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THEORY OF HIGH DENSITY LASER FUSION* 
G. B. Zimmerman and J. H. Nuckolls 

University of California, Lawrence Livermore Laboratory, Livermore, CA. 
United States of America 

I. Introduction 
Among the proposals for generating electrical power from inertially-

confined, laser-initiated thermonuclear reactions, those involving high 
12? fuel compressions ' ' require the smallest laser energies. This can be 

seen from the following simple model: In order to achieve efficient thermo
nuclear burning a given plasma temperature (^10 keV) must be reached. The 
laser energy required then will be proportional to the target mass ( L a K ) , 
As with magnetic CTR the thermonuclear b u m efficiency is proportional to 
px where p is the matter density and T the confinement time, but for iner-
tially confined plasmas T a R, the fuel radius. For a given b u m efficiency 
(fixed pR) the required laser energy then becomes 

ELctM a p~2(pR)3 a p - 2 

*Wor-k performed under the auspices of the U. S. Energy, Research and 
Development Administration. 



The laser power, also a practical constraint, is similarly shown to be 

P L a E l / T a W / r R a p _ 1 (f R) 2° tP~ 1> 

Thus both the laser energy and power are reduced as the matter density is 
increased. 

Many important physical processes that have been ignored in this 
model, will be discussed later. These determine the optimal degree of 
compression and also place several other constraints on the design of 
both target and laser. Sophisticated computer simulation techniques have 
been used to analyze the relevant plasma, transport, hydrodynamic avid 
atomic processes; but numerous theoretical problems remain unsolved. 
Experimental results, although encouraging, are far from confirming the 
feasibility cf laser fusion CTR. 

A basic laser fusion scheme is presented in Section II. In Section H I 
we discuss some of its subtleties and consider the theoretical difficulties 
which now appear to be the major obstacles. Interpretations of some recent 
laser compression experiments are given in Section IV. 
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II. An Idealized Laser-Fusion Model 
A. Compression 
At constant mass, compression causes the pR of the plasma to 

increase. This improves burn efficiency because it increases the reaction 
rate faster than the confinement time decreases. In addition, the 3.5 MeV 
alpha particles produced from OT reactions villi deposit their energy within a 

2 2 
range ^ 0.3 g/cm in 10 keV matter. Thus, for pR > 0.3 g/cm only the 

p 
innermost 0.3 g/cm need be heated hydrodynamically to the 10 keV ignition 
temperature. The alpha energy deposited initiates a thermonuclear burn 
front which ignites the remainder of the compressed fuel, thus saving igni
tion energy that would otherwise have to be supplied by the laser. 

The advantages of compression are limited by depletion of the OT fuel 
and by the PdV work required to compress even cold matter to super-hiph 
densities. The latter limitation is imposed by Fermi-degenerate electron 
pressure 

P p_ D(atm) = 1 0 1 2 <n e/ 5 x 10 2 6) 5 / 3 

where n is the electron number density (cm ). Computer simulations 
have found that 10 fold compression (p^.2 x 10-" g/cc) of %20 ug of OT 
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( => pR =2) are near optimal conditions for a 5 x 10 J laser. Under 
these conditions the Fermi-degenerate compressional energy 

E c = 10 3 J ( p/ 2 x 10 3) 2 / 3 (M/20 ug) 

is comparable to the 10 keV ignition energy of the central 2 ug of fuel. 
The total compressional and ignition energy (^2 x H H J) is only %5% of 
the laser energy deposited due to inefficiencies of the implosion scheme. 

B. Thermonuclear Burn 
The thermonuclear burn efficiency $ , adjusted to account for 

depletion, can be written 

«/ (1-*) = pR<ov>/8 e ^ (1) 

where <ov > is the Maxwell-averaged DT reaction rate, c = (10 kT/3m,) is 
the sound speed and m. is the average ion mass. A plot of ij>/(l- $) versus 
temperature T maximizes between 20 and 50 keV and is relatively flat in 
this range. Evaluating Eq. (1) here we obtain 
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Thus, at PR =2, approximately 25% of the 20 yg of fuel bums giving 3 x 10 J 
of thermonuclear energy. This is adequate to run a power plant with a H0% 

k thermal-to-electrical efficiency and a 10i? efficient 5 x 10 J laser. 

Theoretical gain curves (thermonuclear energy/laser energy) for different 
laser energies as a function of compression are given in Figure 1. Each 
point represents an optimization over other parameters (such as fuel mass 
and laser pulse shape); and the curves have been normalized to computer simu
lations. The curves show a maximum because of the inefficiency of thermo
nuclear burn at low pR and the cost of compressing even degenerate matter 
to very high density. For numerous reasons, including the symmetry and 
stability of the implosion scheme, these results are probably optimistic. 

C. Implosion 
^ 12 The minimum pressure of DT at density 2 y. 10 is 10 atmospheres. 

Such pressures can be generated by a spherical implosion system which focuses 
laser energy densities in both space and time. 

Laser light propagates through a low density atmosphere surrounding the 
fuel pellet. When it nears the critical density, where the plasma and light 
frequencies are equal, it is absorbed by inverse bremsstrahlung and collective 
plasma processes. The critical density is given by 

p c = 4 x 1 0 - 3 ( o 4 ^ d ) 2 (2) 
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where oi/oi,. is the ratio of light frequency to that of a neodymium laser. 
A lower limit on the electron temperature produced by tills absorption can be 
obtained, by equating the laser intensity to the free-streaming electron 
energy flux 

1 = n„v k TL c e e 

where n = 10 (u/o^-j) is the critical electron density, v = (k T' /m ) 
is the electron thermal velocity and T is the electron temperature. For neo-
dymium light and an intensity of 10 W/cm we find T ^10 keV and a pressure 

7 
at critical density of P ^2 x 10 atmospheres. 

If the atmosphere is nearly isothermal, then electron transport will create 
higher pressures in the higher density region near the pellet (ablation) surface. 
Here the oppositely directed temperature and density gradients form a pressure 
peak that explodes the pellet surface layers. This ablation pressure may be 
estimated by equating the rate of hydrodynamic work done at the ablation surface 
to the power transported from the critical surface by electron transport 

Pa An c„ = P„ A„ v A A s e c e 

PA = Pc < V V <V cs> 



where A /A. ̂ 10 is the ratio of critical to ablation surface areas. The 
ablation pressure then is 10 atmospheres. 

p 

The final factor of 10 in pressure is achieved by applying the ablation 
pressure over a volume much larger than that of the final compressed fuel. This 
PdV work is used to create inward directed kinetic energy which Is ultinately 
re-converted to internal energy as the matter collapses upon itself. This 
pressure amplification through Implosion is capable of generating the neces
sary 1 0 1 atmospheres, but it must be done very carefully in order to have ail 
the kinetic energy re-converted to internal at nearly the same time. Care 
:uso must ti- taken to generate as little entropy as possible (to keep the 
Pittrr FeirJ-de-.er.erate) and to heat orJLy the central region of the compressed 
fuel to ljTiiti'./r. temperatures. 

h. ?ulsi.- -"r-ape 
Conp-utor simulations, and subsequently, an analytic theory", have 

:;hown that these irr-losion characteristics can be generated by optimally 
tailoring the l;iser power in time. The laser pulse for a 50 ug liquid DT drop 
(Fiprure 2) start.s at a power level just sufficient to generate a 1 cm/us 
shock (approximately the sound speed in liquid DT). The power is subsequently 
rained so that the liydrodynamic flow characteristics in the pellet intersect 
only near the center where shock heating is desired to facilitate ignition. 
Thr> total laser pulse length is approximately the transit time of the initial 
.shock. 



The final laser power, 5 x 10* w, would be difficult and costly to 
produce, and may not even be useful becp.use of electron decoupling: effects to 
be discussed later. The peak laser power may be reduced by using thin, hollow 
shells of frozen DT as targets. In this way the =bl.~*-ion pressure acts over an 
even larger volume; and larger pressure amplification can be achieved by 
LTplosion. The aspect ratio of the sl̂ el": H/iH, however, is probably restricted 

5 to values < 5. We will see that larger values lead to shell breakup caused 
by fluid (Rayleigh-Taylor) instabilities. 

III. Theoretical Problem Areas 
In the previous section we have discussed an idealized laser fusion scheme. 

We have assumed that a substantial fraction of the incident laser light is 
absorbed, that the electrons heated at critical density can collisionally 
couple their energy to the more numerous colder electrons at the ablation 
surface, and that the implosion process is not substantially altered by 
non-uniform laser iilitnination or the growth of fluid instabilities. These 
assumptions will now be addressed. 

A. Absorption - Reflection 
At low electron temperatures laser light is effectively absorbed by 

tiverse bremsstrahlung. The reciprocal absorption length for this collisional 
7 process is 

<m (cm -1) = 30 Z (p/P c ) 2 (1 - P/P c>" 1 / 2 ( «>/<»Nd)2 V 3 / 2 ( 3 ) 



where Z is the effective cliarge, p/p the ratio of density to critical density, 
and T the electron temperature in keV. For high temperatures (T > 10 keV) or 
long wavelengths ( W H H * D inverse bremsstrahlung is unable to absorb a large 
fraction of the laser energy. 

Additional processes, notably parametric decay instabilities and resonance 
absorption, have been studied with two-dimensional relativistic computer sirau-
lations. Figure 3 gives the fractional absorption as a function of incident 
angle (measured from the normal) due to these processes. In these calculations 
a self-consistent density profile (determined by balancing electromagnetic, 
matter, and ran-, pressures) is used. At normal incidence the light reaches nearly 
to the critical density and absoiption is dominated by parametric decay insta
bilities. Resonance absorption peaks at angles ^15° from normal because it 
requires a component of the electric field parallel to the density gradient. 
These caiculaticns assumed that the laser light was polarized in the incident 
plane. The fractional absorption due to resonance absorption will be decreased 
by a factor of two for random polarizations. Thus, ̂ 30£ absorption night be 

expected, but this could be much larger if the critical surface is broken up 
a by fluid-like instabilities.' Experimental measurements of absorption lie 

between 20 and 80% with at least part of the variation being due to different 
pulse shapes that produce different initial density profiles. 
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Other plasma instabilities (Brillouin and Raman) will tend to reflect 
rather than absorb the laser light. Computer simulations have shown that this 
reflection can be substantial ' , but also that these instabilities may 

12 effectively turn themselves off by steepening the density gradient . The 
1? time-dependent reflectivity measured at the University of Rochester may be 

experimental verification of density gradient steepening, ttore theoretical and 
experimental work is needed before these abosrption and reflection processes 
are adequately understood. 

B. Heated Electron Distribution 
The Coulomb cross-section is a strongly decreasing function of 

particle energy. Inverse bremsstrahlung, a collisional process, therefore 
heats predominately low-energy electrons and produces an essentially thermal 
electron distribution. Collisionless processes, however, tend to heat those 
electrons whose velocities are nigh enough to allow phase matching to plasma 

12 waves. Plasma simulation calculations show that both resonance absorption 
(Figure '!a) and parametric instabilities (Figure Hbl produce electron distri
butions with high energy non-Maxwellian tails. The heated electron energy 
is typically less for resonance than for parametric instability absorption. 

Such high energy electrons have been observed in microwave experiments1 . 
X-ray spectra from laser irradiation experiments often show high energy tails 
that may indicate the generation of non-Maxwellian electron distributions. 
These x-ray spectra, however, might also be produced by Maxwellian electrons 



If their transport is substantially reduced by the presence of ion fluctuations 
or magnetic fields. If such high energy electrons are produced, they nay 
preheat the fuel, making it difficult to conpress. 

C. Electron Transport 
Energy is transported from the absorption (critical) surface to 

the- pellet (ablation) surface by electron conduction. If this heat flow is 
severely restricted, then the desired ablation pressures cannot be gener
ated. Classically, the energy flow is 

0 = -< ?T 
e c 

where <Q = § :.£ k X ^ / 3 

i-z the electron conduct ivi ty 1 - and X c a T i s the coliisionally-deterrnineti 

e lectron r.ean-free-path. This heat flow i s c lear ly limited by the maximum 

n>ix that can be carr ied by free-streaming electrons (Qi,n„v kT ) , 

but ray be further r e s t r i c t ed by charge f luctuat ions or magnetic f i e l d s . 

If tlie electron-ion t e r re ra tu re r a t i o i s large (T / ? . > 3) and the 

electron d r i f t veloci ty v , = 3/(n„ k T ) exceeds the ion acoustic velocity o e e 
(v. = c ) , then an electron-ion two-stream i n s t a b i l i t y v.ill develop . I f t h i s 

/'. S 

instability can grow to the "wild turbulence" limit (which may require un-
realistically larfre ion fluctuations), then the electron heat flo.f may be 
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reduced to Q % n c k T . Such a restricted heat flow has been found to be 
consistent with several experimental observations, including x-ray spectra 

17 and ion flux data ''. 

Multi-raegagauss magnetic fields can be generated in a laser-heated 
lfi plasma by non-parallel electron pressure and density gradients 

B = ?x ( ~£- 7Pe) W 
e 

or from the momentum imparted to electrons by non-normally incident 
19 laser light . Fields of this size have been measured experimentally in 

laser-produced plasmas by magnetic probe and Faraday rotation methods. 
Classical electron heat flow across such magnetic fields would reduce the usual 
electron conductivity to <' = K (u x ) where «> = eB/m c is the electron 

e e e e e e 22 gyro-frequency and i = * e/v is the collision time . This reduction 
in electron conductivity can be expressed as 

showing its importance at the low densities and high temperatures characteristic 
of laser-heated plasmas. (Aider nominal conditions the magnetic energy density 
? /8TT is s 1% of tie plasma pressure. Th"s the raagnetohydrodynamic j x B force 
will be small. Based on experience with magnetically confined plasmas, it is 
difficult to believe that such a small field can contain electron energy to 
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the degree that Eq. (5) predicts. In one model , plasma turbulence develops 
to a level such that electrons effectively scatter every gyro-period. This 
3ohm diffusion reduces tb^ electrcr. conductivity toic = K (u> T ) = (K K ) 

J e e e e e e 
The type of electron transport (either classical or Bohm) across 
magnetic fields in laser-produced plasmas has not been determined 
theoretically or experimentally. The distinction may be important to the 
success of laser fusion, expecially for CCu laser light which is absorbed 
at low density (n = 1 0 1 9 ) . 

D. Decoupling - Preheat 
Good electron conductivity is necessary, but is not sufficient to create 

hip+i ablation pressures at the pellet surface. We must also require that the 
transported energy be coupled to the high density matter near the ablating 
surface. In the absence of energy coupling, electrons heated by laser light 
absorption will stream throughout the pellet atmosphere and quickly establish 
a uniform number and energy density. The pressure then vd.ll be uniform, rather 
than proportional to matter density. 

2S 
This electron decoupling can occur if the heated electron mean-free-

path is larger than the radius of the absorption surface. If the electrons 
are unable to lose their energy while crossing the pellet atmosphere, they 
will return to the absorption region and be heated to higher energies. Since 
the Coulomb cross-section falls off with increasing electron energy, this can 

http://vd.ll
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lead to a runaway condition. The decoupling problem can be minimized by using 
short-wavelength lasers ( < lyir.) which heat more electrons to lower energy, 
and by using hollow targets that require lower laser power. 

Another problem associated with high energy electrons is that they 
ray burrow deep into the imploding fuel. Even a snail amount of this 
preheat energy can raise the fuel e'itropy and make it difficult to 
compress. The severity of the preheat and decoupling problems, as well as 
methods of minimizing their effects., have been extensively studied by Lindl . 

E. Syrtmetry - Stability 
The discussions to this point have considered only one-dimensional 

spherical implosions. Non-uniform laser irradiation and pellet fabrication 
imperfections necessitate two and three-dimensional ccnsiderations. Conpression 

k 

of a sphere by 10 -fold requires the radius to decrease by a factor of 20. If 
the compressed core is to be spherical to within a factor of 2, then the 
ablation pressure must be uniform to ^2%. A multiple (^10) beam laser irradia
tion system is expected to achieve illumination uniformity of -\<10%. The 
additional smoothing is obtained by electron conduction in the pellet atmosphere; 
but this is effective only if the absorption radius is kept a factor of two 
larger than the ablation radius. Syranetry difficulties are less severe for 
long wavelength (CO.,) laser light. 



The effects of fluid instabilities en laser-fusion pellets have been 
?7 "ft 

studied by linear perturbation techniques ' "" , and by direct simulation of 
the two-dimensional hydrodynamic flow . The two methods are in general 
agreement. Fluid instabilities are most severe for hollow-shell targets 
and for perturbation wavelengths comparable to the shell thickness ( X ^ AR). 

29 The classical Taylor instability growth rate is 

y = >^Tk (6) 

where a is the acceleration and ]c = 2 TI / X . The total number of perturbation 
e-foldings is N = / »/a—k dt, while the final velocity reached is v„ = /adt. 
Thus, instability growth is worst for constant acceleration and can be sub
stantially reduced by applying the acceleration in bursts. Even for constant 
acceleration, long wavelength growth ( X ̂ R) is not severe, since, for a ^ R/t 
and k rwT~L, N =1. 

Equation (6) shows that y is largest for small wavelength perturbations. 
Ver;.' short wavelengths will be damped by viscous effects, but the.-e exists a 
substantial wavelength range ( X « AR) in which perturbations will grow 
rapidly to a nonlinear state. The resulting turbulent situation is expected 
to alter heat and momentum transport coefficients, but no adequate theory 
has been developed. 

IV. Interpretation of Experiments 
The laser-fusion Implosion concept involves many complex phenomena. 

2 



Theoretical models predict that a laser fusion power plant is feasible, 
but the uncertainties are large. Experiments and the theoretical work 
involved in their interpretation will help to resolve these questions 
(and formulate new ones). 

To date, theoretical models have been consistent with experiments. 
However, uncertainties in experimental configurations are also quite large. 
In some cases, several different models have been able to predict the same 
experimental observation, but such situations should become more infrequent 
as laser and plasma diagnostics improve, fin historical example will serve 
to illustrate the dangers of incomplete diagnostics and oversimplified 
theoretical models. 

In 1970 neutrons were detected from a deuterium ice slab irradiated 
by a neodymium laserJ . One-dimensional hydrodynamic computer models 
calculated the correct number ( M O ) of neutrons. The simplicity of the 
mode] and agreement with experiment were encouraging. Howsver, when two-
dimensional hydrodynamic calculations were performed, it was learned that 
sideways expansion of the plasma plume cooled the plasma substantially, 

resulting in a neutron yield of<10 . Several mechanisms (magnetic fields, 
laser light self-focusing, and direct ion heating by plasma instabilities) 
seemed to explain the "anomalous" neutrons. The neutrons turned out to be 
non-thermonuclear. They were produced by deuterons in the plasma blow-off 
colliding with either background gas J , or the remains of previous experi-
ments stuck on the target chamber wall J . 
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A. Magnetic Fields 
Magnetic fields are produced in all laser plasma experiments. We 

may estimate the field strength by extending Eq. W to include adiabatic 
field expansion 

Sx[v x B t ^ v P e] (7) 

and by assuming steady state (B = 0 ) . Ignoring the directions of the 
various vectors in this equation we obtain 

CkT 
B = •„ e e H v 

where II is the temperature scale height (measured perpendicular to the 
ity grad 
,r 1/2 

density gradient) and v z c is a characteristic matter velocity. Since 
the field strength depends only weakly cr. tenperature. 

B (M3) = 1.6 T e
 1 / 2 ( K/20um) - 1 . (8) 

Tho rcale height H i s d i f f i cu l t to est imate. I f i t i s taken as 

'.he Laser Ix.vir. spot r ad ius , then regagauss f ie lds arc- expected. If, however, 

..! spherical tar.-st was i l lu r ina ted with Rood urdforrdty, H would re- large 

•>i«J f i a r . T fio' . is w-.-ad r e s u l t . Fila-nentaticr. c-C -he plasm by light self-

:*uc-;:?lrir "icht create scale hcirhts corparable to '.he laser wavelength, 

;••;:• ilr.r to 10 PC f ie lds for :;<i I V l t . Jr. t h i s cafc, however, electror. 

••.•rsiu-::.!'-:-. woul>: rapidly srtooth :r.:- tc^-urauav- grariier.t. The situftticr. 

i.'-.:i:ir; i<' ,v : c-j-xlIcai-.-o who;: ;•;•;- :-e;:.-jri)r:- '.ha* •:!*• •.•:e?t:-or. cowluctivity 
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depends (in an uncertain fashion) on 3. Despite these difficulties, 
numerous two-dimensional MHD codes ' 3->~$> have calculated field 

20 strengths in agreement with magnetic probe measurements . 

B. X-Ray Spectra from Slab Targets 
McCall has obtained high energy x-ray spectra from targets 

irradiated by both CO., and Nd lasers. Both targets were thick CH_ plastic 
foils. 

The C0 2 experiment used a 1.5 ns, 100 vim diameter laser bean:. Figure i>a 
shows the high energy x-ray brightness for a 10 J (circles) and a 2 J 
(crosses) pulse. The theoretical curves shown were calculated by the 
LAStffiX two-dimensional hydrodynamic-transport code. In this computer 
rodel the fraction of the incident. laser energy that is absorbed by 
parametric instabilities and resonance absorption heats electrons by 
promoting them into a suprathermal energy distribution according to 

n (v) a v 2 exp [ - 1/2 n v 2/ ak T ] (9) 

where v is the velocity coordinate of the distribution (assumed 
isotropic) and a(6 < a < 12) is an input parameter characterizing the 
heated distribution. At the time these calculations were performed 
a was believed to be about twelve . (Subsequent plasma simulations 
which account for a self-consistent density profile have found a= 6 is 
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more correct.) Figure 5a shows that the agreement between this model 
and experiment is good at both laser energies. A calculation for the 
10 J experiment using only inverse bremsstrahlung heating lacks the 
high-energy electron tail and thus produces very few x-rays with hv>io keV. 

McCall's Nd laser experiment used a 10 J, 30 ps, 50 urn diameter beam. 
RLgijre 5b gives the experimental x-ray brightness and the results of LASNEX 
calculations for (1) 10 J absorbed and a= 12, (2) 1 J absorbed and 
a= 12, and (3) 10 J absorbed and an inverse bremsstrahlung electron 
distribution. The experimental spot diameter has subsequently been revised 
from 50 to 100 urn, (see Ref. 17) reducing the light intensity by a factor of 
four. This, together with the use ofa= 6 rather than a= 12, helps to bring 
theory and experiment into agreement, but the calculation is still high. 

" -7 

It is interesting that a completely different theoretical model'1 (using 
a reduced electron conductivity to produce very hot electrons in the low-
density plasma plume) also requires a substantial reduction in absorbed energy 
in order to obtain agreement with this experiment. The reason for this is 
that the thermal x-ray emission ( J 15 keV) is determined primarily by 
absorbed energy and is not very model dependent. The poor agreement with 
this experiment has not yet been resolved. 

Figure 6 shows results of rimilar experiments'" performed with the 
Livennore Janus ( Kd, 10 J, 100 ps, 30 and 100 un dia.) laser. The LA3EX 
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calculations using a= 6 show good agreement. The absorption parameters 
used to calculate these CH foil experiments are identical to those used in 
calculating the quite different experiment to be discussed in the follovdng 
section. 

C. Glass Ball and Disc 
The Janus laser was used to irradiate a 55 um diameter, 1/2 urn 

In thick, spernical glass microballoon containing KT gas at density 
? y. 10"* g/cc. The microballoor. was mounted on a 1/2 urn thick, 140 um 
average diameter glass disc. The laser pulse was an 18 J, 90 ps FWHM 
Gaussian. The ring (low intensity on axis) beau; had a diameter of 
% 60 um at target position. 

The LASilEX calculations of this experiment arc in good agreement 
with the Pleasured x-rays, neutrons and compression. The calculations 
show that, the- glass irdci'oballoon is supersonicaliy penetrated by electron 
and x-ray transport and therefore explodes while it is pushed inwards by 
-li.ltttion pressure. This type of ^plosion is less sensitive to Taylor 

ircutbi lit lbs thr-L>; the purely ablative isentropic implosions needed for 
2 iast-r fusion C?R. Compressions cf ̂ 10 were obtained but the peak density 

(<l£/ec) was tr,uch less than desired for fusion applications ( > 10 g/cc). 
For the Janus laser puise, however, an exploding pusher plosion produces 
(lienor ion temperatures aixS thus, higher neutron yields. 
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Calculations showed that the position of the compression peak 
(relative to the initial center of the raicroballoon) was very sensitive 
to the laser beam spatial profile. The beam was known to be ring-shaped 
and some amount of beam breakup (further reducing the on axis intensity) 
was expected. In the calculations, the beam profile was varied within 
experimental uncertainties to obtain agreement with the observed x-ray 
microscope picture. All other code inputs were experimentally known 
quantities or were obtained from theory. The parameters used to steulate 
parametric instabilities and resonance absorption ( a = 6, 25$ absorbed 
when a laser ray reached 90? of critical density) were obtained from 
plasna simulation calculations and have consistently given good results 
for other types of experiments performed at ILL. 

Comparison between the computer model and experiment is shown ir. 
Fifjure 7 (x-ray spectrum) and Figure 8 (on axis densitometer trace of 

h x-ray emission). The calculated neutron yield ( ̂ 10 ) is in agreement. 
Because of the numerous uncertainties, however, the fraction of neutrons 
produced by thermonuclear (as opposed to bean-plasma) reactions cannot 
be inferred. This must wait for an experimental measurement of the S7T 
ion temperature. 

V. Conclusion?-
A laser-fus'.on power plant in which small OT droplets or shells are 

imploded tc suppr-hiRh densities appears to be theoretically feasible. 
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The extensive computer simulations used to analyze such systems, however, 
involve several physical uncertainties which have yet to be resolved 
experimentally. The basic laser fusion scheme has already been modified 
because of theoretical work and the results of future experiments will 
necessitate further modifications. 

Because of preheat and decoupling effects, short wavelength lasers 
(<1/2 m) may be needed to supply most of the energy near the end of the 
laser pulse. The high power requirements on the laser may be reduced by 
using shell targets; but in tills case R/aR s 5 must be maintained in order 
to minimise shell breakup due to fluid instabilities. Applying the laser 
energy in bursts can help to reduce such instabilities by producing an 
impulsive (but nearly isentropic) implosion. During the initial phases 
of the implosion long wavelength ( > 4urn) light may be necessary 
to obtain good symmetry. Illumination uniformity to 101? and normality 
to within 30° are probably needed. 

In almost all cases, theory and experiment are in good agreement, but 
uncertainties are large in each. 
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FIGURE CAPTIONS 

Fipwe 1 Calculated gain (TN eneiyy/laser energy) versus compression 

for different laser energies. 

Figure 2 Near optimal pulse shape for a 5 x 10 J laser irradiating a 

50 uK liquid DT drop. 

i~ 

Figure 3 Fractional absorption by parametric instabilities and 

resonance absorption versus angle of incidence. The light 

intensity is 10 W/cm'" and the density profile has relaxed 

to equilibrium. 

Fi^ire 4 Heated electron distribution in arbitrary units versus electron 

momentum for (a) parametric instabilities and (b) resonance 

absorption.. Dotted curve is the initial distribution. 

Fifjire 5 X-ray spectra from LAST, expertaents on CH-, foils. 

(a) CO,, 10 J (circles) and 2 J (crosses), 1.5 ns, 

100 urn dia. Result from LASNEX calculations for 

10 and 2 J (a = 12) and with inverse bremsstrahlung 

only. 

(b) fid, 10 J, 30 ps, 50um dia. Results from LASNILX 

calculations for 10 and 1 J (cc= 12) and with thermal 

radiation only. 



Figure 6 X-ray spectra from H i experiment on CH discs. (Nd, 
10 J, 100 ps) and results of corresponding LASNEX calculations. 
(a) 30 m dia. spot 
(b) 75 m dia. spot. 

Figure 7 X-ray spectrum from LLL ball and disc experiment (open circles). 
(Md, 18 J, 90 ps, 60 in dia.) and results of LASHEX calculation 
(filled circles). 

Figure 8 Calculated and measured densitometer traces along symmetry axis 
from x-ray microscope pictures of ball and disc experiment. 
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X-RAY INTENSITY VS ENERGY FOR PARYLENE DISK 
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