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SUBSTANTIAL REDUCTIONS OF INPUT ENERGY AND PEAK POMER REQUIREMENTS
IN TARGETS FOR HEAVY JON FUSION®

J. W-X. Mark and Yu-L1 Pan
Lawrence Livermore National Laboratory, Livermore, California 94550

ABSTRACT

We describe two ways of reducing the requirements of the heavy
ion driver for ICF target implosion. Compared tov our estimates of
target gain not using these methods, the target input energy and
peak power may be reduced by sbout a factor of two with the use of
the hybrid-implosion concept. Anpiher factor of two reduction in
input energy may be obtained with the use of spin-polarized DT fuel
in the ICF target.

We have examined two ways of achieving substantial reductions in
the input energy and peak power requirements for heavy ion targets
compared to our estimates without these effects. These are:
(1) hybrid implosion concept and (2) polarized DT fuel. We outline
below the target physics consequences as well as some of the other
necessary requirements. 1In particular, good ion beam illumination
symmeiry 1s needed by the hybrid implosion concept. We have used in
our simulations the pew strategyl:2 for achieving 1llumination
symmetry proposed by Mark and Lindl.

Our hybrid-implosion concept 1s designed to use the unique
ability of lon beams to deliver energy efficiently snd directly into
a8 precompressed ablator. We divide the implosion of a high-gain ICF
target into two phases (see Fig. 1): (1) compress the ablator to
higher density using short wavelength laser or ion beams; (2) ion

{a) {b)
—= % A
! 1':2‘ 8| DT-sblator
§ ~=t=y, B|  intertace
‘ ~
1]
[ \ § 1
Radius  Rpy Ry, Time 1

Fig. 1. Hybrid-implosion concept divides the implosion of a high
galn ICF target into two phases (see text): (a) lons deposit their
energies in the compressed sblator; (b) Temporal profile of the
driver power and the radius-time plot of the DT-ablator interface.
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driver delivers energy efficiently finto the precompressed dense
ablator to provide the required Iignition wvelocity with Hhigh
hydro-efficlency st low convergence ratios.
The physical requirements during the first phase are simliar to
those demanded by all high gain ICF targets. Careful temporal pulse
shaping of the driver power (see Fig. lb) is necessary to set thz DI
fuel onto a low adiabat. Concurrently, the sblator is symmetrically
compressed to thigher density (see Fig. la). A high hydrodynamic
efficiency 1s not cruclial during this first phase because only about
20% of the total input energy is involved.
The second phase requires thet ions be generated end transported
efficiently to the compressed ablator. Little or no temporal power
pulse shaping of the lon beam driver output is required (Fig. 1b).
With the proper choice of 1on species and kinetic energy, we can
obtain very gnod coupling of the ion energy to the sblator and
thereby maximize the hydrodynamic efficiency. Since about 80% of
the input energy is supplied during this second phase, an increase
in the hydrodynamic efficiency leads directly to reductions in the
Input energy and peak power requirements. We can make additional
improvements in the hydrodynamic efficiency oy tamping the
implosion. 7This can be achieved by the generation of an ablation
front on the outside of the fon depositizn reglon (Fig. 2).
Moreover, the ablstion front can be
mede to move inward as a function of
time to provide dynamic temping for the
filons! fon deposition region. We note,
1= | nowever, that the tamping effect cen
:“ only provide a wmodest additional

Ab‘“iO"'N\\ improvement in  the  hydrodynamic
}

Density

tront \ efficiency because the pressure at the
ablation front is relatively low. The
major improvement in the hydrodynamic
Radius R efficlency is due to the direct jon
o7 deposition into the precompressed

sblator.
Fig. 2. Ablation tamps the The ablation front moves during the
ion deposition region to implosion of an ICF high gain target
Increase the hydrodynamic driven cirectly by short wavelength
efficlency of lasers. WNormally, even with a good
hybrig-implosion. multibeam $1lumination scheme, there are
"residual asymmetries” affected by the
focusing geometry and average Intensity profile of the laser beams.
These beam parameters usually remain f€ixed during the target
implosion. Thus, it would be difficult to have the optimal
1llumination symmetry as well as high coupling efficiency throughout
the impleosion with a limited number of beams. In contrast, the
thin, dense, compressed ablator shell does not move apprecisbly
during the deposition of the short heavy ion beam pulse in the
second phase of the hybrid-implosion concept. For example, in one
of our simulations the redius of peak lon deposition, Raep» shifts
from its average value by only 13% during the fon-pulse. This 1s
sufficiently small to maintain illumination symmetry. We have also




used the theory developed by Mark? to determine the choice of
beamlet Incident engles, beamlet number, currents and spatial shapes
to remove most of the asymmetries in the target illumination. The
selected axially symmetric illumination scheme fis convenlient for
some Tresctor designs, particulerly those with wvertically flowing
liquid metals. With this illumination scheme and 32 beamlets, we
have attained (2% deposition asymmetries for a convergence ratio of
24. Detalls are similar to those of the Mark-Lindl, Ref. 1, and
will not be discussed here.
Figure 3 shows the results of
detalled calculations of single shell
300 LR EAL B targets wusing the hybrid-implosion

200 F A2R ] concept as compared to some of our
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at constant target gain and r*/2R are

Fig. 3. Gain curves of about a factor of two lower than those

the single-shell targets used in the wunpolarized DT targets
for several r values. (Fig. 3).

The two hybrid-drive Many proposed targets wuse direct

points are to be compared drive jfons (for early examples see

to the solid gain Refs. 3-5) to generate efficient target

curves - unpolarized DV drive. The difference lies in important

fuel. Dashed galn curves details such a&s energy deposition in

are for targets using precompressed ablators and in the

100% polarized DT fuel. treatment of residual direct-drive

Input energy is equal to asymmetries and convergence ratios.

the total energy Other differences are target materials,

deposited in the target. In-flight aspect ratios, illumination
schemes, etc.

Compared to the target described in Ref. 1 at fixed input
energy, the hybrid-implosion target uses a smaller beam spot size
and has smaller energy gain. Thls smaller spot size would place a
tighter phase-space constraint on the ion beams. However, this
tighter constraint is in part & design trade-off. wWhen the same
ablator materisl is used in the two targets, the hybrid-implosion
target has about a factor of twc smaller convergence ratic for the
ion pulse. (This smaller convergence ratio is also true for hybrid
drive wversus the unpolarized DT targets of Fig. 3.) The reduction
in the convergence ratio is the direct consequence of precompressing
the ablator material to higher density and smaller radius before
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depositing the direct drive ion energy into the sblator meterial.
Convergence ratio is defined here as the radius of peak ion energy
deposition, Rdep- st the stert of the lon pulse divided by the
redius of the hot spot at ignition. The two targets also deal with
the effects of the residusl lon beam asymmetries differently. The
same ion beamlet placement scheme 1s wused in the two cases. The
hybrid-implosion target tolerates the effects of the residual
asymmetries by: (1) reducing the radial excursion in Rge, by
choosing the proper duration, At, for the direct drive ion pulse
(too short & &t would secrifice the advantage of lower peak
power); (2) reducing the effective convergence ratio (further
reductions In convergence ratic would reduce focal spot some more).
In contrast, the target described in Ref. 1 controls the residual
asymmetrles by selecting the appropriste excursion in Rgen. This
is done through choosing the proper amount of high-Z tamper material
(convergence ratio has typically not been reduced).

The stabllity of an ICF high gain target is a very complex issue
and is target design dependent. For the typical sblatively driven
target, perturbations can grow at two (or more) interfaces during
the implosion. One is thc ablation front and the second is the
fuel-ablator interface when the shock reaches the fuel
(Richtmyer-Meshkov). These two unstable interfaces are physically
separated by the ablator region. The lons dellvered during the
second phase of the hybrid-implosion concept deposit thelr energy in
this region et or near the region of peak density and temperature.
Since the ablation front 1s outside of the ion deposition region and
this region is exploding during the dominant phase of the target
Implosion, we expect the deleterious effects due ta the
periurbations generated at the ablatlion front to be reduced by the
ion deposition.

The hybrid-implosion concept i1s a new way to reduce the peak
power and energy requirements of the heavy lon driver. A number of
Issues generic to direct drive symmetry and stability requirements
need to be explored more fully. Ultimately, the utility of this
goncept will be determined by factors such as cost end other system
ssues.

Spin-polarized DT fuel can be used In single-shell targets
driven by lon beams to reduce the input energy requirements. This
reduction in the input energy requirements of an ICF target using
spin-polarized DT fuel 1s the direct result of the higher nuclear
reaction rate of such fuel (Refs. 6-9). Consequently, for the same
areal density of DT fuel, a higher fraction of fuel undergoes
thermonuclear burn. Thus the target gain with polarized fuel, at
near fixed energy input 1is Increased. Alternatively, for fixed
target gain, the energy input 1s reduced when polarized fuel is used.

For constant target gein and 1sotropic burn product emission,
simple analgtical models predict an input energy reduction of
between &-%-2 and &-2-0 where & is the <ov> multiplier
and takes a value of 1.5 or 1.0, respectively, for 100% polarized or
unpolarized DT fuel (Refs. 7,10). We define

& = 1.0 + 0.5(FpF)



where Fp and Fy; are, respectively, the polarizstion fractions of
deuterons and tritons. We see that ¢ is only 1.125 for 50%
polerization. Thus, sipgnificant reductions in the input energy
occur only when the fractional polarization is very high.

The results of the simple analytical models suggest that, for
completely polarized DT fuel, the input energy requirement can be
reduced by a factor of 2.8 - 3.4. However, it 1is important to
recognize that these analytic wodels assume the fuel has been
assembled in the desired manner and ignition has occurred. How, or
i1f, something approximating these Iidealized conditions can be
achieved in an ICF target is not addressed by the models. We have
addressed these issues by wmeans of computer simulations. Our
results are discussed below.

The target used in our study 1s similar to the direct drive
target proposed by Pan and Hatchett (Ref. 9) for 0.265 wm laser
driver. They used a single shell composed of DT wetted foam ablator
and 1liquid/solid DT fuel. Figure 3 shows the gain curves of
s%ngée-sheu targets with and u}thout polarized DT fuel for several
r*’?R wvalues. The factor, r-/2R, where r is the target radius
in cm end R is the beam lon range in g/cm?, has been used
previously to parameterize ion beam target galin (Refs. 11 and 12).
A .wore accurate characterization of target gain requires more
parameters than input energy E and r>/2R. But for a comparison
with additional physics where relative effects are of interest,
these parameters should be sufficient (n.b. we assumed
0.1 < r/El/3 ¢ 8.2, £ in MJ). We note that the convergence ratio
remains approximately constant with varying input energy. However,
the peak implosion velocity increases with decreasing input energy.
This reflects the more stringent ignition requirements of smaller
targets. Ignitlon difficulty 1s the primary reason for the cutoff
in these galn curves near threshold. Conseguently, the exect
locations of these thresholds are sensitive to the models used to
simulate thermonuclear burn. But our conclusions are based only on
the relative positions and not the exact locations of the polarized
and unpolarized gain curves. Therefore, our results are insensitive
to the model used in the computer simulatlon. At a constant target
gain of about 10D, we find the input energy requirement is reduced
by about a factor of 1.8 for single shell targets using polarized D1
fuel and r°/2R of 0.005.

As noted sbove, significent reductions in the input energy occur
only when the fractional polarization is very high. Experimentally,
e very high degree of polarization (99%) has been obtained with H;
molecules st ultre low temperatures. whether or not one can obtain
8 high degree of polarization with deuterium and tritium is not
known. Experiments are in progress to polarize DT (Ref. 13).
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