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ABSTRACT 

Progress during the past two years has moved us 
much closer to demonstrating the scientific and 
technological requirements for high gain ICF In 
the laboratory. This progress has been made 
possible by operating at the third harmonic of 
lpm light which dramatically reduces concern 
about hot electrons and by advances In 
diagnostics such as 100 ps x-ray framing cameras 
which greatly Increase the data available from 
each experiment. Making use of many of these 
new capabilities, major Improvements In 
confinement conditions have been achieved for 
ICF Implosions. In particular, In an optimized 
hohlraum on Nova, radiation driven implosions 
with convergence ratio 1n excess of 30 (volume 
compression -3 x 10') have performed 
essentially as predicted by spherical Implosion 
calculations. This paper presents these results 
as well as examples of advances In several other 
areas and discusses the Implications for the 
future of ICF with lasers and heavy 1on beam 
drivers. 

The objective of the ICF Program, since Its 
Inception 1n the early 1970's, has been to 
attain a high yield (100-1000 MJ) mlcrofuslon 
capability In the laboratory for defense and 
civilian applications. This will require 
achieving high gain (the ratio of fusion energy 
output to driver energy input) from an 1nert1al 
fusion target driven by an approximately 10 MJ 
driver. In 19B6. a National Academy of Sciences 
(NAS) committee completed a year long review' 
of the ICF Program. The NAS review concluded 
that about five years would be required to 
obtain the data base needed for a decision about 
the future direction of the ICF program. 
However, In the Intervening period, results from 
the Nova laser at the Lawrence Livermore 
National Laboratory (LLNL) and the joint 
Llvermore/Los Alamos classified Hal1te/Centur1on 
program have been obtained more quickly than 
anticipated.2 Using appropriately scaled 

targets, wo have demonstrated most of the 
conditions needed to achieve high gain In the 
laboratory. 

This progress has generated renewed 
enthusiasm within the Department of Energy (DOE) 
and the national ICF community for an aggressive 
approach toward developing the technology and 
cost base for a laboratory Mlcrofuslon Facility 
(LMF) and demonstrating high gain In the 
laboratory. 

The various approaches to Imploding capsules 
are often divided Into indirect drive and direct 
drive targets. In Indirect drive targets, the 
driver beams are aimed at a material near the 
capsule to generate x-rays which are then 
absorbed In the fusion capsule ablator to 
produce the Implosion. The capsules and capsule 
Issues for this approach are essentially 
Independent of the driver If the driver can 
produce the required flux, spectrum, and 
temporal profile of x-rays. In direct drive 
targets, the driver beams are aimed at the 
surface of the capsule. With this approach, the 
capsules and physics issues, such as symmetry 
and hydrodynamlc Instability, are specific to 
each driver. 

The Onega laser at the University of 
Rochester and the GEKKO XII laser at Osaka, 
Japan are the principal facilities worldwide 
devoted to the Implosion of laser driven direct 
drive capsules. Significant progress has been 
made on this approach In the past several 
years. For example, the University of 
Rochester, using targets having Initially solid 
density DT cryogenic fuel layers, has achieved 
compressed OT fuel densities of about 20 g/cc. 
However, laser Intensity variations with these 
current lasers 1s an order of magnitude or more 
greater than Is tolerable for the high 
convergence capsules required for high gain. 
For example, the ."leld from the Rochester high 
density Implosions was only 10-4 to 10-2 times 
those expected for a spherical implosion. 
Before the critical Issue of the effects of 
hydrodynamlc Instabilities on these capsules can 
be Investigated, significantly Improved 
Irradiation uniformity will be required. 
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Because radiation driven targets are largely 
independent of the source of x-rays, we have 
been able to take advantage of the copious 
quantities of x-rays produced by a nuclear 
explosion to Investigate the properties of 
efficient high gain ICF capsules. This Joint 
effort between Llvermore and Los Alamos is 
called the Halite/Centurion Program and provides 
ICF radiation driven capsules with a unique 
advantage. Although laboratory drivers are 
currently too small to reach the conditions 
required for Ignition and high gain, we can use 
the nuclear driven experiments to develop 
criteria that such a driver must satisfy for 
succes.,ui implosions. 

The Nova laser Is the primary U.S. 
laboratory facility devoted to the study of the 
Indirect drive approach to Inortlal fusion. 
Nova's principal objective Is to demonstrate 
that laser-driven hohlraums meet the conditions 
of beam/target coupling efficiency, beam 
irradiation symmetry, beam pulse shaping, target 
preheat, and hydrodynamlc stability required for 
high gain. In the past two years, rapid 
progress has been made toward all these 
objectives. Various Nova experiments with about 
20 hJ of 0.35 urn light have achieved major 
advances in the Imploded fuel conditions for 
laser driven ICF. The remainder of this paper 
Is primarily devoted to a comparison of theory 
and experiments done on the Nova facility. 

THEORY AND EXPERIMENTS 
In contrast to magnetic fusion, confinement 

during thermonuclear burn is not an issue for 
ICF. For ICF, the fundamental Issue Is 
producing the proper Imploded configuration of 
the fuel. If the proper configuration is 
achieved, there is universal agreement that the 
fuel will produce the amount of energy predicted 
by both computer simulations and analytic models. 

In order to achieve the proper 
configuration, all of the plasma, atomic, 
transport, and hydrodynamlc processes associated 
with beam-target interaction and Implosion must 
behove properly, and the Illumination must be 
controlled to high precision to achieve the 
desired spherical symmetry, lo achieve the 
required symmetry and to achieve adequate 
control over hydrodynamlc Instabilities during 
Implosion, we have adopted Indirectly driven (or 
hohlraum) targets as the main approach at 
Llvermore. In our Nova experiments, we now 
measure and accurately model hohlraum 
temperature, hohlraum temperature gradients, 
capsule temperature, capsule symmetry, neutron 
production time, burn width, the fuel 
density-radius product <pr), and the size of 
the burn region. Hot electron preheat, a 
dominant concern for 1 pm and longer 
wavelengths, Is not Important for 0.35 M™ 
lasers such as Nova as shown In Fig. 1. Plotted 

100 

10 

I o, 
I o.o, 

0.001 

0.00011 
0.001 

Maximum tolerable for 
30 keV electron temp , 

* • 

Typical 
uncertainty 

Operating range for 
radiation drive 

0.01 0.1 

T i 

100 
Collision frequency/growth rate 

Fig. 1. Because of collislonal stabilization, hot electron production 
with 0.35-um light on gold is small at all plasma densities and 
scale sizes for most conditions of Interest to radiation drive. 



In Fig. 1 1s the fraction of the Incident laser 
light scattered by the Raman parametric 
Instability versus the ratio of the electron 
collision frequency to the Raman growth rate. 
This Instability has been the dominant source of 
high energy electrons 1n multlMloJoule 
experiments. These high energy electrons cause 
target preheat which limits compression. Since 
the ratio of the electron collision frequency to 
the Raman growth rate scales approximately as 
V-4 (where x Is laser wavelength) at fixed 
Intensity, the plasma colHslonallty Increases 
very rapidly as the laser wavelength decreases. 
For \ • 0.35 pm and Intensities of 
10'4 - 10' 5 W/cmZ, typical of most ICF 
targets, the level of hot electrons '.s well 
below the maximum tolerable levels. 

Details of hohlraums will not be discussed 
1n this paper. Instead, recent experiments to 
diagnose the Imploded core of the target will be 
described. If the Imploded core has the proper 
configuration (and therefore the proper yield), 
It Indicates that all of the other processes 
have been adequately understood and controlled 
and that good symmetry has been achieved. 

In most high-gain target designs, the 
appropriate fuel configuration consists of a 
central "hot spot" of fuel surrounded by a 
spherical shell of colder, high density fuel. 
The deuterlum-trttlum fuel In the hot spot must 
have a pr product greater than about 0.3 g/cm 
to capture the alpha particle energy. The 
temperature of the hot spot must be greater than 
4 or 5 keV to achieve Ignition. For efficient 
fuel burn, the colder fuel must have a pr 
product of a few g/cm 2 usually at a density of 
a few hundred g/cm3 (-1000 times solid 
density). For high-gain designs, the radius of 
the hot spot Is typically about 1/40 of the 
initial capsule radius. He refer to the ratio 
of Initial capsule radius to the radius of the 
hot spot as the convergence ratio; thus typical 
target designs have a convergence ratio of about 
40. Simple models Indicate that the capsule 
drive must be symmetric to an accuracy of the 
order of the reciprocal of the convergence 
ratio. For example, a convergence ratio of 40 
requires Illumination uniformity accurate to 
roughly 2.51. 

The energy available from Nova (currently 
about 20 kJ for routine experiments) 1s ..at 
large enough to achieve pr . 0.3 g/cm ? In 
the hot spot or pr - a few g/cm' 1n the cold 
fuel. We can however do hohlraum target 
experiments with drive pressures ind geometries 
that scale to adequate pr and hljh gain with a 
5-10 MJ driver. 

Many diagnostics are used to measure the 
features of the Imploded core.3 These Include 
nuclear activation techniques and scintillator 
detectors to measure neutron yield, 
photoconductlve detectors to measure neutron 
emission time, tlme-of-flight measurements of 
primary and secondary neutrons to determine Ion 
temperature and fuel areal density (j>r>, an 

x-ray pinhole framing camera and a neutron 
camera. 4 - 6 The latter two diagnostics are 
used to Image the burning fuel core. 

A schematic diagram of the x-ray framing 
camera Is shown 1n Fig. 2. The time resolution 
Is about 150 ps. Figure 3 shows two pictures 
taken with this camera. One shows a symmetric 
Implosion within the resolution of the 
experiment and one shows an Implosion purposely 
designed to produce an asymmetric Implosion, 
for comparison, the corresponding numerical 
calculation from IASNEX Is also shown. 

Figures 4 and 5 show a schematic of the 
neutron Imaging method and an unfolded neutron 
Intensity plot as a function of position. This 
device currently has a resolution of about 35 
urn but 10 um resolution may be attainable. 
Figures 2 through 5 are Illustrative of new 
diagnostics now being used on Nova; however, 
simple measurements of thermonuclear yield 
remain an Important tool. Figure 6 gives the 
ratio of experimental yield to calculated yield 
for a variety of hohlraum targets fired on the 
Nova laser. This ratio is plotted as a function 
of convergence ratio. It Is Important to 
emphasize that calculated yield In this figure 
refers to the yield calculated using a 
one-dlmenslonal model which assumes that the 
targets are perfectly spherical. Because of 
Imperfect fabrication, nonuniform Illumination, 
and Instabilities, we do not expect real targets 
to be perfectly spherical; therefore the 
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Fig. 2. Schematic diagram of the x-ray framing 
camera. This camera uses a gated 
mlcrochannel plate to obtain four 
independently gated x-ray pinhole 
pictures. Each picture has a framing 
time of about 150 ps. 



Experiment with 
symmetric drive 

Experiment with 
asymmetric diiva 

theoretically expected yield Is smaller than the 
one-d1menslonal yield. Uncertainties In drive 
lead to uncertainties In the one-dlmenslonal 
calculations indicated by the shaded band. 
Calculations that Include the effects of 
asymmetries and Instabilities are 1n progress. 

For convergence ratios as high as 30 the 
measured yield Is within about a factor of 2 of 
the one-d1mens1onal yield. A control experiment 
with a 15X asymmetry gave a yield more than an 
order of magnitude smaller than corresponding 
experiments with good symmetry. 

He are attempting to extend these 
encouraging results to convergence ratios higher 
than 30, but we believe that we are beginning to 
encounter the present limits of the Nova laser. 
In order to achieve good performance at higher 
convergence ratio we may have to Improve the 
energy balance, timing, ant) pointing of the 
laser beams. A program to Improve the Nova 
laser 1s 1n progress. In addition to Improving 
the beams, we expect to Increase the total 
energy to about 60 U which will allow us to 
Implode larger targets. 

Experimental 
and calculated 
sell-emission 
contours lor the 
asymmetric case 

Fig. 3. The top figure shows the Imploded core 
of a target designed to Implode 
symmetrically. The picture was taken 
using the framing camera 1n Fig. 2. 
HI thin the resolution of the 
experiment, the core is symmetric. 
The middle figure shows the imploded 
core of a target that was driven 
asymmetrically. The bottom figure 
shows the contour of the asymmetric 
implosion at 25X of peak intensity. 
The contour calculated by our LASNEX 
simulation code 1s shown for com
parison. The agreement 1s excellent. 

Fig. 4. Schematic diagram of the penumbral 
neutron Imaging camera. The neutrons 
are detected by an array of 2-mm-
square scintillation detectors. The 
neutron image 1s obtained by 
numerically unfolding the coded Image. 
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Fig. 5. The unfolded neutron Image of a target 
showing a burning core with a radius 
of about 100 ym. 

O Nova 

10 20 30 
C&lculaied fuel convert .enco 

Pig. 6. Fusion yield divided by l-d1mensional 
calculated yield as a function of 
convergence ratio for a variety of 
targets. The shaded area indicates 
the uncertainty 1n the calculations 
and the point with error bars 
Indicates typical uncertainty in the 
measurements. Comparison of the Nova 
points with older points from the 
Shiva and Novette lasers shons how 
much the results have improved. 

Overall we find our results encouraging. As 
a general rule, small targets are usually more 
sensitive to small Imperfections than the larger 
targets appropriate for an ICF power plant. 

One caveat is very Important. Host of our 
experiments have been performed using simple 
pulse shapes. We have not yet done experiments 
with the long, highly shaped pulses required for 
high-gain targets. We plan to do experiments 
with more complicated pulse shapes In the coming 
2-3 years; however, tests of the very long 
pulses (-50 ns) appropriate for power 
production can not be done on Nova. 

For indirect drive to be efficient and lead 
to high gain targets, the conversion of driver 
energy to x-rays must be efficient. The 
conversion efficiency for lasers is wavelength, 
intensity, material, and pulse length 
dependent. Shown In Fig. 7a and 7b are x-ray 
conversion results from Nova and Omega obtained 
by Irradiating gold targets with 0.35 yin 
light. As shown In Fig. 7a, conversion 
efficiencies of about 701 are obtained on Nova 
for 1-ns pulses at Intensities of 10''' 
W/cm 2. Conversion efficiencies on Omega were 
10-151 higher, probably because of the Improved 
beam uniformity obtained by overlapping 24 beams 
on a sphere. Figure 7b shows that conversion 
efficiencies are also pulse length dependent, 
reaching a conversion efficiency on Nova in 
excess of 80X for 4-ns pulses at Intensities of 
mid 10' 4. Targets driven by a 10 HJ laser 
would require pulse lengths of about 10-ns. Me 
do not have data for these long pulses, but the 
current data makes us optimistic that by paying 
attention to beam uniformity, we will achieve 
conversion efficiencies of 80t or more at the 
Intensities required by these targets of a few 
times 1 0 1 4 H/cm*. 

Me also expect Ion beams to achieve high 
x-ray conversion efficiency at sufficiently high 
focused Intensities as shown 1n Fig. 8. Ion 
beams and lasers have opposite intensity 
scallngs as shown. User beams are absorbed at 
low density and produce a high temperature 
corona. Electron conduction must transport 
energy from this region to a region of optimal 
temperature and density for x-ray conversion. 
As Intensity Increases, the losses Involved 1n 
this process Increase and we obtain a lower 
conversion efficiency. Ion beams on the other 
hand, because of their long range, do not heat 
material to a sufficiently high temperature for 
efficient radiation unless the Intensity exceeds 
a certain minimum which Increases as the range 
of the Ions Increases. Achieving this required 
Intensity Is the major challenge for Ion beam 
driver approaches to ICF. 

All high gain ICF capsules require a layer 
of cryogenic fuel that can be as thick as 
several hundred microns. Laboratory implosion 
experiments to date, such as those recently done 
at the University of Rochester, or earlier 
experiments at KHS Fusion and Llvermore employ 
techniques which are only useful for producing 
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Fig. 7a. X-ray conversion efficiency with 0.35 IJB light exceeds 
70X for nanosecond pulses with I-10' 4 K/cir.2. 
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layers which are a few microns thick. At 
Llvermore, we have been developing targets which 
rely on low density, low-Z foams to produce 
layers of arbitrary thickness as shown 
schematically In Fig. 9. The foam, which wicks 
up DT by surface tension forces, provides a 
matrix to ccflne the shell dimensions. The 
required precision on shell dimensions Is 
obtained by machining or molding the foam. 
Figure 10 shows an example of a foam hemlshell 
machined from 0.05 g/cc CH foam. Targets such 
as these are suitable for the Inexpensive mass 
production techniques that would be required for 
an ICF Reactor. 

CONCLUSIONS 
Although much experimental work remains to 

bo done, the results of the last two years give 
us Increased confidence In the gain predictions 
we have previously published and 1n the ultimate 
success of IC'. In fact the experimental 
results have been sufficiently encouraging that 
we at Uvermore have begun shifting resources 
from target physics to driver development. 

The national ICF program is also giving 
increased emphasis to new drivers. At a recent 
congressional hearing, the Assistant Secretary 
for Defense Programs In the U.S. Department of 
Energy (DOE) testified 8: "The consensus of 
the ICF community and DOE Is that the program 
has progressed much more rapidly than the 
1985-1986 [National Academy of Sciences ICF 
Review! Kapper Committee or anyone else 
anticipated In 1985. In fact, several 
significant scientific firsts have been achieved 
in the last year. These results have presented 
the U.S. with the opportunity to embark on a new 
phase In the ICF program, the planning of a 
Laboratory Mlcrofuslon Facility." The present 
goal 1s to complete the LMF within a decade. 8 
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Low density, low Z foam saturated 
with liquid DT provides both ablator 
and fuel 

Equilibrium OT vapor 
pressure provides ignition 
hot spot 

Thin protective 
membrane provides 
a vapor barrier to 
prevent DT boil off 

Fig. 9. Use of low density, low-Z foam to define and stabilize a 
cryogenic DT shell, allows an attractive single shell 
target design. 

50 mg/cm3 CH foam 

Machined to < 1 \xm 
surface finisrT 

Wicks up liquid DT 
to provide a thick, 
freestanding fuel layer 

Fig. 10. Plastic foams with a density as low as 0.03 g/ctn3 and 
submicron cell sizes are now available. 
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