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ABSTRACT 
The objectives of the Lawrence Livermore National Laboratory (LLNL) 

Laser Fusion Program are to understand and develop the science and 
technology required to utilize inertlal confinement fusion (ICF) for both 
military and commercial applications. The results of recent experiments 
are described. We point out the progress in our laser studies, where we 
continue to develop and test the concepts, components, and materials for 
present and future laser systems. While there are many potential 
commercial applications of ICF, we limit our discussions to electric power 
production. 
INTRODUCTION 

The objectives of the Laser Fusion Program at LLNL are to understand, 
develop, and show how to utilize ICF technology1. The current emphasis 
and the largest fraction of our effort is on understanding fundamental 
target physics and driver/target interactions, learning how to fabricate 
targets of various design, and developing a driver capable of igniting a 
high-gain target (i.e., fusion energy/driver energy greater than 100). 
The ultimate attainment cf well diagnosed, high-gain, thermonuclear 
explosions in the laboratory is necessary for the full realization of the 
potential applications of ICF. 

To achieve high gain in the laboratory, LLNL is carrying out a 
program that focuses on two complementary thrusts: target physics and 
advanced laser development. The goal of the target physics element of the 
program is to understand driver/target coupling and target implosion 
dynamics required for high gain well enough that we can confidentially 
predict the necessary driver characteristics. The goal of the advanced 
laser development element is to provide the fundamental information 
necessary to determine if a laser can be built with high confidence and at 
reasonable cost that has the necessary characteristics. 

Recent experimental results and the agreement between the results and 
calculations, indicate that high gain can be achieved with a 5 to 10 MJ, 
short-wavelength (< 0.5 urn) laser. With further optimization, we expect 
to be able to achieve high gain with input energies of 2 to 5 MJ. Since 
the last International Conference on Emerging Nuclear Energy Systems in 
1983, significant progress has been made in several areas. Progress on 
the experimental front, advanced driver development, and a lock at one of 
the potential commercial applications are discussed in this paper. 

* Work performed under the auspices of the U.S. DOE by the Lawrence 
Livermore National Laboratory under Contract No. W-7405-ENG-48. 
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REQUIREMENTS FOR HIGH GAIN 

To achieve high gain, the requirements on the target implosion are 
stringent. The DT fuel must be compressed to a density of about 
200 g/cnv5. The density-radius product (pR) of the fuel must be 
greater than about 3 g/cm2 for efficient burn. The central few percent 
of the fuel must be heated by the implosion shock to a few keV. Also, the 
pr of this region must be above 0.3 g/cm2, so that the alpha particles 
will deposit their energy locally and initiate burn in the cold part of 
thp fuel. The fuel-to-ablator mass ratio must be as large as possible, 
implying that cryogenic fuel must be used. The implosion velocity must be 
uniform over the spherical surface of the capsule to within about 1% so 
that instabilities don't spoil the compression. To allow the lowest 
driver energy, the driver/target coupling should be very efficient, and 
the fuel preheat must be low. Preheat from early shocks and x rays should 
be avoided as well as that from hot electrons. To limit the impact of 
instability growth, it is advisable to have a low capsule aspect ratio 
(ratio of the shell radius to its thickness) and to gradually accelerate 
the pusher during the whole implosion. Thus, it is desirable to 
temporally shape the driver pulse. Our strategy for accomplishing these 
requirements is to emphasize hohlraum targets, study laser/target coupling 
at wavelengths less than 1 pm, and seek methods of using liquid DT fuel 
in thick spherical shells for direct drive targets. 

RECENT TARGET PHYSICS EXPERIMENTAL RESULTS 
The primary objective of the laser/plasma interaction experiments was 

to study wavelength scaling in plasmas with dimensions on the order of 
1000 X. Such large plasmas more closely resemble those expected with 
future high-gain targets than do the plasmas generated with lower power 
lasers. Experiments were done on Novette in 1983 and 1984 and are now 
being done on Nova. They include measurements of target absorption of 
laser light, x-ray conversion efficiency, suprathermal electron 
production, and parametric instabilities. 

These experiments confirmed that the interaction physics observed 
with submicron light follows a more classical behavior. In addition, we 
have also seen the equally important role that the plasma scalelength 
plays in determining the mix of coupling processes. Absorption 
experiments conducted with 0.53 vm light agree well with previous 
results obtained with the smaller Argus facility (< 0.1 TW) for 
intensities < 1 0 1 5 W/cm 2. Suprathermal electron production for 
these disk targets at 0.53 ym and 0.26 vm show decreasing production 
with decreasing wavelength. For nearly identical conditions, the 
suprathermal electron level inferred at 0.26 urn is approximately 10 to 
20% of that obtained at 0.53 ym. 

We have spent considerable effort trying to understand the principal 
generation mechanism for the suprathermal electrons seen in these 
experiments. The Novette experiments have demonstrated that stimulated 
Raman scattering (SRS), occurring at n e < n c rjj74, is the dominant source of hot electrons in the 0.53 ym experiments. In addition to 

' r, studying the underdense corona, we have spent some effort in observing 
' ;, wavelength effects in the overdense plasma. In particular, we have 
.'' /performed a limited number of experiments to measure the x-ray conversion 

•'Efficiency as a function of intensity and wavelength. Highlights of these 
' "experiments include x-ray conversion efficiencies as great as 85% obtained 
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with 0.26 ym light at an intensity of 1 to 3 times 10 w W/cm 2. 
Figure 1 summarizes the very favorable scaling of laser/plasma coupling 
with shorter wavelength for high-Z disk targets. 

A limited number of x-ray driven implosion experiments were also 
conducted on Novette with 0.53 jim light. The collisionally dominated 
interaction physics resulted in ablative implosions In which suprathermal 
electrons did not influence the target performance or interpretation of 
the diagnostic results. Substantial pusher compressions were measured by 
neutron activation. Increases in the pusher areal density, pflR, as 
great as 80 times the initial value were obtained. This represents on the 
average a factor of 2 to 3 improvement over similar targets irradiated 
with the same laser energy on Shiva with 1.06 urn light. The inferred 
fuel density from the Novette experiments is > 20 g/cm'. 

Experiments are now being conducted on the Nova laser system. Nova 
is a three-wavelength laser system, capable of irradiating targets with 
100 to 120 kJ at 1.06 ym, or 40 to 80 kJ at 0.53 ym or 0.35 ym in 1 
to 5 ns Gaussian or highly shaped pulses. Over the next several years, 
Nova will be used to demonstrate that the conditions required to drive a 
high-gain capsule can be generated with a properly scaled, laser-driven 
hohlraum target. Although Nova does not have sufficient energy to achieve 
the pR necessary for high gain, it is possible to demonstrate individual 
physics performance criteria separately. That is, in individual 
experiments we will show that we can obtain the required x-ray temporal 
pulse shapes and drive uniformity, the scaling of transport and plasma 
instabilities at high gain target scalelengths, the required stability of 
the imploding shell, the implosion velocities necessary for ignition, and 
large densities of compressed DT . 

We recently obtained our first target implosion results using the 
Nova laser. Several direct-drive, glass-shell targets were imploded. The 
shells were about 1 mm in diameter and about 2 ym thick, filled with 
about 14 atmospheres of DT gas. The ten Nova beams delivered about 20 kJ 
of 0.35 ym light. Neutron yields of 0.5 to l.lxlO 1 3 were measured — 
the largest ever. Ion temperatures of 8 - 11 keV with fuel pRs of 
0.4 - 0.6 mg/cm2 were achieved. These yields give gains of 0.15%. 

The above targets will play an important role in the development of 
advanced neutron diagnostics, but it should be recognized that they are 
not likely to achieve high gain in spite of their near term successes. To 
achieve high gain we will need high-compression, indirect-drive targets. 
PROGRESS IN ADVANCED LASER DEVELOPMENT 

The Advanced Laser Development project within the laser program is 
engaged in research directed toward the development of both an affordable 
5 - 10 MJ research laser necessary to achieve high gain and an efficient, 
repetitively pulse, high-average-power driver for various future energy 
applications. The anticipated characteristics of these two laser systems 
is shown in Table 1 (Ref. 1). 

The research laser for a High Gain Test Facility must be affordable 
and flexible, capable of being used in a variety of ways by the weapons, 
energy and general physics communities. The system must be able to accept 
a wide range of target types, sizes, and pulse requirements and should 
cost less than $250 - 500 million. We feel that the harmonically 
converted Nd:glass laser system is capable of achieving these goals. To 
do so, cost reductions must be achieved in every area of laser technology. 
Mjch progress has been made by increasing amplifier efficiency (~ 3%), 
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Fig. 1 Summary of laser plasma experiments with Gold disks. Target 
coupling is very favorable at short wavelengths. 
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Table l. Comparison of future laser systems 

High Gain Reactor 
Parameter Test Facility driver 
Pulse energy 5 - 10 MJ 2 - 6 M3 
Peak power 300 - 1000 TW 200 - 600 TW 
Pulse length 0.030 - 100 ns ~ 10 ns 
Pulse shape diverse, flexible single, fixed 
Pulse rate single shot few Hz 
Wavelength 0.25 - 1.00 urn < 0.5 urn 
Cost goal 25 - 50 $/3 100 - 150 $/3 
Efficiency important only > 10% 

for cost impact 
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lowering the unit cost of glass, and increasing the damage threshold of 
optical elements. 

The solid-state laser has also been reexamined as a candidate for the 
high-average-power, high-efficiency fusion driver2. We have found that 
waste heat can be removed by using gas-cooled, thin-disk amplifier 
structures. Experiments are underway to verify that optical quality can 
be maintained in the presence of the thermal gradients created in the 
cooling process. Solid-state lasers with efficiencies in excess of 10% 
appear to be achievable using new pump sources (electron-beam-excited 
phosphorus or semiconductor lasers) and advanced solid-state materials. 

Our continued developments in the areas of optical materials, optical 
manufacturing and finishing technologies, coatings, laser and optical 
components, frequency-conversion technology, and analytical and numerical 
modeling capability are all significant: They will support the operation 
and maintenance of Nova, allow improved reliability and lower operating 
costs in large laser systems, and form the basis for developing concepts 
and architectures for future laser systems, 

APPLICATIONS STUDIES 
Our systems applications studies have a goal of evaluating the 

potential payoff of various ICF applications and producing solid 
engineering studies of promising systems. Working with representatives of 
various Laboratory programs, we consider specific military and civilian 
applications of ICF. Among the many existing and potential applications 
for ICF technology, its use as a new source of commercial power is one of 
the most promising and, at the same time, challenging goals. 

In recent years at LLNL, we have concentrated our studies on thick 
liquid or granular blankets because of their advantages in extending 
structural wall lifetime and reducing neutron activation. These designs 
are most suitable for laser or heavy ion beam drivers and indirectly 
driven targets. One such design is the Cascade reactor'"4. 

Structural elements of the Cascade reactor, shown in Fig. 2, are 
protected by a l-m-thick layer of solid Li ceramic granules that are about 
the size of grains of sand. These granules, injected into the two ends, 
flow through the 4.5 m radius chamber, and are held against the wall by 
rotating the entire chamber at about 0.8 Hz. The kinetic energy acquired 
from the chamber is also used to throw the granules up into the vacuum 
heat exchanger. They return to the reaction chamber by gravity flow. Use 
of Li ceramic granules allows operating at high temperatures to obtain a 
high thermal-to-electric conversion efficiency. The wall consists of SiC 
tiles held in compression with a network of Al/SiC composite tendons. SiC 
is a particularly abrasion resistant material. Like any ceramic material, 
SiC is not good in tension, and, therefore, the tiles are held in 
compression even during the fusion pulse. 

Two blanket designs have been considered to date. With either 
design, a thin (~ 1 cm) surface layer of carbon granules assures that 
whatever material is vaporized is monatomic (see below). In one design a 
blanket of Li20 is used at an exit temperature of 1200 K (limited by 
chemical compatibility issues raised by the formation of LiOT). In the 
other, there are two blanket layers behind the surface layer. LiA102 is 
used in the tritium-breeding outer layer, and BeO is used as a neutron 
multiplier and high-temperature inner layer. The layers keep themselves 
separate if different size and density are chosen for the different 
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granules. The mean exit temperature of this blanket is 1670 K, but the 
inner layer of BeO reaches 2300 K. 

One point design with the three-layer blanket uses a 1.5 MJ driver 
operating at 5 Hz with fusion pulses of 300 MJ. With a Brayton cycle, 
this design could attain a thernal-to-electric conversion efficiency of 
54%. This design would produce a net power of 815 MW e with a thermal 
power of only 1670 MWt The greatest advantages of this concept are Its 
potentially high energy conversion efficiency and its high pulse rate. 
Even though a vacuum heat exchanger is used, the very high temperatures 
result in good heat transfer efficiency and, thus, nominal required heat 
transfer area (and cost). Cascade also has low auxiliary power 
requirements and a low fire hazard. These factors all lead to more 
economic power^. 

The pulse rate of Cascade is determined by the recondensation of 
vaporized material. With each fusion pulse, about 1 kg of material is 
vaporized. There is a great deal of uncertainty about the phenomenology 
of energy and mass transfer between a hot, ionized plasma and a cold 
surface. The tremendous surface area of the granule bed, however, makes 
it likely that the recondensation will take place in less than 100 ms, so 
long as the surface layer of granules is made of monatomic molecules. 
This is necessary since dissociation of multiatomic molecules would 
inhibit condensation, and there is too much vaporized material to be 
pumped out. 

Several issues are of concern for Cascade. The inner layer of 
granules may break apart due to x-ray and debris spall or thermal stress. 
On the other hand, the recondensing vapor may cause some granules to 
aggregate. It is not clear that the granule manufacturing process will be 
inexpensive enough that this layer can be remanufactured with each pulse. 
The practicality of operating at such high temperatures must also be 
considered. Finally, the recovery and recycling of the lead from the 
target debris must be addressed. 
SUMMARY 

The major goal for the ICF program is obtaining high gain. LLNL has 
undertaken a multithrust attack on understanding the science and 
technology necessary to attain this goal. Progress has been made in 
defining the target implosion requirements and in laying out a strategy 
for success. Laser/plasma interaction experiments and analyses have shown 
that using wavelengths of 0.25 to 0.53 w will solve the coupling problems 
that plagued the program at longer wavelengths. Much progress has also 
been made that gives us increasing confidence in our understanding of 
implosion dynamics and in our ability to build cryogenic targets. We now 
believe we can obtain high gain with driver energies of 5 to 10 MJ. Our 
advprced laser development effort has also made progress in reducing the 
costs of high energy Nd:glass lasers to the point that a research facility 
may be able to be constructed at that energy for an affordable price (a 
few hundred million dollars). Furthermore, due to new work on high 
average power solid state lasers, we believe they should now be viewed as 
a viable candidate for future reactor drivers. Finally, we have found a 
reactor concept that appears to put ICF power in an advantageous position 
economically. 
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