 
where G, is defined as the ratio of the total liberated 
thermonuclear energy to the energy of the compressed 
target core. In a separate study of the hydrodynamic 
efficiency of spherical shells illuminated by ion beams 
[18] it was shown that the realistic maximum of this 
quantity is vmax = 0.25-0.30. Compressed cores of 
spherical DT targets are characterized by only few free 

TABLE I. PARAMETERS OF THE OPTIMUM 
HIGH GAIN DT TARGETS 

o 
oi 

f b  

G 

6.12 6.12 6.12 6.12 
720 3 60 720 720 
10 10 20 10 

4.912 4.876 4.472 4.427 
4.822 4.780 4.220 4.337 
4.512 4.5085 3.512 4.027 
4.500 4.500 3.500 4.0 
4.280 4.330 3.395 3.860 

0.00032 0.0004 0.0007 0.0007 

12.095 9.506 3.644 6.283 
59.7 42.2 36.2 107 

0.23 0.18 0.12 0.26 
0.18 0.14 0.066 0.11 

First maximum 

3.61 3.36 3.90 3.70 
0.25 0.35 - - 

27.6-255 30.5-300 270-226 203-152 
12.8-1.05 16.3-1.28 3.7-3.5 2.0 
1.3 1- 1.06 1.62- 1.30 3.5 1.99 

5.93 5.56 9.3 12.7 

Second (prIDT maximum 

3.86 3.72 2.50 2.22 
770-112 522-112 150-21 133-21 

53.8-25.5 42.9-24.4 32.3-16.3 29-16 
16.3 17.8 14.2 13.7 

0.61 0.62 0.65 0.67 
418 325 132 236 

parameters, and a complete parametric study of the core 
gain G, can be carried out. The results of several such 
studies [24, 151 indicate that for MDT I 10 mg the core 
gain is limited by G,,,,, i5: 2000. Thus, if we do not 
resort to exotic options of gain enhancement (as, for 
example, polarized fuel), we arrive at an upper limit 
of G,,, = qmaxGc,max = 500-600 for the energy gain 
of directly driven HIF targets. The value Go,, = 418 
for the HGT-6-720- 10 target is quite close to this limit 
and, remarkably, was obtained without any pulse 
shaping. 

with the limiting gain curve obtained in Ref. [25] in 
the framework of a simple model for isobaric spark 
configurations. The cold fuel in the compressed core 

The energy gain Go,, = 418 can also be compared 
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of the HGT-6-720-10 target is characterized by the 
value of (Y = P/P,,, = 11 (see Eq. (9) below and 
Fig. 4); the beam to fuel energy coupling efficiency 
is T f  = 0.18 (see Table I). Substituting these values 
together with the values of spark parameters (see 
Section 5.2) into Eq. (14) of Ref. [25], we obtain a 
limiting gain of G* = 170, which is a factor of 2.5 
short of the present value of Gopr. The discrepancy is 
mainly due to the fact that the simple formula for the 
burn fraction 

used in Ref. [25] underestimates the values of fh by 
about a factor of two in cases where the compressed 
fuel is surrounded by a layer of high-Z compressed 
material. Also, the pressure at the time of stagnation 
is not quite uniform over the fuel region of the present 
target (see Fig. 3). 

Comparing the HGT-6-360- 10 and HGT-6-720-20 
targets with the HGT-6-720-10 target, we find that spark 
ignition and target efficiency are rather sensitive to the 
energy Eb of the beam ions. For Eb = 20 GeV, the 
optimum energy gain, Go,, = 132, is much lower than 
the above quoted value of Gopr = 418. Spark ignition 
is marginally possible in this case and provides no 
advantage over volume ignition. On the other hand, 
if we preserve the value of Eh = 10 GeV and reduce 
the beam power by half, we arrive at an optimum gain 
Go,, = 325 for the HGT-6-360-10 target, which is still 
quite high and is obtained via a distinct spark ignition 
configuration. Strong dependence of the target efficiency 
on Eh is caused by a significant increase in the tamper 
and absorber masses (approximately as E:,’ for a fixed 
target radius) as we go to higher ion energies. As a 
consequence, we obtain lower driving pressures, higher 
pusher masses (due to ion range variations) and lower 
implosion velocities which fall short of the values needed 
for spark ignition. The present results indicate that, in 
the parameter region considered, the threshold for spark 
ignition lies somewhere between E,, = 10 GeV and 
Eb = 20 GeV for ions with A = 200. 

The target in the fourth column of Table I was 
obtained from the HGT-6-720- 10 target by increasing 
the mass of the gold pusher to the point where the 
spark in the centre is quenched and the target ignites 
uniformly over the fuel volume. (The mechanism of 
spark quenching at high pusher/fuel mass ratios is 
discussed in detail in Section 6.2.) The energy gain of 
this target, G = 236, is a factor of 1.8 below the best 
value of Gopt = 418. Such a ratio between the optimized 
spark and volume gain values agrees very well with the 

value of the spark factor, f, = Gopt,spark/Gopt,vol = 1.9, 
as calculated earlier in Ref. [15]. Thus, the present 
calculations confirm the conclusion of Ref. [15] that, in 
general, volume ignition is only about a factor of two 
less efficient than spark ignition. 

To check the sensitivity of the results presented in 
this section to the effect of neutron energy deposition, 
the targets in the first and fourth columns of Table I 
were recalculated with the neutron heating turned off. 
It was found that the same fuel mass was ignited by 
means of a thermonuclear spark in the first target 
(although at a two times higher value of the DT gas 
density, pgf = 6 x g/cm3), and an energy gain of 
G = 425 was obtained. In the case of volume ignition, 
the ignition threshold with respect to MDT decreased by 
20% and an energy gain of G = 195 was calculated. 
Hence, one can conclude that the global performance 
features of targets with MDT 5 10 mg - such as the 
ignition threshold, the energy gain and the relative 
advantages of spark ignition versus volume ignition - 
are not sensitive to the details of the energy deposition 
by 14 MeV neutrons. 

5. TARGET PERFORMANCE 

In this section, various physical aspects of the 
performance of the best HGT-6-720-10 target with an 
energy gain of Go,, = 418 are discussed. The main 
characteristics of this target are listed in the first 
column of Table I. 

5.1. Efficiency and stability of implosion 

The hydrodynamic efficiency q is defined as the ratio 
of the kinetic energy of the whole payload (fuel plus 
pusher) to the input energy Ein. This quantity is to be 
distinguished from the beam to fuel coupling efficiency 
q f :  qfEin is the internal energy of the fuel at maximum 
compression (minus thermonuclear energy deposition), 
while qEin is the internal energy of the whole compressed 
target core. Both quantities are given in Table I. A rela- 
tively high value of the hydrodynamic efficiency of the 
HGT-6-720-10 target, q = 0.23, is one of the key factors 
contributing to its high energy gain. It is stipulated by 
the fact that in the beryllium absorber (Ma = 161 mg) 
the rate (per unit mass) of the beam energy deposition 
is, on average, 3.5 times higher than that in the gold 
tamper (MI = 522 mg). In the process of implosion, 
the gold pusher is accelerated to the maximum velocity 
of 1.9 x lo7 cmls. From the total beam energy of 
6.12 MJ, 3.19 MJ is deposited in the beryllium absorber 
layer. 
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The value of v f  = 0.18, compared to 77 = 0.23, 
implies that about 75% of the energy transferred to the 
compressed target core resides in the fuel. Such a high 
extraction ratio can be easily understood if we recall 
that the internal energy can be expressed as PV/(y - 1). 
At approximately the same stagnation pressure, 
P = IO” erg/cm3, the gold pusher, being five times 
more massive than the fuel, has an approximately 
ten times higher density and, consequently, occupies an 
approximately two times smaller volume, VAu:VDT 
= 1 : 2. In addition, the adiabatic index of gold in this 
parameter region is yAu = 2, compared to yDT = 5/3. 

Initially, the mass thicknesses of the gold tamper and 
of the beryllium absorber are (pArj, = 0.176 g/cm2 and 
(pAr)a = 0.0589 g/cm2, respectively. In the first instant, 
when the target is cold, the 10 GeV ’09Bi ions stop within 
the beryllium layer at a depth of (pAr) = 0.0416 g/cm2 
as measured from the absorberhamper interface. 
According to the stopping power model used here 
[17], by t = 1 ns the penetration depth of ’09Bi ions 
increases up to (pAr) = 0.0545 g/cm2 (93% of 
the beryllium thickness) and then gradually drops 
to ’par) = 0.0380 g/cm2 by the end of the ion 
pulse. Thus, the ion range variations sweep over 
(pArj = 0.0165 g/cm2, which corresponds to 
AM = 44 mg of beryllium. Eventually, a considerable 
fraction of this mass is compressed as a part of the 
payload. Hence, when AM is large, the ion range 
variations (especially the effect of range lengthening) 
may significantly deteriorate the efficiency of target 
implosion. 

Previously, the deleterious effects of range shortening 
have been extensively discussed by Long and Tahir [ 161. 
They suggested that either radiative heat conduction or 
ion energy ramping could be used to compensate for 
this effect. Radiative heat conduction in the Be absorber 
of the HGT-6-720-10 target is not effective enough to 
compensate for the ion range variations, but, never- 
theless, it was not found that there was any need to 
resort to ion energy ramping. The results of the present 
calculations indicate that the mass AM, swept by the 
ion penetration front, can be kept reasonably small, 
first because of a partial compensation of the range 
shortening in beryllium by the range lengthening in 
gold, and second by choosing a low enough value 
(10 GeV instead of 20 GeV) of the 209Bi ion energy Eb. 

From the point of view of 1-D target dynamics it is 
advantageous to have a thin high-Z pusher around the 
DT fuel, with a mass of a few fuel masses. However, 
such a pusher is highly Rayleigh-Taylor unstable. In 
the HGT-6-720-10 target the gold pusher experiences a 
nearly constant acceleration, g = 1.5 x 1015 cm/s2, for 

2 ns s t 5 11 ns. Its inflight thickness at this stage is 
d = 6 pm. Assuming that the most dangerous mode 
corresponds to the wave number k = d-’ [26], we 
obtain the following number of e-foldings: 

n = (A,,gk)”2At = 12 (3) 

The Atwood number A,, is taken to be 0.75, in accor- 
dance with the inflight density ratio pp/pa = 7. This high 
value of n implies that the gold pusher will be broken 
up in the initial phase of acceleration. A reasonable 
estimate for the maximum travel distance can be obtained 
if we assume that, without any ablation stabilization as 
is the case here, the maximum tolerable value of the 
inflight aspect ratio will be Q = 10-20 [26]. In our 
case, this means that the gold pusher will be disrupted 
after it travels a distance of Qd = 60-120 pm, which is 
to be compared with the total travel distance of 4.2 m. 
But, even having travelled so little, the gold pusher still 
accomplishes one of its dynamic tasks: by its sheer inertia 
it reduces the amplitude of the first shock in the bulk of 
the DT fuel and, thereby, facilitates the formation of a 
thermonuclear spark when a non-shaped power pulse is 
applied. At later times, after the gold pusher has mixed 
with the beryllium absorber, its ‘debris’ may still be 
helpful in providing a radiation shield between the fuel 
and the rest of the target, although the overall effi- 
ciency of the target performance will, of course, be 
degraded as compared to that found in a purely 1-D 
analysis. 

5.2. Maximum compression 

Fuel implosion is halted at t = 31.620 ns, when the 
fuel (pr) reaches a maximum of 3.61 g/cm2. The target 
structure at this moment is shown in Figs 2 and 3. The 
temperature and density profiles exhibit a clear spark- 
like structure near the centre of the DT sphere. The 
ion temperature in the hot spot smoothly drops from 
Ti = 12-8 keV in the centre to Ti = 1.1 keV in the 
cold fuel. If we define the spark as a region with 
Ti 2 5 keV, then its parameters are (pr), = 0.25 g/cm2, 
rs = 70 pm and M, = 0.064 mg. The outer radius of 
the fuel sphere is rf = 260 pm. The bulk of the fuel 
has a temperature of Ti = T, = 1.1 keV. The density 
and pressure distributions in the cold fuel are not 
quite uniform; the density decreases with radius from 
p = 250 g/cm3 near the outer edge of the hot spot to 
p = 150 g/cm3 at the fuel/pusher interface; accordingly, 
the pressure, being constant across the spark region, 
falls by more than a factor of two over the cold fuel 
region. The noticeable pressure gradient in the cold 
fuel at maximum compression is closely related to the 
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FIG. 2. Ion, electron and radiation temperature profiles in 
the optimum HGT-6-720-10 target at three characteristic rimes: 
t = 31.620 ns - the moment of stagnation (the first maximum 
of the fuel (pr));  t = 31.765 ns - the end of the j r s t  stage of burn 
propagation; and t = 31.795 ns - the second maximum of the fuel 
(pr).  The j r s t  20 Lagrangian cells represent the gaseous DT region 
in the initial state and have equal masses, while for j > 20 the cell 
masses progressively increase with the cell number j .  
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FIG. 3. Densiiy and pressure profiles in the optimum HGT-6-720-10 
target at the same times as in Fig. 2. 

fact that the pusher/fuel mass ratio, M,/MDT = 5, is 
rather low and the time-scale of confinement is com- 
parable to the time of sound propagation across the 
fuel region. 

Note that the spark region in the present calculations 
is numerically well resolved: the region with Ti 2 5 keV 
occupies 12 Lagrangian cells. In combination with the 
tensor artificial viscosity 1191 implemented in the DEIRA 
code, the latter fact adds to the confidence in the assump- 
tion that the spark ignition is not a spurious effect due 

to the finite differencing. Note also that the ratio of 
the electron heat flux K, I dT,/dr I to the saturated flux 
neTe(Te/me)li2 at the hotlcold fuel interface is below 0.01. 

5.3. Burn propagation 

According to the present simulations, two different 
stages can be distinguished in the process of burn pro- 
pagation. The first stage, lasting from t = 31.620 ns 
to t = 31.765 ns, proceeds according to the scenario 
discussed in a number of previous publications [13, 24, 
271. During this stage, the central hot spot gradually 
expands by ablating cold DT layers. Ablation of the 
cold fuel is driven by two, almost equally efficient, 
mechanisms of energy transfer: the electron heat 
conduction and the energy transport by 3.5 MeV alpha 
particles. Both the ion and the electron temperatures in 
the central fireball rise significantly above the tempera- 
ture of radiation and continue to grow owing to the 
plasma heating by fast alpha particles. 

In the process of cold fuel ablation, the energy carried 
away by electrons and suprathermal alpha particles (short 
range energy transport agents) does not actually escape 
from the central fireball; it is transferred to the nearby 
cold fuel layers, which immediately become part of the 
growing fireball and drive the burn wave. The hydro- 
dynamic energy losses from the fireball are also insigni- 
ficant, at least initially. But there are two fast and long 
range energy transport agents that freely escape from 
the fireball region and gradually heat up the entire mass 
of the cold fuel - namely the bremsstrahlung photons 
and the 14 MeV neutrons. The first stage of burn 
propagation comes to an end when the energy deposi- 
tion by these particles raises the temperature of the 
bulk of the cold fuel to the ignition threshold of 
4-5 keV. At the next stage, the thermonuclear flare 
develops on a short time-scale of 10-20 ps, and 
almost simultaneously over the entire cold fuel region. 

An important condition for this pattern of burn 
propagation to take place is the fact that the cold fuel 
with (pa r )  = 2-4 g/cm2 and p 2: 200 g/cm3 is trans- 
lucent for 14 MeV neutrons and for photons with 
hv z 5 keV. With respect to 14 MeV neutron scattering, 
the optical depth of the outer target layers (of the 
compressed gold pusher with (pa r )  = 6 g/cm2, of the 
beryllium absorber with (pAr) = 0.8 g/cm2 and of the 
gold tamper with (pAr) = 0.1 g/cm2) is even less than 
that of the DT fuel. Thus, we can estimate the heating 
rate of a cold DT element by 14 MeV neutrons in the 
optically thin limit. Having assumed, for simplicity, 
uniform temperature and density distributions in a 
fireball with radius R,, we obtain 
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qn [erg s-' .electron-'] 

= 3.1 x 10l6 ( W ) , ~ ~ ; R ,  (2)2 (0 (2) (4) 

Here and henceforth (if not stated otherwise), all 
physical quantities are in cgs units, except for the tem- 
perature for which keV units are used; p ,  is the density 
of DT in the fireball; the reaction rate {mVJDT is a func- 
tion of the fireball temperature T,; R, > R, is the radius 
of the cold fuel element for which the heating rate is 
evaluated; (u,AEn) = 4 barn.MeV is the mean value 
of the product of the energy transfer to a recoil deuteron 
(or triton) in a single act of 14 MeV neutron scattering 
by the scattering cross-section. The function 

represents the results of integration of a uniform neutron 
source over the sphere r 5 R, and varies from p( 1) = 1.5 
to p(o3) = 1. In Eq. (4) it is also assumed that the path 
lengths of the recoil deuterons and tritons in the cold 
fuel are small compared to the thickness of the cold fuel 
region. This is justified as long as the cold fuel tempera- 
ture is T, 5 3 keV; the path length of deuterons with 
a mean recoil energy of 5 6  MeV is then 50.5 g/cm2. 
It is easy to verify that the analogous 'optically thin' 
heating rates due to the free-free absorption and the 
Compton scattering of the fireball bremsstrahlung 
photons are at least two orders of magnitude lower 
than that given by Eq. (4). 

The heating rate (4) is counterbalanced by the 
bremsstrahlung cooling of the cold fuel 

qff [erg as-' .electron-'] = 1.3p,T,"2 (6) 

It is well known that when a certain volume of equi- 
molar DT absorbs all alpha 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 alpha particles exceeds the bremsstrahlung 
cooling rate. In our case this means that the cold fuel 
will definitely ignite after the condition 

qn 1 qff (Tc = 5 keV) (7) 
is fulfilled. Using Eqs (4) and (6), the above condition 
can be rewritten as 

As the central fireball grows in size and becomes hotter 
during the first stage of burn propagation, the term on 

the left hand side of Eq. (8), being initially smaller than 
the term on the right hand side, increases, while the term 
on the right hand side remains more or less constant or 
even decreases. At the time when the two terms become 
equal, the first stage of burn propagation ends and the 
bulk of the cold fuel ignites. This happens, for example, 
when T, = 30 keV, p , / p ,  = 2, RJR, = 1.7 and 
p,Rs 5 0.8 g/cm2; by this time, MJM, = 8. 

Inequality (7) is, of course, a sufficient condition 
for the ignition of the bulk of the cold fuel, but it may 
actually not be necessary when the fuel is surrounded 
by a compressed high-Z pusher which is highly opaque 
for the radiation with a temperature T, 5 10 keV. The 
inner surface of the gold pusher absorbs, and re-radiates 
back into the fuel, a major part of the radiative energy 
emitted by the fireball and the cold fuel. This means 
that the radiative energy losses of the fireball and the 
energy deposited in the cold fuel by the 14 MeV 
neutrons are gradually accumulated in the form of the 
thermal energy of the cold fuel (the heat capacity of 
the thermal radiation can be ignored as long as 
T, 5 10 keV). Thus, because of the confinement of 
radiation, the temperature of the bulk of the cold 
fuel may reach the ignition threshold of 4-5 keV even 
before condition (7) is fulfilled. 

In numerical simulations, I found that, eventually, 
it is the 'optically thin' neutron heating rate (4) which 
causes the cold fuel to ignite; for the HGT-6-720-10 
target, condition (7) is fulfilled at about t = 31.77 ns 
(150 ps after the time of maximum compression). By 
this time, the fireball spreads over 72 Lagrangian cells 
which contain 2.2 mg of DT (18% of the total fuel mass) 
and have a {pr) value of = 1 g/cm2 (see Figs 2 and 3). 
Roughly two thirds of the thermal energy accumulated 
in the cold fuel by this moment have been deposited 
by the 14 MeV neutrons and one third by the brems- 
strahlung photons. 

The burn propagation is accompanied by the following 
hydrodynamic effects. During the first stage, the time- 
scale of fireball growth is comparable to the time of 
sound propagation across the fireball region. The 
pressure in the fireball is a factor of two to three 
higher than the pressure in the cold fuel. As a result, 
the pressure gradient at the hot/cold fuel interface rakes 
up material and produces a characteristic hump on the 
density and pressure distributions (see Fig. 3). The 
maximum of the DT density, equal to 600 g/cm3, 
occurs at t = 3 1.760 ns in the 62nd Lagrangian cell. 

At the second stage of burn propagation, when the 
DT ion and electron temperatures quickly rise on a 
supersonic time-scale over the entire fuel region, the 
local pressure maximum produced by the hump on the 
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density curve generates two compression waves which 
propagate in two opposite directions. When the inward 
going compression wave is reflected from the target 
centre, a peak of the ion temperature, T,,,,, = 700 keV, 
is observed for a short period around t = 3 1.795 ns 
(see Fig. 2). This value of the ion temperature is, of 
course, unphysical because, for T, 5 300 keV, the 
mean free path of ions becomes comparable to the size 
of the fuel region. Such temperatures were obtained only 
because the physical (not artificial) ion viscosity and 
the ion heat conduction were not included in the DEIRA 
code. The outward going wave compresses the fuel 
near the fuel/pusher interface to p = 300 g/cm3. 
During this violent hydrodynamic relaxation a second 
maximum of the fuel (pr),  equal to 3.85 g/cm2, occurs. 
In the end, the total burn fraction fb = 0.61 is achieved. 

6. PHYSICS OF 
THERMONUCLEAR SPARK FORMATION 

6.1. Hydrodynamic mechanisms of spark formation 

A hot spot in the centre of the compressed DT fuel 
- a thermonuclear spark - means a central concentra- 
tion of the specific entropy. Such an entropy concentration 
can be created in several different ways. First of all, it 
is naturally formed when a spherical shock converges 
to and is reflected from the centre of an initially uniform 
gas sphere. For a wide variety of boundary conditions, 
the implosion dynamics in this case can be approximated 
by the Guderley self-similar solution [28]. However, 
the entropy gradient behind the reflected shock in the 
Guderley solution is rather weak, P/p5’3 oc r-l.’05 (for 
y = $), while, for a thermonuclear spark, one needs 
an about a factor of ten or higher [29] contrast in the 
values of the entropy parameter 

me p p -  5 
Pdeg ( 3 . ~ ’ ) ~ ’ ~  h2 ne5’3 

= 4.59 x 10-13 __ 
P 5’3 

~ _ _  a = - -  

(9) 
P 

between the outer fuel radius R and the spark radius 
R, = (0.3-0.6)R. The entropy contrast behind the 
reflected shock can be enhanced, however, if a tailored 
driving pulse is used [30]. 

Another obvious possibility is to start with a non- 
uniform initial configuration, namely a solid density 
hollow DT shell with a void or a rarefied DT gas in 
the central cavity. In the case of a gas filled cavity, a 
sharp entropy contrast (with a changing by more than 

a factor of lo3) can already be created by the first shock 
driven by the simplest box shaped ion pulse. In the case 
of a void cavity, no entropy contrast is created by the 
first shock passing through a thin DT shell, but the first 
shock is followed by a rarefaction wave which produces 
a density gradient sloping towards the target centre. 
Now, there are two possibilities: 

(1) A uniform entropy DT shell with a non-uniform 
density profile collapses onto the target centre and the 
central entropy concentration is created by the reflected 
shock (because the Mach number in the imploding shell 
increases towards the inner shell front); 

(2) Before the void closure, a second shock is driven 
(either by a two-step power pulse or owing to the 
reflection of the rarefaction wave [9]) through the 
imploding shell along the falling density gradient, and 
an inwardly rising entropy profile is generated before 
the time of collapse [9, 111, 

To analyse the latter possibility, a self-similar solution, 
as described in Section 6 of Ref. [31], can be applied. 
Note, however, that in the class of self-similar solutions 
discussed in Ref. [31] a non-uniform entropy distribu- 
tion cannot be created by the reflected shock alone. 

In the present study, a single-shock box pulse approach 
is used, with the central entropy concentration due 
primarily to the initial gas fill inside the hollow DT 
shell. The initial density pgf of the DT gas is treated as 
a free parameter, which provides, to a certain extent, 
a means of control over the size and the specific 
entropy of the thermonuclear spark. 

When a box shaped driving pulse is used, practically 
all the entropy in the fuel is created by the first shock. 
This is clearly seen in Fig. 4,  where the time evolution 
of the entropy parameter a is shown for five different 
fuel cells in the HGT-6-720-10 target. To arrive at a 
good quality spark configuration, the entropy behind 
the first shock in the bulk of the DT fuel must be low 
enough. In laser driven targets this is normally achieved 
by a long prepulse at low intensity [32-341. In our case, 
quite suitable values of a (see Fig. 4) are obtained with 
the box pulse. Because the ions deposit their energy over 
a relatively large mass, the pressure in the Be absorber 
rises gradually (on a time-scale of = 5 ns), even after 
a sudden turn-on of full power. As a result, the first 
shock is launched into the DT layer (which is very near 
to the energy deposition region) by a ‘piston’ pressure 
that is significantly below the maximum pressure in the 
absorber. This can be clearly seen in Fig. 5, where the 
time evolution of the pressure profiles is shown for the 
initial stage of implosion of the HGT-6-720-10 target. 
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FIG. 4. Time evolution of the entropy parameter OL = PIPdeg 
(see Eq. (9)) in five different Lagrangian cells of the HGT-6-720-10 
target. Each curve is labelled with its cell number. Cells 21-100 
correspond to the solid DT in the initial state; their masses increase 
progressively with the cell number, so that the cell groups 21-80, 
81-93 and 94-100 each comprise about one third of the total solid 
DTmass. 
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FIG. 5. Pressure projles for four characteristic times of the initial 
stage of implosion of the HGT-6-720-10 target. It is seen that 
the amplitude of the first shock in the AM pusher (Lagrangian 
cells 101-140) and in the DT ice (Lagrangian cells 21-100) is 
determined by the 'piston' pressure of ~ 0 . 3  X loT4 erg/cm' 
in the Be absorber, which is well below the peak pressure of 
-1.3 X erg/cm3. 

Also, the first shock in the DT layer is additionally 
weakened owing to the inertia of the thin but relatively 
massive gold pusher. 

By the time the first shock arrives in the target centre 
(t = 19 ns), the DT shell implodes to only about one 
half of its initial radius. Next, a number of successive 
shock reflections take place in the hot central region. 
These secondary shocks generate very little entropy 

(see Fig. 4) and traverse the hot region on a time- 
scale much shorter than the implosion time-scale, which 
is determined by the inertia of the cold fuel and the 
pusher. As a result, for the last 3-4 ns the implosion 
of the target core proceeds in an almost homologous 
manner, without any significant shock dissipation. 

Thus, one can assume that the target core enters the 
last quasi-homologous (QH) stage of implosion with a 
marked entropy maximum in the centre of the DT fuel. 
Now, the question is whether the central hot spot will 
survive the QH stage until the very moment of stagna- 
tion. The two principal mechanisms that level off the 
entropy distribution and tend to destroy the central hot 
spot are bremsstrahlung emission and electron heat 
conduction. The results of a parametric study of the 
QH stage of spark formation are discussed in the next 
section. From this study, it is possible to infer the 
admissible range of spark parameters that can be 
reached in the process of hydrodynamic implosion. 
In the analysis below, the thermonuclear self-heating 
is ignored until the very moment of stagnation; this is 
justified for targets operating not far from the ignition 
threshold - and all the optimized targets are of this 
type. In targets which ignite 'prematurely', well before 
the moment of stagnation, some of the restrictions 
derived below must be reconsidered. 

6.2. Admissible spark parameters 

As a first approximation to the QH stage of spark 
formation, consider a homologous locally adiabatic 
compression of a DT sphere with mass M D T  surrounded 
by an infinitely thin pusher of mass M,. It can be 
described by the following simple self-similar solution, 
which belongs to the class of motions with linear velocity 
profiles [35]: 

dR u(t, r) = 4 ~ 

dt 

d2R - 1 Po 
dt2 s2 poR 

Here, 

(15) 
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is the self-similar variable which can be treated as a 
Lagrangian co-ordinate; R(t) is the outer radius of the 
DT sphere; w([) is an arbitrary function which represents 
the DT density profile and is normalized by the condition 
w(0)  = 1. The ‘inertial’ constant fl is given by 

where pp = Mp/MDT is the pushedfuel mass ratio. Note 
that, when pp # 0, the pressure in Eq. (12) does not 
turn to zero at r = R(t). When the fuel adiabatic index 
is y = $, Eq. (14) can be integrated to give 

112 I + I  = U, (1 - 3) 
R(t) = (R: + Uit2)112 (18) 

Here, 

is the implosion velocity; R,, Po, and pom are the 
radius, central pressure and density of the DT sphere 
at maximum compression; t = 0 is the time of 
maximum compression. 

Since we are interested in spark-like configurations, 
we consider a two-parameter family of step-like density 
profiles: 

Then, the three dimensionless parameters pP, tS and 
w,, the fuel mass M D T ,  and the two principal spark 
parameters 

T, [keV] = To, = 1.30 x Po, 
Pom 
__ 

(21) 1Hs = PomRs = PomRmls 
completely specify the adiabatic approximation to the 
QH stage of spark formation. 

From Eqs (19) and (21) we find that the implosion 
velocity 

U, = 2.78 x 107 (+)I” 

is directly related to the spark temperature T, (indepen- 
dent of the spark (pr) value H,). Since any spark 
dissipation mechanism will tend to reduce the central 
temperature maximum, Eq. (22), when combined with 
the ignition threshold T, z 5 keV, leads to the following 
lower limit on the implosion velocity in spark ignited 
D T targets : 

U, [cm/s] 2 6.2 x lo7 n-”* (23) 

Equations (23) and (16) imply that the minimum implo- 
sion velocity required for spark ignition depends on the 
concrete mass distribution in the target core; for example, 
the higher the pusher/fuel mass ratio pp, the lower is 
the velocity threshold. The numerical results show that 
condition (23) is quite accurate: for the HGT-6-720-10 
target we find 4, = 0.3, w, 5: 5, pp 15: 5, which 
corresponds to fl = 10.5; hence, according to Eq. (23), 
the ignition threshold is U, = 1.9 x lo7 cm/s. This is 
exactly the value of the maximum pusher velocity of the 
HGT-6-720-10 target. 

As the next step, consider the two cooling mechanisms 
causing sparks to decay. The time-scale for the brems- 
strahlung cooling of the spark region is 

where k = 1.6 x 
dissipation due to the electron heat conduction is 

erg/keV. The time-scale for spark 

Here, neo is the electron number density in the spark 
centre and K,, is the Spitzer coefficient of the electron 
thermal conductivity [36]. In Eqs (24) and (25) it is 
assumed that all physical quantities scale with the fuel 
radius R according to the adiabatic solution (lo)-( 14). 
The implosion time-scale is 

From Eqs (24)-(26) it is seen that the ratios tff/th and 
techh decrease monotonically in the course of implosion, 
as long as R/R, decreases, and both achieve minima at 
the time of maximum compression when R = R,. Hence, 
the highest rate of spark decay is to be expected around 
the time of maximum compression, when R = R,. 
In Fig. 4 the rate of spark decay is represented by the 
downward slope in the time dependence of the entropy 
parameter cy a for the central fuel cells with 
numbers 1, 10 and 20. It is clearly seen that the fastest 
decrease of the cy values in the spark region occurs 
during the last 1-2 ns before the stagnation. Conse- 
quently, the criterion 

t;: + ti: 5 @ti1 (27) 

for a spark to survive the QH stage of implosion can 
be written as 

9.67 - Hs + 9.16 x 10-3 I p- ” (28) & Ts H, 1nA 
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where the Coulomb logarithm lnA can be estimated as 

In A = In (95T,p,i2) (29) 

Here, /3 is a factor of order unity and accounts for 
the uncertainty inherent in the time-scale analysis. 
Equation (28) differs from the analogous equation (5) 
in Ref. [15] in that it takes into account extra confine- 
ment due to the inertia of the cold fuel and the pusher 
represented by the factor C;,Q-1’2 on the right hand side 
of Eq. (28). 

Inequality (28) defines a region on the T,, H, para- 
metric plane which can be reached via the QH phase 
of the fuel compression. In Fig. 6, two examples of 
this region - one for pLp = 1 and the other for pp = 3 
- are shown as the interiors of the f curves (spark 
formation boundaries); both these curves have been 
calculated for @ = 2, 4 ,  = 0.7, U ,  = 4. Figure 6 also 
shows the ignition boundaries i-i and i-e for isobaric 
DT sparks. In sparks with T,, H, above the i-i curve, 
the self-heating by alpha particles exceeds the energy 
losses by bremsstrahlung and electron heat conduction. 

t i l  

t 

-1 

1 
1 

0 0 1  ‘ 1 J 
1 10 100  

SPARK TEMPERATURE, T, (keV) 

FIG. 6. Parametric plane for thermonuclear sparks in the equimolar 
DT. In sparks with parameters above the curve i-i the thermonuclear 
self-heating exceeds the energy losses by bremsstrahlung and electron 
heat conduction. Sparks with initial parameters between the curves 
i-e and i-i j r s t  decay owing to the electron heat conduction, but 
eventually they cross the lower branch of the i-i curve and ignite. 
Sparks with parameters inside the curves f @lotted here for f i  = 2, 
w ,  = 4, ts  = 0.7 and two values of the pusher/&el mass ratio p p )  
satisfy the formation criterion (28). Crosses and diamonds mark the 
positions of the spark formation boundaries as found in computer 
hydrodynamics calculations for the same two values of p p  = I and 
p p  = 3. 

Sparks with initial parameters between the i-e and i-i 
curves first pass through a stage of decay, then cross 
the i-i boundary and ignite [27, 151. 

In general, unfortunately, the spark formation 
boundary on the T,, H, parametric plane cannot be 
defined uniquely. There always remain uncertainties 
connected with the specific criterion used to distinguish 
between spark configurations and non-spark configura- 
tions, with the value of porn used to evaluate In A, and 
with the way the values of T, and H, are calculated 
for non-step-like density and temperature profiles, etc. 
Equation (28) is quite adequate, however, for a qualita- 
tive analysis of how the position of the spark forma- 
tion boundary depends on the target core parameters. 
In particular, inequality (28) admits solutions for H, 
only when T, I T,,,,,, where 

is an upper limit to spark temperatures at the time of 
stagnation (see also curves f in Fig. 6). If we now take 
into account the ignition condition T,,,,, z 5 keV and 
examine the parametric dependence of Q = Q(t s ,  wC, pp) 
(see Eqs (16) and (20)), we arrive at the conclusion that 
the spark ignition can occur only in target cores with 
low enough relative pusher masses, Mp/MDT I pp,max. 
The value of the limiting constant pp,max cannot be 
reliably established from the approximate relationships 
(28) and (30). The numerical results for the family of 
targets driven by a 720 TW, 10 GeV ion pulse (see 
below) indicate that pp.max = 7. It should be emphasized, 
however, that this conclusion is essentially based on the 
assumption that ignition occurs at the time of maximum 
compression. 

To explore the problem of spark formation numeri- 
cally, a separate parameter study of the QH compression 
stage for isolated target cores was carried out. The initial 
state of the target core was set up according to the 
above analytic solution (10)-(20), taken at a time t l  
when R(tl) = 3Rm. The fuel and pusher masses M D T  

and M, were fixed at certain values (in all calculations, 
M,T = 10 mg was assumed), and different initial values 
of the other four parameters, T,, 8,, and Gc, were 
used to obtain the spark formation boundary in the T,, 
H, plane. Numerical runs were performed with a full 
account of hydrodynamics, electron heat conduction 
and radiative energy transport as implemented in the 
DEIRA code. Note that now, when the spark dissipa- 
tion mechanisms are included, the initial (T,, H,,  is, Gc) 
values and the final (Ts, H,, t , ,  U,)  values of the spark 
parameters may strongly differ from one another. The 
pusher was modelled as an infinitely thin and completely 
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opaque mass concentrated at the outer fuel boundary 
r = R(t). Thermonuclear reactions were turned off and 
a single temperature was assumed for the plasma ions 
and electrons. 

The temperature and density profiles calculated for 
the time of maximum compression t = t, were identi- 
fied as a spark configuration whenever (1) the tem- 
perature contrast between the fuel centre and its outer 
edge was T(t,, O)/T(t,, R) 2 4, and (2) the fuel mass 
within the hot spot was M, 5 O.lMDT. The hot spot 
was defined as a central region with a temperature 
T(t,, r) 2 [T(t,, O)T(t,, R)]"2. In Fig. 6,  the position 
of the spark formation boundary calculated in this way 
for p ,  = 1 (M, = MDT = 10 mg) is shown by crosses 
and for pp = 3 (MDT = 10 mg, M, = 30 mg) by 
diamonds. When these results are compared with the 
f curves obtained from Eq. (28), it is seen that Eq. (28) 
- although it is qualitatively correct - is quantitatively 
rather crude. From these calculations we deduce an 
upper limit of P,,,,~ = 3 for the pusherifuel mass 
ratio in the optimum spark ignited targets. 

looks too pessimistic when 
compared with pp = 5 for the HGT-6-720-10 target. 
Such a discrepancy can be explained by the role of the 
thermonuclear self-heating and of the electron-ion tem- 
perature decoupling, which both facilitate spark survival 
through the QH stage of the fuel compression and which 

The above value of pP, 
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10 100 
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FIG. 7. Two-dimensional cross-section of the full parametric space 
for the family of HGT-6-720-10 targets. The two boundaries shown 
here separate three regions of the parametric space: one region where 
targets do not ignite, the second region where targets ignite from a 
thermonuclear spark in the target centre, and the third region where 
targets ignite uniformly over the fuel volume. 

have been ignored in the above analysis of the spark 
formation process. Additional information on how the 
process of spark formation depends on the pusher/fuel 
mass ratio can be obtained from the results of the 
following parameter study, shown in Fig. 7. This figure 
represents the M,, MDT parametric plane of the target 
performance, with three characteristic regions: one 
region where the spark ignition occurs, the second 
region where the volume ignition takes place and the 
third region where targets do not ignite at all. The 
boundaries between these three regions have been 
calculated by varying two of the six parameters of the 
HGT-6-720-10 target, namely Rgf and R,. The values 
of the DT shell radius RDT, of the absorber and tamper 
thicknesses R, - R, and R - R,, and of the central 
DT gas density pgf were kept fixed. 

In Fig. 7, targets with gain values close to the 
maximum, G = 400-420, are situated near the upper 
right corner of the ignition boundary and have pp = 1-5. 
As we move down the ignition boundary towards higher 
values of p , ,  the corresponding targets perform less 
and less efficiently. If we define, somewhat arbitrarily, 
optimum targets as those which have energy gains 
within 10% of the maximum value Gopt 420, we 
find that the upper limit for the pusher/fuel mass ratio 
p ,  in the optimum targets is pp,max = 7. 

also in targets with rather high values of pp = 30-50. 
According to criterion (28), the spark configuration in 
such target cores cannot be sustained until the very 
time of stagnation t,. But, because the implosion 
velocity U, is well above the minimum required for 
ignition at t = t,, these targets ignite well before the 
stagnation. As a result, a large fraction of the pusher 
kinetic energy is wasted and these targets compare 
unfavourably with the optimized spark ignited targets 
and even the volume ignited targets. 

As can be seen from Fig. 7,  spark ignition is possible 

7. SUMMARY AND 
CONCLUDING REMARKS 

A parameter study of reactor size DT targets driven 
by a spherically symmetric beam of *09Bi ions was 
undertaken with the aim of finding a target configura- 
tion in which spark ignition occurs and a high energy 
gain is reached under the least restrictive requirements 
for the heavy ion driver. No restrictions were imposed 
on the target parameters in order to account for the 
detrimental effects of the Rayleigh-Taylor instability, 
and all calculations were performed with a 1-D three- 
temperature hydrodynamics code. It was found that 
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1-D energy gains of G z 400 can be obtained with 
four-layer single-shell cyrogenic targets illuminated 
by a box shaped 6 MJ pulse of *09Bi ions. 

The results obtained indicate that the performance of 
high gain HIF targets is rather sensitive to the energy Eb 
of individual ions in the beam; quite successful results 
were obtained for E,, = 10 GeV (209Bi ions), while no 
spark ignition and poor energy gains were found for 
E,, = 20 GeV. Furthermore, although the dependence 
on the beam power is less dramatic, our calculations 
show that pulse durations of ti, 5 10 ns are required 
to achieve energy gains of G Z 400 with an input 
energy of Ei, 2: 6 MJ. 

in the centre of the DT fuel - a thermonuclear spark. 
Using the target with the maximum energy gain of 
G = 418 as an illustrative example, an attempt was 
made to gain a deeper insight into the processes of 
spark formation, ignition and burn propagation. The 
results of this analysis should apply more generally 
than just for the class of HIF targets chosen for the 
present parameter study. 

Intuitively, it is clear that a target performs most 
efficiently when ignition occurs at the time of maxi- 
mum compression. The central entropy concentration 
needed for the thermonuclear spark can be naturally 
created by a single shock, generated by the main 
power pulse and passing successively through a dense 
high-Z pusher foil, the solid DT shell and the DT gas 
filled central cavity. But the key question for this 
mechanism of spark formation is whether the thus 
created entropy maximum can survive the last quasi- 
homologous stage of compression until the moment 
of stagnation. The above analysis, based on the self- 
similar solution and on numerical simulations, shows 
that a thermonuclear spark with parameters above the 
ignition threshold can be formed only if (1) a high 
enough pusher velocity, U, z 6.2 X lo7 cm/s, 
is reached in the process of implosion, and (2) a low 
enough pusher/fuel mass ratio, Mp/MDT 5 7, is secured 
by the target design. The ‘inertial’ constant which 
controls the lower limit on the implosion velocity U, 
is determined by the density profile in the compressed 
target core (see Eq. (16)). 

When the areal density of the cold DT layer 
surrounding the thermonuclear spark is 2 g/cm2 5 (pAr) 
5 5 g/cm2, two stages can be distinguished in the 
process of burn propagation. At the first, relatively 
slow stage, the growing central fireball ablates the cold 
fuel inward and gradually heats up by absorbing the 
energy of 3.5 MeV alpha particles. At the second stage, 
the flux of freely streaming 14 MeV neutrons emitted 

High gain targets are to be ignited from a hot spot 

by the central fireball becomes so intense that the rate 
of heating of the cold DT due to elastic scattering of 
a small fraction of these neutrons exceeds the brems- 
strahlung cooling rate, the temperature of the cold fuel 
rises above the ignition threshold of 4.5 keV and the 
bulk of the cold fuel ignites almost simultaneously over 
the entire fuel mass. 

The targets in Table I, which represent 1-D optima 
with respect to the energy gain, have thin gold pusher 
layers with R, - RDT = 9-12 pm (initial aspect ratios 
R/(R, - RDT) = 400-500). Such thin shells will be 
disrupted by the Rayleigh-Taylor instability of the 
absorber/pusher interface during the acceleration phase 
of the implosion. But even so, a high-Z pusher around 
the DT fuel may prove to be beneficial because (1) it 
lowers the amplitude of the first shock launched into 
the DT fuel and thereby facilitates the formation of a 
thermonuclear spark, and (2) having mixed with the 
low-Z absorber, it may still serve as a radiation shield 
between the fuel and the rest of the target. When full 
account of the Rayleigh-Taylor instability is taken, the 
target efficiency will decrease as compared to that from 
purely I-D analysis. Also, certain modifications of the 
target design may be necessary - and again at the 
expense of the 1-D energy gain. To find out exactly 
how much of the 1-D optimum gain must be sacrificed, 
one has to perform at least a 2-D numerical study - 
which is beyond the scope of this work. In this paper, 
I tried to point out a combination of heavy ion beam 
and target parameters that might serve as a good starting 
point for future studies of more realistic HIF target 
designs. 
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