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Abstract 

During the past few years, a great deal of progress has been made toward 
demonstrating the requirements for ignition and high gain ICF targets. 
Because of this progress, the 1990 National Academy of Science (NAS) and 
Fusion Policy Advisory Committee (FPAC) reviews1-2 recommended that the 
U.S. National ICF Program focus on the physics of ignition. Subject to 
successful completion of a series of experiments to be carried out on the Nova 
laser at Lawrence Livermore National Laboratory (LLNL), these reviews 
advocated construction of a 1 to 2 MJ glass laser, whose purpose would be 
demonstration of ignition and modest-gain ICF targets within about a decade. 
The LLNL proposal for this National Ignition Facility, which was endorsed by 
the NAS and FPAC as the most timely and cost effective path to this goal, is 
referred to as the "Nova Upgrade." This paper reviews recent progress on the 
Nova laser and the performance expected with the Nova Upgrade. 

In general, ICF implosions can be categorized as either direct drive or 

indirect drive. 3 In direct drive, the laser beams (or charged particle beams) are 

incident on the fusion capsule. In the indirect drive (or x-ray) approach to ICF, 

the capsule is imploded by x-rays. The laser beams (or charged particle beams) 

are first absorbed in a high-Z enclosure, a hohlraum, which surrounds the 

capsule. Shown schematically in Fig. 1 are examples of a laser and a heavy 

ion driven hohlraum. For planar targets, 70% to 80% of this absorbed energy 

can be converted to x-rays. While such conversion efficiencies have been 

demonstrated with lasers, in order for x-rays to be efficiently generated by ion 

beams, minimum irradiances of 10 1 4 - 1 0 1 5 W/cm 2 are required for typical ion 

energies, 30 MeV to 10 GeV depending on ion mass. The primary challenge 

for ion beams has been, and continues to be, achieving the required focused 
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intensity. The purpose of the Nova Upgrade would be demonstration of 

ignition and modest gain using indirect drive ICF targets. 

High gain ICF targets have features similar to those shown in Fig. 2. 

These capsules consist of a spherical shell filled with low density (£1.0 

mg/cm 3) equi-molar deuterium-tritium (DT) gas. The shell is composed of an 

ablator and an inner region of DT which forms the main fuel. Energy from a 

driver is rapidly delivered to the ablator which heats up and expands. As the 

ablator expands outward, the rest of the shell is forced inward to conserve 

momentum. The capsule behaves as a spherical ablation driven rocket. The 

efficiency with which the fusion fuel is imploded typically lies in the range of 

5-15%. In its final configuration, the fuel is nearly isobaric at pressures up to 

-200 GBars but consists of two effectively distinct regions—a central hot spot, 

containing -2-5% of the fuel and a dense main fuel region comprising the 

remaining mass. Fusion initiates in this central region and a thermonuclear 

burn front propagates radially outward into the main fuel producing high 

gain. 

The efficient assembly of the fuel in this configuration places stringent 

requirements on the details of the driver coupling, including the time history 

of the irradiance and the hydrodynamics.4 In this implosion process- several 

features are important. The in-flight-aspect-ratio (IFAR) is defined as the ratio 

of the shell radius R as it implodes to its thickness AR which is less than the 

initial thickness because the shell is compressed as it implodes. 

Hydrodynamic instabilities,5 similar to the classical Rayleigh-Taylor fluid 

instability, impose limits on this ratio which result in a minimum pressure 

or absorbed driver irradiance. For IFAR of 25-35, the pressure must be -100 

MB and the intensity - 1 0 1 5 W/cm 2 . These minimum values depend on the 

required implosion velocity which is determined by the capsule size. 
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Minimum velocities are in the range of 3-4 x 10 7 cm/sec. The convergence 

ratio is defined as the ratio of the initial outer radius of the ablator to the final 

compressed radius of the hot spot. Typical values of the convergence ratio are 

30-40. To maintain a near spherical implosion, we require implosion 

velocities uniform to about 1%. Control of the implosion symmetry and 

Rayleigh-Taylor induced mix is crucial to the successful formation of the 

central hot spot. Departures from spherical symmetry and mix can result in 

failure to achieve the conditions required for ignition during the final stages 

of the capsule implosion. 

The NAS recommended a series of experiments on Nova as a 

prerequisite to construction of a National Ignition Facility. These Nova 

experiments, in hohlraum and laser plasma interaction physics (HLP) and 

hydrodynamically equivalent physics (HEP), constitute what is referred to as 

the Nova Technical Contract (NTC). The NTC experiments are being carried 

out as a cooperative effort by LLNL and LANL (Los Alamos National 

Laboratory). 

Demonstration of symmetry control, in hohlraums, with the pulse 

shape and internal structure scaled from hohlraums required for ignition on 

Nova Upgrade, is one of two primary objectives of the HLP experiments. 

Experiments on Nova using constant power 1 ns pulses as well as temporally 

shaped pulses have demonstrated that time integrated fluxes uniform to a 

few percent can be achieved inside hohlraums. This uniformity was 

demonstrated by imaging the compressed fuel region of an x-ray driven 

implosion. Experiments which use a variety of pulse shapes and hohlraum 

configurations and which also obtain information about time variations in 

symmetry are now underway. 
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In order to achieve this control of symmetry, it is necessary to have 

reproducible beam propagation conditions in the laser channel. And these 

conditions must be consistent with accurate placement of the laser beams. To 

accomplish this, plasma parametric instabilities such as Stimulated Raman 

Scattering (SRS) and Stimulated Brillouin Scattering (SBS) must be kept 

below the 5-10% level. Both SRS and SBS can cause a redirection of energy in 

the hohlraum. In addition, high energy electrons generated from Landau 

damping of the plasma wave in SRS can result in preheat and reduced 

compressibility of the fuel. Experiments using 0.355 mm light on Nova have 

all had SRS levels of a few percent or less. Some experiments on Nova have 

had SBS levels in the 5-20% range. Investigation of the scaling and control of 

these instabilities to the larger plasmas of Nova Upgrade hohlraums is the 

second major objective of the HLP experiments. 

The minimum capsule size required to achieve ignition and'propagating 

burn into the main fuel depends strongly on the achievable implosion 

velocity. This velocity in turn is primarily determined by the peak pressure 

that can be generated and by the degree of hydrodynamic instability of the 

implosion process. 

Recent experiments on Nova have shown that the single mode 

Rayleigh-Taylor instability in the presence of ablation and density gradients is 

well modeled by existing numerical simulation codes. For both direct drive 6 

and indirect drive, 7 recent experiments and numerical simulations 8 ' 9 are well 

modeled by the dispersion relation: 

Y = V T ? k - a k V a b l 

In this equation, y is the growth rate, k is the modal wavenumber, a is 

the acceleration, L is the density gradient scale length in the ablation front, 

and a is a constant between 1 and 3. Vabl=»i/p is the ablation velocity, the 
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velocity with which the ablation front moves through the shell, (p and rh are 

the shell density and mass ablation rate). In addition, significant progress has 

been made toward developing experimental and modeling techniques which 

can be used to evaluate mix in ICF capsules. Mix is the interpenetration of 

materials on two sides of an unstable interface. A number of such interfaces 

can exist, but the one of primary interest is that between the hot fuel and the 

pusher or cold main fuel. Verification that mix can be accurately predicted, in 

Nova capsules which have hydrodynamic instability growth and a 

convergence ratio which approach that of Nova Upgrade ignition capsules, is 

the goal of the HEP experiments on Nova over the next 2-3 years. 

Completion of these experiments requires about a factor of two improvement 

in the pointing accuracy, to about 30 urn, and power balance to 5-10% 

depending on pulse shape. The "Precision Nova" activities to achieve these 

levels are scheduled for completion at the end of FY-93. 

Using present experimental and theoretical information, sophisticated 

numerical simulations can be used to predict capsule performance at larger 

incident driver energies than currently exist in the laboratory. These results 

are shown in Fig. 3 which presents gain curves for indirect drive at two 

different implosion velocities.1 0 These curves are calculated under the 

assumption of a fixed hohlraum coupling efficiency of laser energy to a 

capsule. At any given velocity, capsules below a certain size will fail to ignite 

because the hot spot does not achieve an adequate pr and temperature. The 

shaded band which defines the minimum driver size for ignition, at the left 

of each set of curves, corresponds to the uncertainty in the achievable capsule 

surface quality. The left hand edge corresponds to the gain achievable for 

perfectly uniform implosions. The right hand edge of the band corresponds to 

the gain for targets with surface finishes of 500 to 1000 A (used in present 
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experiments). As the driver energy or capsule size increases, the minimum 

implosion velocity required to ignite a capsule decreases. If we exceed the 

minimum velocity at any driver size, the capsules will still ignite. However, 

there is a performance penalty for operating above the minimum velocity. 

The gain will drop because we will implode less mass and get less yield for a 

given energy. Hence, the optimum strategy implies operation at the 

minimum implosion velocity consistent with the desired yield or driver size. 

This optimum is given by the dashed line through the two curves. 

Given the constraints of hydrodynamic instability, achieving a higher 

implosion velocity requires a higher hohlraum temperature. In early 1990, 

using the recently increased power and energy available from Nova, LLNL 

demonstrated hohlraum drive temperatures consistent with achieving the 

implosion velocity of 4xl0 7 cm/sec required for demonstration of ignition 

and burn propagation using a 1-2 MJ laser. Using the compact Athena laser 

amplifier architecture being developed at LLNL,11 it is possible to fit a 1-2 MJ 

upgrade to Nova into the existing Shiva-Nova building. High gains at lower 

driver energies would be achievable at higher implosion velocities, but we 

believe that plasma physics constraints on hohhaums will limit the 

achievable implosion velocity to approximately 4xl0 7 cm/sec. 

The demonstration of ignition and burn propagation in the laboratory 

would complete the basic target physics objectives of the ICF program. Such a 

demonstration would set the stage for high confidence development of the 

applications of ICF. Although it has not yet endorsed construction of the 

Nova Upgrade, DOE has begun implementing the NAS recommendations, 

including the Nova Technical Contract and demonstration of the laser 

technology which would be required for Nova Upgrade. The next few years 

promise to be a very exciting time in the Inertial Confinement Fusion 
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program. With continued success of the technical program, and the required 

funding for the Nova Upgrade, it should be possible to achieve ignition and 

fusion burn propagation soon after the turn of the century. 

ACKNOWLEDGMENT 
Work performed under the auspices of the U.S. Department of Energy by 

the Lawrence Livermore National Laboratory under contract No. W-7405-
ENG-48. 



8 

References: 

[1] "Review of the Department of Energy's Inertial Confinement Fusion 
Program, Final Report," available from National Academy Press, 2101 
Constitution Avenue, Washington, DC 20418 (September 1990). 

[2] "Fusion Policy Advisory Committee (FPAC) Final Report, September 
1990," NTIS-PR-360, available from the National Technical Information 
Service, U.S. Department of Commerce, Springfield, VA 22161-

[3] NUCKOLLS, J., Physics Today, 35, 24 (1982). 
[4] LINDL, J. D., Physics of Ignition for ICF Capsules, International School of 

Plasma Physics Piero Caldirola: Inertial Confinement Fusion (1988) pp. 
617-631, edited by A. Caruso and E. Sindoni. 

[5] CHANDRASCKHAR, S., "Hydrodynamic and Hydromagnetic Stability," 
Oxford University Press, Glasgow, 1961, pp. 428. 

[6] GLENDINNING, G., "Laser Driven Planar Rayleigh-Taylor Instability 
Experiments, LLNL Document UCRL-LR-105821-92-1, LLNL ICF 
Quarterly Report. 

[7] REMINGTON, B. A., HAAN, S. W., et al., "Large Growth Rayleigh-
Taylor Experiments Using Shaped Laser Pulses, "Phys. Rev. Lett, 67, (23), 
3259-3262 (1991). 

[8] TAKABE, H., MIMO, K., MONTIERTH, L., and MORSE, R. L., "Self-
Consistent Growth Rate of the Rayleigh-Taylor Instability in an 
Ablatively Accelerating Plasma/'PAys. Fluids 28 (12), 3676-3682 (1985). 

[9] TABAK, M., MUNRO, D. H., and LINDL, J. D., "Hydrodynamic 
Instability and the Direct Drive Approach to Laser Fusion," Phys. Fluids 
B 2 (5), 1007-1014 (1990). 

[10] LINDL, J. D., "Progress on Ignition Physics for ICF and Plans for a Nova 
Upgrade to Demonstrate Ignition and Propagating Burn by the Year 
2000." From Fusion to Light Surfing, Thomas Katsouleas, (ed.) (Addison-
Wesley Publishing Company), pp. 177-190 (1991). 

1111 CAMPBELL, E. M., "Nova Target Physics Program and tine Nova 
Upgrade Laser," /. Fusion Energj, 10, (4), 277-293 (1991). 



9 

Figure Captions: 

Figure 1: Schematic of (a) laser and (b) heavy ion indirect drive targets. 

Figure 2: Schematic of proposed ICF capsules including initial and 
imploded fuel configurations. Critical parameters are also 
defined with representative values. 

Figure 3: Increasing implosion velocity for a fixed hydrostability criteria 
allows ignition and propagating burn at lower drive energy. 
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