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Some aspects of the problem of the implosion symmetry in Inertial Confinement Fusion (ICF) are
discussed, with particular reference to heavy-ion-beam fusion. The physics of ignition of a target imploded
by a driving pressure with long wavelength (low-/ Legendre modes) asymmetries has been studied by means
of 2-D simulations. A parametric study shows that the tolerable level of non-uniformity is a decreasing
function of I, with the actual values depending on the specific target features (such as convergence
ratio and ignition margin). The isobaric-fuel model of gain is then used to show how symmetry constraints
(which limit the convergence ratio and the hohlraum transfer efficiency) affect the fuel energy gain. By
using a model of ion beam energy conversion to X-rays, the gain of a class of indirectly driven targets is
also estimated as a function of the relevant beam parameters.

1 INTRODUCTION

The problem of implosion symmetry is crucial for Inertial Confinement Fusion (ICF)
research, since high gain requires high fuel compression and central, hot-spot-
triggered ignition.!~® The allowed asymmetries of the compressed fuel are thus
limited to scales smaller than the compressed fuel radius R., and of the hot spot
radius Ry, respectively, both being a small fraction of the initial radius R,.

In this paper we restrict our attention to long wavelength asymmetries (low-/
Legendre modes, in 2-D) of the driving pressure, such as those associated to the finite
number of beams (in direct-drive ICF), to the hohlraum geometry (in indirect-drive
ICF), and to pointing and synchronization errors. We shall neglect short-scale target
defects and irradiation non-uniformities, which seed the Rayleigh-Taylor instability.
In doing this we assume that suitable measures (including use of moderate-aspect-
ratio targets, with appropriate choice of the materials, pulse shaping, etc.) have been
taken to minimize instability growth and the consequent mixing. In Section 2, we
briefly summarize recent 2-D numerical work on the sensitivity of high gain targetsto
to implosion asymmetries.* The effect of the symmetry constraints on the gain curves
for ICF, and in particular, for heavy ion fusion (HIF), is discussed in Sections 3 and
4 by using a simple target model and a recently derived expression of ion beam to
X-ray conversion efficiency>~°.
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2 LONG-WAVELENGTH IMPLOSION ASYMMETRIES AND BURN
EFFICIENCY

The sensitivity of a target to implosion asymmetries, in general, depends on many
details of the implosion history. However, we expect that if we restrict attention to
a given family of targets, and to single-mode perturbations of the driving pressure,
the burn degradation due to the asymmetry will depend on a small number of
parameters. For instance, we may refer to gas-filled shells like that of Figure 1a, and
to perturbations of the driving pressure characterized by the mode number / and the
peak to valley amplitude Ap/p. In such a case the burn degradation should depend
only on the product C,Ap/p (Where Cy = Ry/Ry is the hot spor convergence ratio)
and the ignition margin (the margin between the actual, 1-D spot size and the spot
size corresponding to the ignition threshold). This follows from the fact that,
during the acceleration stage, secular deformations of the target occur, leading to the
creation of a hot spot with relative deformation ¢ ~ Cyx Ap/p. The subsequent
interaction with reflected shocks, and the Rayleigh-Taylor instability of the hot-spot
boundary, will often lead to further growth of . The larger the deformation, and the
higher I, the larger the energy losses from the hot spot and the slower the self-heating
process. For deformations larger than some threshold, also depending on the ignition
margin, ignition will not occur.

The above discussion is in agreement with a 2-D numerical study* performed with
the code DUED (in its 2-T version, including a-particle diffusion and a rough model
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FIGURE 1 ) Part a, left: D-T shell considered in the study on implosion asymmetry. Upper frame: applied
pressure vs time; lower: 1-D radius-vs.-time trajectories of Lagrangian mesh points. Part b, right: typical
implosion driven by a heavy ion beam (4 GeV Bi ions); here the upper frame shows beam power vs. time.
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for radiation losses). For simplicity, we have considered simple D-T shells (see Figure
la), imploded by time-shaped pressure pulses rather than irradiated by a certain
driver. The target structure and the pressure pulse were chosen to reproduce the
implosion dynamics of a high-gain direct drive laser fusion target design’, but some
high-gain heavy ion target concepts® also have similar implosion characteristics (see
Figure 1b, from a 1-D, 3-T simulation; this target is irradiated 2 MJ of 4 GeV Bi
ions, and achieves a gain G =~ 100).

The yield degradation for increasing mode amplitude for modes | = 2, 4, 8 is shown
in Figure 2 for two cases, with approximately the same hot spot convergence ratio
Cy = 35-40, but different ignition margins. The maximum tolerable asymmetry
decreases with mode number; the trend is general, but the actual numerical values
depend heavily on details of the target and of the pressure pulse. It turns out, however,
that even in the best cases the peak-to-valley Ap/p must be limited to about 4% for
=4 and to 1.5% for | = 8. Also, for | = 4, the product C, Ap/p must in any case
be smaller than about 2. (Caution is needed in appraising these figures because of
the code’s rough modeling of radiation; errors are also introduced, in the form of
numerical diffusion, by the mesh re-zoning method, which in some cases makes the
results dependent on details of the mesh; this is the origin of the large error bar
represented by the shaded area in Figure 2b).

Ignition and burn in 2-D are illustrated in Figure 3. Here we see that during the
self-heating stage, the hot-spot is being deformed by the Rayleigh-Taylor instability,
whose growth halts when the burn wave eventually propagates. Figure 4 shows that
if the stagnation is longer than in the previous case (which we have simply obtained
by artificially switching-off the a-particle heating), the Rayleigh-Taylor spikes grow
further, up to the point where the hot spot is destroyed. This indicates the need of
tailoring the implosion in such a way that the interval between the onset of the
instability and ignition be minimized.

With regard to heavy ion fusion, the need for very high uniformity for modes | > 8,
together with concern for the Rayleigh-Taylor instability of the interface between

-
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FIGURE 2 Yield (Y) degradation due to 2-D effects: Y, /Y, _p vs. peak-to valley Ap/p for modes | = 2, 4,
ind 8, for two targets similar to that of Figure 1. Part a, left: a marginally igniting target. Part b, right:
he best case considered. Curves are labeled by the value of I. For the meaning of the dashed area in
“igure 2b see the main text.



498 S. ATZENI

0.16

r (mm)

0.16

r (mm)

016 0 016 0 0.16
z (mm)

FIGURE 3 Ignition and burn of a target as in Figure 1a, imploded by a pressure pulse with / = 8 and
peak-to-valley ratio Ap/p = 0.007. Iso-ion-temperature contours (upper frames, in units of 107 K) and

isodensity contours (lower, in g/cm?) are shown at selected times: (a) t = 23.920 ns; (b) t = 24.050 ns; (c)
t = 24.090 ns.
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FIGURE 4 Rayleigh-Taylor instability at collapse, illustrated by a sequence of isodensity contours; (a)
t = 23920 ns; (b) t = 24.000 ns; (c) t = 24.10 ns.
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fuel and pusher,” motivates the growing interest towards the indirect drive
approach!?!!, With such an approach, indeed, irradiation modes with [ > 8 can be
nearly suppressed!?'* and Rayleigh-Taylor instability at the ablation front seems
controllable.

3 SYMMETRY CONSTRAINTS AND TARGET GAIN

With the purpose of gaining insight into the effect of symmetry constraints on the
target gain, we employ the isobaric model of fuel gain,'> as improved by introducing
a more adequate ignition criterion'®. We consider a compressed D-T assembly, with
mass My, total energy Epr, outer radius R, with a central hot spot of radius Ry,
temperature Ty, and density pg, such that the ignition criterion is satisfied (since the
result depend very weakly on T,'®, we use a fixed value of Ty = 6 keV). As usual®>16
we write the specific energy and pressure of the cold fuel, with the latter equal to the
hot-spot pressure, as o times (with « > 1) those of a degenerate electron gas at the
same density p., a being the so-called isentrope parameter. The fuel gain Gy is
then computed as Gp. = QprMpr¢/Epr, where Qpr = 3.4 x 10! J/g, and ¢ is
the fractional burn-up, approximated as ¢ = pR/(pR + 7), with pR = pyRy +
pc(Rc — Ry). [For analytic estimates we use ¢ = 0.135 (pR)?, with f = 0.7].

We also introduce the initial fuel aspect ratio A = Ry/AR, such that M, =
4np,R3/A, where R, and AR, are respectively the initial target radius and thickness,
and p; is the solid D-T density.

Once the fuel gain is known, the target gain can be computed as G(E) = nGg(Epyr),
where E is the driver energy, # is the global efficiency, and E,; = nE. In the case of
indirect drive heavy ion ICF, where schemes such as that of Figure 5 can be
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FIGURE 5 Schematic representation of an indirect drive target.
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considered, one can write n = nyn, 1y, Where yy is the X-ray conversion efficiency,
1, is the transfer efficiency from the hohlraum to the inner capsule, and 7y is the
hydrodynamic efficiency. For rough estimates one can take'* 5, ~ x, for 0.2 <
x < 0.6, where x is the ratio of the target radius r, to the typical linear dimension of
the hohlraum. Larger values of x increase the efficiency,'®'* but worsen the
symmetry:'2-14 a reasonable trade-off value could then be x = 0.3.

Before discussing our results, it is worth recalling that while the above model is
useful in showing trends, it cannot tell us much about the practical accessibility of
a given compressed configuration. Also, we expect limited reliability of the model
around the gain threshold.

We compute fuel gain curves Gp(Ep ) at constant fuel specific energy ¢ = Epr/Mpy
(that is, at constant implosion velocity v = (2¢)'/?), imposing a further constraint
directly related to symmetry. We first consider the behavior of Gp(Epy) at constant
v and for constant values of Cj;/A4 (here Cy, is the hot spot convergence ratio defined
above). Figure 6a refers to a case with C3/4 = 4500 (obtained by taking, for example,
Cy ~ 35, and A = 10). We observe that along each of the gain curves (solid curves
in Figure 6a) o decreases with decreasing Ep;. The value o = 1 thus sets a lower,
optimistic threshold to each gain curve; more realistically, one has to consider larger
values of a, which lead to higher threshold energies. It is also apparent that the higher
v is, the lower the energy threshold for gain. For large E,; we have

3\ 28/9
Gpoc EB2c™1 ‘(5/9)ﬂ<&>
A 3

which makes the beneficial effect of higher convergence apparent. This is also shown
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FIGURE 6 Part a, left: Fuel gain vs fuel energy for fixed C}/A4 = 4500, and different implosion velocities

v. (@) v=3.5x 107 cm/s; (b) v =4.1 x 107 cm/s; (c) v = 47 x 107 cm/s; (d) v = 5.2 x 107 cm/s. Part b,
right: same as Part a, but for v = 3.5 x 107 cm/s and different values of C}/A: (a) 3 x 10%; (b) 10%; (c)
3 x 10%; (d) 103. Dashed lines join points of equal value of the isentrope parameter o.
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by Figure 6b, where gain curves are shown for a given velocity and several values
of C3/A.

Analogous curves can be drawn by keeping constant the quantity C2/A4, where
Cc = Ry/R. is the whole-fuel convergence ratio, which also means constant fuel
pressure P for a given value of ¢, since P = 2pge(C2/A). In this case, for large Epy

3\ 28/3
Gp oc Eg)/%g—hw/s)(g) .
A

Curves of the fuel gain Gp(Epr) and of the target gain G(E) are shown in Figure 7
for C3/A4 = 650 and for three different values of v. Here we have required o > 2 and
then cut the gain curves with vertical lines at this threshold. We also show (with
dashed vertical lines) the more conservative threshold obtained by requiring that
puRy be 1.2 times larger than that prescribed by our standard ignition criterion. To
draw the curves of G(E) we have assumed ny#,1g = 0.8 x 0.3 x 0.18. We observe that
the gain curves of Figure 7 show interesting analogies with those appeared in a recent
LLNL paper>.

4 X-RAY CONVERSION EFFICIENCY AND TARGET GAIN

For indirect drive heavy ion fusion, and with reference to the scheme of Figure 5,
the previous results can be improved by evaluating explicity the X-ray conversion
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FIGURE 7 Thick solid lines: Fuel gain vs fuel energy and target gain vs driver energy for fixed values
of Cg/A =650 and n = 0.0432 (see main text), and for different values of the implosion velocity: (1)
v=237x 10" cm/s; (2) v=4.8 x 107 cm/s; (3) v = 5.7 x 107 cm/s. For the vertical lines and the thick
dashed line, see the main text.
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efficiency as a function of the beam and target parameters. Recently,>® it has been
shown that, under certain restrictive assumptions and when backward losses are
neglected, the conversion efficiency of a system of N identical cylindrical converters
can be written as

)0 9 1 E o
N =1 — K(Rr) 'N" 5 e | (1)
where K, d,d,, d,, 05, and d, are constants depending on the converter material,
t =t/(1ns), E = E/(1 MJ), R is the ion range in cold matter, and r, and L are the
converter radius and length, respectively. Of course, Eq. (1) is only meaningful when
positive values of 5y are obtained. According to recent work!’, low density, high
atomic number materials seem to be the best converters. We then consider converters
made of low-density gold (e.g., supported by a foam structure). In this case K =
280, 6, = 1.32,0, = 0.68,65; =0.32,6, =1 and 6 = 1.52 (in fact 6 ~ 1.5 for many
materials®).

We may at first consider how ny scales for geometrically similar targets and
hohlraums, with the targets being imploded at the same velocity and with the same
hydrodynamic efficiency. In this case the term in square brackets in Eq. (1) is a
constant, which is very close to unity for reasonable hohlraum-target configurations,

so that we get
R N 0.527]1.32
Ny =1 — 450E“|:Rr(1)‘52(5> :| ,

which is plotted in Figure 8a, for N = 2 and for different values of Rr{->? We observe
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FIGURE 8 Indirect-drive heavy ion beam fusion. Part a, left: X-ray conversion efficiency ny vs driver
energy for a given family of targets, and for different values of the parameter Rr}->2. Part b, right: Target
gain vs driver energy for targets scaled as discussed in Sec. 4, for different values of Rr{*2. The dot-dash
curves are the loci of equal implosion velocity: (a) v = 3 x 107 ¢cm/s; (b) v = 3.5 x 107 cm/s; (c) v = 4 x
107 cm/s; (d) v =5 x 10" cm/s; (€) v = 6 x 107 cm/s.
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that for R = 0.28 g/cm? (10-GeV Bi ions on Au) and r, = 0.1 cm (Rri-3% = 0.0085)
we get ny > 0.8 only for E > 2.5 MJ.

In conclusion, we apply Eq. (1) to a gain computation. We take the fuel gain given
by the dashed, thick line of Figure 7 (the “envelope” of the “conservative” gain
curves). Along such line ¢ oc M°® and the terms in square bracket in Eq. (1) have
to be scaled accordingly. We now take roughly into account the backward radiation
losses, by multiplying the value of 5y given by Eq. (1) by a factor of 0.9. We also
assume 7, = 0.18 and #,, = 0.3. The resulting gain curves for several values of Rry->2
are shown in Figure 8b. These curves closely resemble gain estimates published by

LLNL scientists!®!1,

5 CONCLUSIONS

We have discussed the relationship between implosion symmetry and target gain. By
means of implosion simulations we have shown how long-wavelength perturbations
affect target gain, and have given orientative values of the allowed level of non-
uniformity. By means of a simple gain model we have then shown how measures
which reduce the sensitivity to non-uniformities (such as smaller convergence, or
small ratio of capsule radius to hohlraum radius) severely constrain the gain. Also,
we have shown that, in the case of indirect drive heavy ion fusion, the requirement
of significant gain at modest energies (a few MJ) also sets stringent requirements on
accelerator design and on the choice of the converter mass density.

The present study is, however, of a preliminary nature, with too many aspects of
the problem needing further investigation before accurate, reliable predictions on
gain curves and energy thresholds can-be produced.
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