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John Huckolls 
University of California, Iawrence Llvermore Laboratory 

LivermoreV CA, 94550 

Introduction/Sunmary 
During the past yeai-', breakthroughs in advanced targets, glass 

lasers, and implosion experiments have greatly enhanced the prospects for 
laser fusion. 

The development of techniques for suppressing instabilities in 
laser implosions of advanced targets have relaxed the laser 
requirements for fusion reactors up to 10-fold in efficiency, 3-fold 
in wavelength, and 10-fold in average power. The target 
fabrication surface finish requirement has been relaxed up to 100-
fold and. the cost requirement has been relaxed 10-fold. 

' The development of new Kd glass compositions and automatic 
pointing and focusing technology has made possible the 
construction of multi-100 TW/100 KJ glass lasers. The Livermore 
SHIVA laser may be upgraded to these.performance levels. 

' It has been experimentally demonstrated that the fusion reactions 
in laser implosion experiments are thermonuclear. The results 
of these experiments were predicted with re..iarkable accuracy by the 
LASNEX MUD computer program. 

*Research performed under the auspices of the U. S. Energy, Research and 
Development Administration, Contract No. WII*05-W-HB. 



As a result of these breakthroughs, the scientific feasibility 
of laser Aision may be demonstrated by 1981 using the upgraded SHIVA 

laser to generate high gain,fusion microexplosions with yields of 
7 10' joules. Inertial fusion experimental power reactors utilizing advanced 

gas lasers ,or storage rings could then be operational in the late 1980's 
and demo'^stration power reactors in the late 1990 's. 

'-•'' Background ,. 
The chronology of the key concepts used in laser fusion extends over 

20 years. 

1915 implosion., inertial confinement (fission explosions) 
1952 thermonuclear explosion 
I960 laser,. mieroimplosion/fusion concspts 
1968 laser induced fusion 

197^ laser driven implosion 
1975 thermonuclear burn via laser implosion 

Inertial confinement is used in the mieroexplosion approach to 
laser fusion. Because the inertial confinement time is so short, the 
ET fuel must be compressed to densities as high as 1000 g/cm in order 
to achieve efficient thermonuclear burning, Figure one. Compression to 
these densities as well as thermonuclear ignition temperatures of 10" °K 
are to be achieved by laser driven implosions. The feasibility of the 
inertial approach rests on four concepts: 



" the energy required to conpress DT to densities of 1000 g/cnr 
is a small fraction of the energy required to heat the DT 
to ignition. Figure two. 

only a small fraction of the high density DT mass need be 
ignited, the bulk nay then be ignited by thermonuclear 
propagation. 

the implosion,which concentrates matter and energy densities in 
space and time'.' 
the existence of sources such as the. laser, capable of driving 
implosions to very high energy densities, and of focusing to 
a small spot from a distance of 5 - 10 meters. 

The possibility of making an economic fusion reactor with a laser 
source depends critically on the nearly unique capability of the laser 
to focus across 5-10 meters to a several-mm diameter spot. Otherwise the 
damage to the focusing and laser by the fusion microexploslon would be 
too expensive. Only high energy accelerators share this critical focusing 
property. 

It is also important that the laser heated electrons are deposited 

In a relatively short distance compared to the size of the impljded pellet. 
Otherwise the pellet would be internally heated instead of compressed 
by surface pressures. Because of this requirement, it is not clear that 
long wavelength lasers such as C0 2 are suitable for practical fusion appli
cations. 
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Advances 
Targets 

Advanced targets have been developed which use low-density 
materials and in which the rate of growth of fluid instabilities has 
been significantly reduced by fa"7irable density gradients. Consequently, 
the fusion capsule may be made more hollow, the laser power and ablation 
te...perature required to drive the Implosion are reduced, and the target 
gain is ii.creased. i 

Three candidate materials for low-density (l-2g/cirr) pusher-tampers 
in fusion capsules have been identified: mixtures of DT and higher Z 
materials, glasses containing high Z materials, and plastics containing 
high Z material. When plastic is used, the hydrogen in the plastic 
may be replaced by DT fuel. This pusher DT may be ignited by the 
inner burning fuel and will burn moderately efficiently if the pusher 
has been compressed to high densities and pR's. Kany ablator materials are 
also low-density (I'lg/ciir). Then the density mismatch between the ablator 
and pusher is small, and the rate of growth of fluid instabilities at the 
pusher-ablator interface is greatly reduced. 

When a very low-density pusher tamper is used, it may be made 

relatively lightweight (a few times the mass of the DT fuel) 

without becoming so thin as to be destroyed by fluid instabilities. 

Then the fusion gain is not greatly degraded by the pusher mass which 



- 5 -

must be iirploded at nearly the same velocity as the DT because the ET 
and pusher are adjacent to each other. However•_ because the pusher 
is relatively lightweight, a longer duration pulse shape with a greater 
dynamic range (in laser power) is required. 

LASNEX conputer calculations of certain of these very high gain laser-
driven implosions and also of implosions driven by 1 meV electrons, shew 
that the growth of fluid instabilities at the surface of the ablator raay 
be greatly reduced by development of a density gradient having a scale 
height comparable to the, wavelengths of the most damaging instabilities. 
Figure three. The possibility is being investigated that the density 
gradient scale heights raay be controlled by the flux and spectrum of 
superthermal electrons. i,;; 

These advances in target design have- made possible order of magni
tude relaxations of the laser and target fabrication requirements for 
fusion, and thereby substantially reduced the major technical and economic 
obstacles to realization of laser and other types of Inertial fusion 
reactors. The laser requirements for a 1 GWe fusion reactor are 

efficiency 1-3^ 
wavelength 1-2 um 
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power 300-500 TW 
energy 500-1000 KJ 
rep rate 10/sec 

Glass Lasers 
The development of improved laser glasses will be described by 

Marv Weber and others from Che Liverraore Laboratory in a series of 
papers In Session V on Friday morning. The fluorophosphate and 
fluoroberyllate glasses have a smaller non-linear index of refraction, 
as well as other important properties. The use of these glasses in 
corrtolnation with improved parasitic suppression techniques—such as 
multiple spatial filters—allows the output of a single laser amplifier 
chain to be increased a factor of i)-8 over the current 1-1.5 TW level. 
In addition, the technology for autonatically pointing and focusing 
many laser beams is well under control. Consequently, large lasers with 
^0-50 or more amplifier chains are feasible. The economics of a 
nn;lti-100 KJ/100 TW are particularly favorable. We estimate the cost of 
about $300 K per TW on target, several-fold cheaper than previous lasers 
and eortpeting technologies. Upgrading the SHTVA laser is particularly 
attractive because the existing SHJVA building is sufficiently large to 
accommodate the larger laser. SHIVA UPGRADE could be fired every few 
hours—the time required for the glass to cool uniformly. Although this 
is not a high enough firing rate for a power reactor, It is adequate for 
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demonstrating the scientific feas31 '11ty of laser fusion with the newly-
developed targets and for the development of fusion reactor vessels and 
target factories. 

Experiments 

In 1974- 75, 10 -10' Ik MeV DT neutrons were generated by implosion 
of glass microballoons with 0.1-1 TW Nd glass lasers at several U.S. 
laser fusion laboratories, Figure four. In May 1975 at the Livermore 
Laboratory it was demonstrated experimentally that the DT neutrons are 
thermonuclear in origin. An alpha particle spectrometer was used to 
measure the time spreading of the DT alpha particle Dulse and 
the energies of the alpha particles, Figure five. The 200 keV energy 
loss of the alpha particles showed that they originated inside the glass 
microballoon. The 15 ns'pulse width at a distance of of 3 meters showed 
that the energies of the reacting deuterons and tritons were 10-20 keV. 
This same energy loss-and pulse width was predicted by the LA3EX compu
ter calculations!of'these experiments. These calculations show that 
the 15 ns sprefiS has three components—two smaller components due to 
the differential energy loss in the finite size compressed DT volume 
and due to Doppler spreading of the moving DT, and a major component 
due to a DT ion temperature of 2 keV. Figure 5a, 5b. 

This same 2 keV DT temperature may be derived from the measured 
number of neutrons, density of the DT (from the x-ray microscope), and 



inertirl confinement tii.:e :from the conpressed radius and sound speed). 
Trie sound speed and electron tenperature ai-e estimated from the x-ray 
spectra, from analysis of the Intensities of the helium-like spectral 
lines, and from the mass and absorbed energy. 

The Implosion velocity is known by 3 methods: the sound speed 
corresponding to the electron temperature; the duration of the implosion 
derived from the x-ray screaking camera data; and the distance l.oved by the 
implosion center in the x-ray microscope toage when the one laser beam 
is delayed a known time relative to the other beam. All three methods 
give velocities of about 2-3 x 10' cm/sec. 

Using the measured compression, electron temperature, and implosion 
velocity, the KT ion temperature may be derived from the energy rates 
for compressive work, ion-electron coupling, electron conduction, ion 
conduction, bremsstrahlung, and deposited fusion energy. This analysis 
also gives a DT ion teirperature of 2 keV, Figure 6,6a,6b. The agreement 
cf these three approaches on a 2 keV ion temperature gives high confidence 
that tliermonuclear conditions were achieved. 

At Iiverroore, diagnostic data including 3 vm spatial resolution x-ray 
miei'oscope pictures, 30 ps temporal resolution x-ray streaking camera data, 
0.2-100 keV x-ray spectra, ior: measurements, and spatially and temporally 
resolved optical data has been recorded for many different kinds of targets. 
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Analysis of these diagnostic results shows important effects due to 
anomalous absorption, magnetic fields, and superthermal electrons. This 
data is predicted -with reasonable accuracy by the LASHEX code which con
tains approximations derived from plasma simulations code calculations 
to model dollective effects, Figures 7, 8. For a variety of target 

? R 
designs with neutron yields extending from 10 to nearly 10 neutrons, 
LASNEX predictions are correct to within a factor of three. This agree
ment gives us increased confidence that LAStlEX predictions of high gain 
laser fusion targets and of reactors are correct. Figure 8a. 

The next step is to generate laser iitplosions in which high densities 
are achieved. So far, densities are less than 1 g/cm-1 whereas densities 
of 1000 g/cnr must be achieved. These high density experiments will i°. 

carried out at Livenrore in 1976-1977 with the ARGUS 2 OW Nd glass laser 
system which has just become operational. 

Projections 

The major steps to a practical laser fusion reactor are: 

1976-77 High Density Implosions ARGUS laser, 2 TH, Nd 
1978-79 Significant TN Bum SHIVA laser, 20 TW, Nd 
1981-82 High Gain Microexplosions SHIVA UP, 200 TW, Nd 

Candidate for Reactor Laser 
Prototype Target Factory 

1988 Experimental Power Reactor Jas, 300 TW, 1 MW Avg. 
1998 Demonstration Power Reactor 
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vv'i':h existing torrtw&tt pcwer lasers it is very difficult to gene
rate bo' h high ten? eratiires ar.d high densities in the same implosion, 
i t a the SHIVA laser becomes operational, v;e can much more easily carry 
out irplcsions in which both high densities .and temperatures are achieved. 
However,the gain ray be limited to somewhat less than scientific break
even because net enough EC can be imploded with 10 KJ laser energies. 
With the SHIVA UPGRADE laser, high gain fusion microexplosions can be 
achieved, which will demonstrate the scientific feasibility of laser 
fusion. 

In rrder to take the step from scientific feasibility to an experi
mental power reactor, an appropriate gas laser must be developed with 
an efficiency of a percent or so and a high average power capability. 
In addition, a target factory must be developed capable of manufacturing 
targets at a high rate and at a sufficiently low cost. Finally, the 
reactor first-wall design must be engineered. The fusion experiments 
necessary to develop these targets and reactor wall technologies may 
be carried out with the SHIVA UPGRADE laser in the 1980's. 

As far as laser technology is concerned, the critical problem is 
the development of the reactor laser. It does not now seem likely that 
C0_ can fill this rele because its wavelength is too long. Recent work 
by Krupke at Livermore on rare earth lasers is very promising. The 



level of effort in new lasers must be rapidly accelerated in order to 
inert the 1981-82 decision point for an Experimental power reactor. 

Recently, storage ring technology has become an important compet
itor to lasers for driving an inertial fusion reactor. One-hundred OeV 
U-ions ha.ve a range comparable to that of 1 MeV electrons and are ex
tremely rigid. Figure nine. Because of the many years of experience and 
engineering of storage rings, they may be better suited for early inertial 
fusion reactors. However, after engineering development, lasers may be 
cheaper and thereby better-suited to nature inertial fusion. 

Conclusions 
Because of recent breakthroughs in the target area, and in the 

glass laser area, the scientific feasibility of laser fusion—and of 
inertial fusion—may be demonstrated in the early 1980's. Then the 
development in that tiae period of a suitable laser (or storage ring 
or other driving source) would make possible an operational inertial 
fusion reactor in this century. These are roughly the same tim« scales 
as projected by the Tokamak magnetic confinement approach. It thjo 
appears that the 15-20 year earlier start by magnetic confinement fusion 
may be overcome. Because inertial confinement has been demonstrated, and 
inertial fusion reactors may operate on ashler scales *-han Tokamaks, 
laser fusion may have important technical and economic advantages. 
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13 10 MeV PROTONS PRODUCE A MUCH LARGicR DENSITY 
GRADIENT THAN 1 MeV ELECTRONS. 
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Figure 3 



IH LASER IMPLOSION EXPERIMENTS 
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US ALPHA PARTICLE EXPERIMENT, ANALYSIS 

• Measured energy loss: 250 keV 
broadening: 300 keV (15 ns at 280 cm) 

• Theory energy loss: 220 keV 
broadening: 

Finite DTstee 120 keV 
Hydro doppler 120 keV 300 keV 
Thermal 250 keV 

Figure 5 



113 NONTHERMAL BROADENING 
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Figure 5a 



^J FUEL DENSITY, TEMPERATURE HISTORY IN GLASS MICROBALLOON 
IMPLOSION 
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Figure 5b 



1 X-RAY EXPERIMENTS, ANALYSIS 

© Compression 100 X-ray microscope 
Isobaric, isothermal assumption 

© Electron temperature 700 eV Thermal x-ray spectra 
Spectra! lines 
Absorbed energy 

o Implosion velocity 3 x 107 cm/s X-ray streaking 
camera 

Sound speed 

Figure 6 



X-RAY EXPERIMENTS: CONCLUSIONS 

© 107 = N D N Tov VAT, AT = 30 ps (inertial) 

.'. ion temperature 2 keV 

o Balance rate equations for compressive heating, 
ion-electron coupling, electron conduction, ion 
conduction, bremsstrahlung, fusion 

.". Ion temperature 2 keV 

Figure 6a 
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123 NONTHERMAL HEATED DISTRIBUTIONS ARE PRODUCED 
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iS TWO-D PLASMA SIMULATIONS OF LIGHT ABSORPTION 
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13 NEUTRON YIELDS - EXPERIMENTS VS LASNEX 
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