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INERTIAL CONFINEMENT FUSIGN (ICF)*

dohn Nuckolls

University of California, Lawrence Livermore Laboratory
Livermore, California 94550

ABSTRACT/ INTRODUCTION .

The principal goal of the inertial confinement fusion program is
the development of a practical 7usion power plant in this century.
Rapid progress has been made in the four major areas of ICF - targets,

drivers, fusion experiments, and reactors. High gain targets have

_been designed. Laser, electron beam, and heavy fon accelerator drivers

appear.to be feasible. Record-breaking therlpﬂuc'lear conditions have been

"experimentally achieved. Detailed diagnostics of laser implosions have

confirmed predictions of the LASNEX computer program. Experimental

_fac'i'lities are iaein'g planned and constructed capable of igniting high gain

fusion 'ni‘croeijiosions in the -mid 1980's. A low cost long lifetime

; reacto 'design ha.s been'deve'loped.

Ta ets heve been designed which have calculated gains of §00-1000

" 1 1 This relaxes. the 1 GWe fusion reactor driver
"-21 and the allowed tirget cost to ~ 50,cents.  Results

‘f‘thousands of LASNEX sim'lations of mp‘losion-fusion experiments with:

possib'le tnrget designs ‘have, been used to detemine which experilnents

-;nd to find optimn target

) ';*Research perfarmed under the auspices of the 1.5, Energy Research and

Development Administration under Contract ‘No. H~7405-Eng-4a

designs. Techniques are beind developed for fabrication of targets at

sufficiently low costs and high rates for fusion reactors,

In che driver area, several types of lasers, feavy ion accelerators,
and relativistic electron beam machines are being developed which my be
suitable for use in fusion reactors. Contrary _to-recent assertions.2
focusing by lasers is feasible from‘ such great distances (~ 100 meters
to a several mm target) that the perturbation of the optical systen by the

fusion explosion {s negligible. Heavy ion accelerator magnetic focusing

elements are easily shielded. Progress has been made in focusing electron

beams across the reactor chamber. This multiplicity of driver options

greatly increases the chances of success for ICF.

In experiments with multi-terrawatt Nd glass lasers, e:_tploding.pusnerv
targets have achievedb record-breaking themonuc'lear conditv‘ons.a including
8 keV fon temperatures, and OT gain -io'z Measurements nith an lrrny

v of remarkable diagnostic 1nstruments have, recorded the detn'led h'lstory

of Taser implosions ard confi rmed predictions of the'LASNEx MiD-fusion-transport

computer code and the ZOHAR plasma simuhtion code. Experiments are now

underway to compress DT to 'IDO times 'quuid density

experiments Mve a1so been conducted uith‘re'lativistic lectron beam.

rnachines and ugnetica'l'ly‘ nsu'lated turgets

LRI SLI T



,.'thebloo‘TH'c"Iri\iiers'. Most of these 10-100 TW drivers are Nd glass lasers
) bec‘ause‘the}v are. fhe'il;ostvadvanced, pouerful and versatile fusion drivers

non nvai'lab'le. Consequent'ly Hd lasers will play 2 key role in

first |chiev1ng m\plosion to high densities, scientific breakeven, and

high gain ,fusion mcro_exp'lus'lons.

A reiaﬁv‘_ely Tow cost reactor design has been developed which solves
the first wail.‘ probléms.‘ Complete shielding from cyclical thermal stresses

and fusion radiation is achieved by a thick wall of talling Viquid 1ithium.

Experimental power reactors are projected for the late 1980°'s and

'dén\bns_trqtipn power reactors for the late 1990's.



at density 105 g/t:m3 in a Fermi degenerate state.* At 1000 g/t:m3 densities,
‘themnuclear .burning ‘occurs in tens of picoseconds - comparable to

-3

inertial confinement timest for 10 g pellets.

An implcﬁcn dri'vén'by a high power beam is used to 1§entrop1ca11y
- compress DT tovery high dénsities.s Material ablated from the pellet
surface driyes:a"spherical implosion rocket. In spherical compression,

the rate of fﬁgnrpnyclear burn {proportional to the density) increases

nore rli;id'l_y han. 'the'_ inertial confinanént time (prcporﬁcnal to the

rachus) decrensas. . Ccnseduently spherical implosicn to high densities
'makes possxb'le efﬁcient fuslon mcroexplosicns. Most of the DT is

1gn1ud by a thermnuclear burn wave propagat»d outward from a small
region surrcunding the'center cf ccnvergencc which is driven to thermonuclear

tenperltures By explci 1n' propagation and 1sentrcpic compression the

B '«averlge specific ene) g.y requi ed to ach‘lcve efhcient burn of the DT is-

‘ - ;t_vpicn'll_y 2 X, ‘ID7 J/é, onl_y 2 of the specific energy at 10 kev. Fin 1a. This
¥ r:unceptual apprcach to contro'lled fuslon was developed by the authcr and C
simiated via counuter"'cucum" is 1n 1960-61.
“Th pe ‘m-mance potential of‘ ICF targets ma_v be Hnited b_v entropy -




nd stimll ted scattering. Experiments show :viden_ce

Tlle._c.a'lculatcd absorption.vs. angle and polarizatiol;,
PR ; , 8
ad 3 .




and high gain targets., The laser temporal pulse shape may be Gaussian
and the 11lumination may be relatively asymmetric (with some degradation
in neutron yield). A variety of emissions from the imploding targst
mike detailed diagnostics possible, including x-rays, neutrons, alpha
particles, ions, and scattered light.

Extensive LASNEX parameter studies have been made of exploding
pusher targets.‘a Some of these results are shown in Figure 6. .
For each laser power there is a set of target/pulse parameters which give
near maximum neutron ,y'le'lrl!4 The maximum neutron yields vary approximately

wi;h the power squared.

In explading pushér targets driven by REB - relativistic electron
"beam. - machines, magnetic fields have been used to reduce electron
conduct'ion sbAthat thermonuclear temperatures can be reached with smaller

15

1n\p’|osion velocities. - REB driven implosions do not reach as high a

‘ velocﬂ.y as laser driven implosions because the focal area is 'Iarger and the

.depos'ltion 'Iength is grelter.

‘ .HXGH DENSITY '[AR(;ETS:]6 The principal differences between the single
sl}éll high ‘densit&_targets and exploding pusher targets are: the initial
DTv~"c:i.'ev"n'siltjy""ls Increased from 2.5 to 10 mi1ligran/ca’s the pusher 1s

- wade: re'lative'ly thick cunpared ta its radius (~ 0.3), the outer surface

of:the’ pusher is ude smoth to 3000 | N and 2 longer duration two.step

*laser: pu'lse 1; usgd.r The twe step ou'lse shape. generltes a

) more 1sentmpic 1|np'los-lon so that higher densitus -ay be ‘achieved for.




In genet:a'l high .vo'ltaae "'“rged particles are efficiently absorbed.
. For short ..nvelength lasers, efficifent absorption occurs via inverse
bremsstrah'lung 1n intemediate z absorbers. Efficient implosions are
. achieved \_dth short wavelength lasérs because the blowoff velocity is
well mattihed‘to’_the‘_implosvion velocity and relatively lightweight pushers
and preheat shields maybe used. Implosions directly driven by relativistic
* - electrons arie‘_“ineff'lcient because relatiig'ly massive high Z shells must be
used for prehegt shielding. However, in the pulsed power machines are
. used to qccé'lerate ibﬁs, the deposition lenyth of these ions is éreatly

" ‘Yeduced and efficient implosion s possible.

Concerning fluid instabilities, in electron driven implosions
‘A,favorable d:nsity grad1ents are formed which greatly relax the surface
smoothness requ1rements. Similar grad'lents may also be generated in laser
:;: and ion 1mplosions by introducmg an energ,y spread in the beam.18 Even

: with favorabl: dens'lty gradients re'lative'ly thick shells must be used N

: 4&
R )
\-ﬂﬁ(« 1000 &). Consequently, any inert material “in the target should have

~ 0.1), in order to avoid vextreme sui‘face smoothness requirements

as Tow 2 density as possible in order to minimize its mass relative to
f:l'gat ,Qf the DT fuel. Inert mass in the target must be impjoded at nearly
. _'thef's_an'me velocity as the DT, so that the target gain will be degraded.

High Z:materials for preheat shielding may be seeded into these low density

‘shells, .
Efficient fuel compression depends on pulse shaping and preheat

suppression in order to achieve a Fermi degenerate state. Figure 8




- 13«

freezing out uniform layers, Figure 11; for coating thé capsule with a
diversity of pusher and ablator materfals having surface finisfies better
than 3000 A; for automatically characlerizing the entire outer surface to
find "Hount‘ Everest,” and inspectiﬁg the shell interior to find bubbles’-{-.
and other defects; and for mouniing the capsule on plastic films so as not
to induce disastrous growth of fluid instabilities. Potentially these
techniques could be used to manufacture targets at sufficiently high
rates and low costs for fus‘loi'lrreacto‘r applications. For a ton yield
target the maxtmum allowed Fabricatisn cost is ~ 50 cent‘s; not including
cost of the tritium which is regenerated in the Tithium blanket. For a

1 G¥e power p"lant the production rate is four quarter-ton yield targets

per second.
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population inverted excited states of atoms and molecules and exploits

' stimq'latéd emission. Heavy fon accelerators store kinetic energy of
near.v:e’latiyistic. Tow temperature charge;'plrt‘lc'le beams guided by
rrugnetié'ﬂjé]ds. The required high powel;s and currents are achieved
without violating 1imits imposed by space:?:ﬁarge and phase space
consideragiol{s by bunching 2 beam of heavy fons in a low 1oniz§tion state
either in a circular ring or in a linear accelerator. Relativistic electron
beam machines siore energy in large volume, irigh voltage electrostatic

"“fields (Blumleins).

' Using the high 'g(Hn targels described above, the driver characteristics

suitaﬁje for a 1 GWe fusfon power plant are

_ {ELECTRON BEAH TON BEAM LASER
ENERGC L 2w [T 1w
PR - oo T 100 W 100 TW
VOLTAGE/ ;< 3ne <30 Gev U <2.m
WAVELENGTH I or 5 eV P
REPRATE T s T s 45
RNy ¢ ot S 2

.CosT ~ 108 ~ $108

Fo;g a-5-10 meter reactor. chamber to a few ™ size target,

focus to this size target from up to 100 meters using

meter optics and ) pm wavelength Vight, so that there s no problem wth
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10 TW Nd glass lasers are also scheduled for completion in 1978 at
Lebedev, the DELPHIN,2Z Figure 14 and the un1 35,23 Figure 15. Finally
the Rochester OMEGA 1D THW glass laser is expected to be completed by
1980.2‘ Figure 16. Targets are being designed which mdy approach and
possibly equal scientific breakeven with the SHIVA laser.. However much
larger lasers are required to demonstrate high gain 'microexplosions.
The multi-100 TW Livermore NOVA Nd glass laser is designed to achieve
this goal by 1985.%5 Figure 17,

The potential performance levels which may be achieved with Nd glass
lasers have greatly increased to beyond the 100 TW level due to a series
of important technological advanceszs: computer optimized disc anplifiers
and staging chains, spatial filters, automatically aligned many beam
systems, and .improved -laser glasses and optical components. Consequently
g'l‘ass lasers will be the nost powerful and versatile fusion drivers for
the. next ‘decade, and will have a lead role in demonstrating the feasibility
" of éffi:ieni. high gain fusion microexplosions. Although existing Nd
glass 1|s;rs have too low an efficiency (< 0.1%) and too smll a rep
rite for fusion re;ctor applications, recent innovations may lead to
sufficient improvements ‘in these areas so that these lasers become a

}_contender for reactor drivers.

At Los Ahmos. a10 TH coz Taser m‘ll be compIeted in 1978 and the. HEGLF

’ ‘" 100, T\v c(!., laser in the early 1980° s26 F1gures 18, 19 -Recent exper‘iment. and -
Zéa

theoretiu'l advlnces have mproved the prosnects for coz as u fus\on driver
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early-mid teight:'ies.28 Figures 21, 22, 23, 24.

A recent conference at Brookhaven addressed the feasibility of .
constructing a heavy fon denonstration facility, of order 50 TW/100 KJ/10 GeV
by 1985. Several approaches are being considered including various
combinations of pulsed 1inacs, RF linacs, synchrotrons, storage rings,

and accumulator r1ngs.29'30‘3] Figure 25.

More radical driver technologies may also be possible - for example
multiple BB's moving at 2 x 107 cmfs may be used to drive the target

1

implosion.’ These BB's might be accelerated over distances of several

hundred meters by GW power lasers, or over kilometers by magnetic guns.

The njult*lp?icity of fusion driver options gr.atly increases the

chances of a cuccessful ICF reactor.



pusher targets were imploded to-fusi.pn -cbi\ditions by a Sandia REB machine,

-1 -~
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and a ball in disc exploding pusher target was imploded to fuston conditions
with a LASL €0, Yaser. Figure 25.

Implosion/fusion experiments with exploding pusher targets have been

performed at a dozen Taboratories throughout the world, using Nd lasers,

€0, lasers, and REB machines.

LABORATORY
LEBEDEY
KURCHATOV
osAsA
LEMEIL
RUTHERFORD
'LIVERWORE

LOS ALAMOS '

KSE:
ROCHESTER ~
“ SANDIA
WL
GARCHING -

Many.of -
used to :’flr'rld'ilte

beam-matter, frteractions:

- _DRIVER PORER

"o Nd Taser 0.5 TW?
REE - 0.1 T
T Ndlaser 0.5 TWE
N Taser. 0.5 W
) >de laser - 0.5 TW?
Nd laser 3.5 W
_cbz l}xsevj . 0.4 T
.I'Id':hs:'e_yj,' 1™
CNdlaser” 0.5 TH
w0 am
Hd 'I'Ii’ser: o -~ ™
T

“plana térgét§’1q éfdér,'t explore

experiments measuréments have been’ -

MAXIMM
HEUTRONS
~10'7
~10° (00)
~ 16"
<1072
-0’7
~10°
we-10f
108
~ 1072
~10% (on) -
?

?

Tlvér_-_ drivers - have also been
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These ‘d'iignust'-lc instrumnts have ‘also been used tc; explore in
- detail the operation of laser drivep exploding pusher targets. Some of the
most remur'kab'le‘vj&:u!;s are showa: an'x-ray microscope image, an x-r&y
streak{ng/pinho'l'e“ 1iu§ge. and a zone plate fmage of the thermonuclear alpha
parﬁc'les. Figures 31, 32, 33, Again the results confirm predictions of
the LASNEX ¢tomputer program, not only as to neutron yield but aiso implosion
ve"lacity, DT fon temperature and density, x-ray emfssion and spectra, and
laser light Sb:ar_nt'lon_ a:nd scattering. Figure 34 compares predictions and

measurements of key parameters of exploding pusher targets.

The picture that emerges from this remarkable array of measurements
and the.det'aﬂed comparison with computer calculations is surprisingly
good a_greement'v_over such a broad range of pérameters that the agreement
cannot be accidental. : The successful prediction of these complex
processes is ‘Ir\_&_eed a triumph for the theorists and for computational
pliysics. Thg LASNEX: computer program s a powerful and unprecedented

: breakthrpﬁgﬁ Inyfusion research.

Laser fusion expéHments are now underway to implede DT to 100 times
‘solid den‘s'ity‘. NEw types of diagnostics are being developed to iweasure
: ihe T density. (X-ray ﬁicroscopes and pinhole camen:as have marginal
spatial reéo'lution.) In particular it appears that radiochemistry
. 1§,one of the best density diagnostics, and that it will play an

increasingly impartant role as even I}fgher densities are reached.

In tha REB driven implosion experiments which have been coniucted,

the diagnostic results are less ad'vanced.' . It has not been demonstrated
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REACTORS

fusion explosions of 0.1-1 ton yield will generate cyclic pressure
and temperature stresses and aiso plasma and x-ray damage of the first
wall, and neutron damage of the first wall and the structure beyond.
Figure 35, Adeguate experimental data on degradation of first wall
1ifetime by these effects do not exist. Consequently it is a major
technological challenge to design a first wall and reactor which costs
~ $lﬂa {for 1 GWe) and which has a 1ifetime equal to that of the power
plant (30 years). However during the past year a reactor desfign has been
developed which solves these potentially critical prob’lems.‘ The key idea
is a continuously renewable first wall of liquid lithium sufficiently thick
to attenuate the neutron flux as much as necessary to protect the underlying
structural materials. Slﬁeldiny is also provided b} the falling lithium -
which is separated from the wali by a gap - from the transient x-ray,
blast, and therma) effect’s.v The lithium 1s so massive, and the impulse
generated by the low mass fusion pellet so small, that the reactor structure

is essential’ly completely shielded from explosive effects. Figure 36.

Calcuhtions show thut hser tht may -be propagated through the -
11tMum vapop in equilibrium with the 1iguid at reactor temperatures and
- _that the. energy required to pump_ the Tithium 1s not excessive.

Cou\puter codes are being deve'loped to calculate the propagation of

cle bems through tMs vapor. Based on cnlcuhtions and--

experinnts uith eIectron belms it is be’lieved that propagntion 1s feasible




SUMMARY

. The developunt_ logic; milestones, and pro:leqted time scales for
1CF are sﬁu\inized in-Figure 37. wWhile a number of‘reactor driver options
are developed 1n.’plra'|lel, ¥d glass lasers are used to demonstrate the
feasibility of high gain fusion microexplosions by the mid-1980's,

_ The best driver options are then selectedbto make an experimental reactor
by 1990, and finally to build a demonstration reactor by‘ the end of this
century.
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FUSION CONCEPTS/TARGETS

The efficiency of thermonuclear burn, ¢, is related to the densi i_‘y,

n, time v, and Maxwell veloeity averaged reaction rate, ov, by
T—?;@ -~ (n'r)a_v

where the (1 - (b)'] factor corrects for fuel dep'leh'on.5 For the most
reactive thermonuclear fuel, DT {deuterium-tritium), ov increases very
rapidly with ion temperature and peaks at temreratures of ~ 3D-10D keV.
Typical ignition temperatures are 5-10 keV. The quality of thermonuclear
burn in various inertia) and magnetic fusion rachines may be represented
on a plot of nt, the Lawson number, vs. 01- the DT ion temperature, Figure '
one. Contours of constant DT gain may then be constructed (DT gain

Both the magnetic and the inertial apprcaches must achieve thermnﬁc'lear
temperatures and sufficiently great nt. However in magnetic fusion machines
n is rolatively small and is limited by the properties of mater‘als, so
that the objective is to maximize 1; whereas {- inertial fusion machines T
is relatively small and is limited by the inerzia of matter, so that the
objective 15 to maximize n, The feasibility c¢¥ inertial fusion rests on
the fact that compression of DT to thousands c times solid density is
energética'lly cheap compared to heating of DT zo ignition temperatures:

the specific energy of DT is 107 Jjoules/gram a= 10 keV temperature, and also




+ Entropy changes - controlled by pulse shaping, beam
wavelength or voltage and Z, and electron and x-ray preheat
suppression and shields. '

+ Fluid instabilities - controlled by surface smoothness » shell
thickness, and denstty gradients.

= Asymmetries - controlled by multiple beams, complex focusfng
systems, electron conduction smoqthing 1n‘,a Tow- density
atmosphere, and shimming. ' o

« Absorption - contrclled by beam wavelength or voltage and Z
absorber Z, focused 'Intl'nsit_v. and density gradients.

« Implosion efficiency - controiled by beam wavelength or vo'ltlge

. and Z, focuzed intensity, absorber Z, and re'lat{ve pusher ss.

A highly sophxsticated computer program, LASNEX, has been devc’lopcd
(3

to calculate ICF experiments, implos{ons. and fusion nﬁcroexp'losions.

LASNEX is 2 Lagrangian finite d\fferenre code which ca'lcuhtes the space’
time evolution of an axia'l'ly s,ymetnc p'lnsnu containing thzrmﬂ e'lectrons 2

and fons, superthermal e'lectrans, x-rays. thermnuc'lear relction products G

and  the associatrd e'lectric and magnetic fields. The p'lasnu my be"driv

by a laser, e'lectron or 1on ‘beam, 'AThc bem generates a m.'ltigrou




- Targets which implode DT fiel. to themnuc'lelr temraturu )
' at rormal -densities.  These targets- have been tested in hser v
and ejectron beam experimnts. .
+ Targets designed to cowress oT to mgh densities (~ 100 ti-es
_ liquid density). S :
e Targets designed to achieve scientiﬂc breakeven (fuswn energy

equa'ls Taser energy, gain = 1),

« Targets designed to achieve high gains: (up to 1000).
Examples of these four classes of targets are shown in Figurp :Four,
THERMONUCLEAR TARGETS: These targets which utilize the exp'lodmg pusher )
principle were invented at Livermore in 1870 for use in ‘imtial experinents"
The simplest expluding pusher target consists of a spherical ho'l'lou glass

microsphere filled with low density DT gas and. llounted on a stall:._ Typi;d'l

microsphere parameters are 8D ym d‘imeter, 1 pm wall thrclmess. and

2 mg/un DT density. Many variations have been deve'loped mc'ludmg those

in which the microsphere fusion capsule is enclosed in foam or vmnted ulth
12 : SR

a glass or plastic sheet.

Exploding pusher targets sre,pnrticuIarly well suited to early lCF :~-_:- -
implosion experiments. Because the pusher {glass shell) is suddenly: - - . .0 :
heated and exploded by a short duration (< 100 ps) hligh power pulse, . .‘ :
the implosion is relatively 1ﬁseﬁsit1§e to preheat by supertherl_nll e’lectms ‘.

and x-rays and fuid instehilities grow relatively stowly. Figure § shows

calculations of the characteristic decrease- of the exp'loding pusher
density during implosion and for comparison the behavior of high density

e
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Fluid instabilities are sufficiently controlled by the 3000 & surface
smoothness and use of a relatively thick pusher. This pusher also reduces
preheat. .

The high density target performance may be impraved by adding a
second outer concentric pusher, This outer pusher enhances preheat
sheilding and increases the implosion velocity upon callision with the
inner pusher.

SCIENTIFIC BREAKEVEN TARGETS: 7 Double shell targets are the most

promising candidates for achieving scientific breakeVEn with 30-100 TH
drivers. The principal differences between thése double shell targets and
those being used to achieve high densities is’that the fnner pusher is made

of high density, high Z materials, the surfag:g of this pusher is smooth‘_ .

to better than 1000 R, and the fuel is a cryogenic Tiguid: or i_ frozen
shell. The DT fuel is imploded to densities of ~ 1000 g/cm®, and to-
temperatures > 10 keV. Although the symmetry reqﬁirm‘unts are'extiréméi
{velocities must be uniform to ~ 1%) gas between the janer and outer o
pushers is compressed and heated to temperatures of several hundred ev. R

and additiona‘l smoothing occurs due to electron conduction in this gas. . .

A two step shape is requ‘lred. simﬂar to that used for high dens{ty
targets.

HIGH GA!N TARGETS. o Ing order to ach{eve maximn gains. the driver

energy rust ne used very: effix:{ent'ly. !dea]ly. a1t the’ene' gy shou d b
. absarbed, and a tar'get cansisting entirely of fuel
burned eff*h:iently :
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compares the pulse shapes required to implode single shell thermonuclear
(exploding pusher), high density, and high gain targets. However, for
single3hell hollow targets it is not possible to simultancously achieve
maximum efficiency compression and ignitiqn. If the pulse shape is varied
to put the inner edge of the shell on a drastically different isentrope
than the outside, then the inside will implode and ignite prematurely. If
the inner edge is shocked to a higher adiabat late in the implosion, then
much higher dAriver powers are required. Consequently, much higher gains
can be achieved at low power if an ignitor capsule is positioned at the
implosion center. The fusion energy from thic ignitor is then used to
ignite the fuel in the outer shell. Since the ignitor mass is so small
compared to that of the outer shell, the ignitor pusher may be high density.
This target is very similar to that to be used for scientific breakeven.
The principal difference is the second fuel region on the inside surface
of the outer pusher. Ctlculations predict that with 1 M3/100 TH drivers*
gains of 1000 may be achieved with central ignitor target designs and
gains of ~ 300 with single shell designs.

The strategy for progressing acros;”s the nt, ei space in Figure 1,
with this series of targets and a sequence of increasingly powerful
Nd glass lasers is shown in Figure 9. '

Significant progress has been 'mddé in fabricating ICF targets.w

Techniques have been developed for manufacturing glass microspheres with
droplet generators and drop towers having cavefully controlled temperature

cradients, Figure 19; for filling these microspheres with DT gas and

Fhaving sufficiently short wavelength or voltage
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FUSION DRIVERS

Energy densitieé of 107-108 J/gq are required to dr:ive microimplosions
to the density and temperature conditions of efficient thermonuclear burn.
These enargy densities are more than 103 fold higher than those generated
by chemical reactions. The bond energies corre_sponding to ordinary solids
and phase changes are orders of magnitude smaller than those correspobding
to matter at thousands of times ordinary soldd densitfes. These super
energy densities may be generated by absorption of high power photon or

charged particle beams focused to high intensities, providing the

absorption length is syff‘lcient'ly short. Driver damage by the 0.1-1 ton
fusion exp10;1on in a reactor {s avoided by:focusing the beam across a
distance of 5-10 meters from the reactor wall to the turget typica'l'l_v
several mm in diameter. In order to avoid preheating of the target by
the beam, and by the superthermal e'lectrons and. x-rays generated by

absorption of the beam - which uou'ld prec'lude effic‘lent. 1sentrop1c A

compression, - the wavelength or vo'ltage of ‘the bean is Timited. The
efficiency of the driver is high enough - a few percent so that substantiali

net energy is generated by the reactor.

The three Ieading driver candwdates for 1nert1|'| fusion reactors

are lasers, heavy fon ncce'lerutors and re1at1vist1c ehctron beum luchines.'
In each of these dnvers. enarg_y 1s stored vn a -o'latwe'ly 'Iarge vo'lm
entropy state. Tais energ.v 1s sudden’ly re'le ed i

at or pear the velocity of }'th‘t.» The 1_aser .stor;!
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damaging the focusing optics or jarring it out of 8l1gnment. Complete
shielding of the heavy ion magnetic focusing system is feasible. Progress
is befng made 1n the focusing of relativistic electron beams and 1ight

fons generated by REB machines,

A dozen er so 0.1-1 TW fusion drivers - including Nd lasers, (:02 lasers,
1, lasers, and REB machines - are being used to conduct fusion experiments
at Laboratories throughout the world. The most powerful driver now being
used for fusion experiments is the Livermore ARGUS 2 beam, 20 cm aperture,
Nd glass Iaser.zo Figure 12.This laser has focused 5 TW of power on
targets. Two oscillators are used, one capable of rroviding pulses as
short as 25 ps and another capable of producing pulses from 120 ps to 2
nanoseconds. This second super stable oscillator is used.in conjunction
with an interferometric pulse étacker to produce a two step pulse shape.
The two laser chains contain a series of rod and disk amplifiers
sequentially spatially filtered in vacum to remove high frequency noise
generated by small scale beam breakup due to the propagation of an intense
laser beam. The ARGUS system 1s mounted on a 70 meter long, 12 meter wide,
1 meter deep concrete slab which is in turn supported by 96 columns - the
World's largest optical table, The {rradiation optics are two diffraction
limited /1 lenses.

A series of increasingly powerful drivers will be completed in the
1977-85 time period. The first of these, the Livermore Nd glass SHIVA
laser, will achieve powers up to 30 TW in 1978.2'| Figure 13. Two Soviet
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However the decisive experiments will be those with high density and high

gain targets. Even if the outcome of these experiments is negative for

COZ compared to shorter wavelength lasers, it is still possible ihat complex
and ingenious target designs will be successful. Based on our -
present understanding and target designs, I have estimated tle

probabilities of achieving various target performance levels with the
Livermore Nd lasers and the Los Alamos o, lasers. These results are

shown in Figure 20. Largely because 10 um COZ 1ight generates three times
hotter electrons with 10 fold greater range than does 1 ym Nd light in

the intensity range of interest (< 10]4w/cm2). T %21jeve that the SHIVA

and HEGLF lasers have comparable chances of reacﬁing scientific breakeven.

However if positive results are achieved in the critical t:o2 expériments, or

if coupling difficulties are made tolerable by new target. desrgns then s
002 will be a prime contender to drive fusfon reactors, since it has a

sufficiently high efficiency and rep rate. ™

Because of uncertainties in the utility of ‘Ng and (:02 hsers for

reactor applications, other shorter uave'length 'Iasers are !

(< 0. 3 um). and, 'dequate effunency (>73$) Itfis ixbei:t.d_tha’t
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FUSION EXPERIMENTS

Many of the basic inertial fusion concepts have been experimentally
demonstrated

1945  Implosion, inertial confinement (fission explosions)

1952 Thermonuclear explosion

1968 Laser induced fusion

1974  Fusion via laser driven implosion

1975 Thermonuclear burn via laser implosion

1976  Fusion via REB driven implosion

The simple glass microsphere exploding pusher targets first yielded
DT neutrons in tests at KMSF in May 1974.32 A two beam confocal ellipse
illumination system was used in these experiments. Advanced exploding
pusher targets first generated detectable neutrons in single beams.
JANUS laser experiments performed at LLL in December '|974.33 The first
experimental demonstration of thermonclear fusion in a laser implosion
was achieved with advanced two beam targets at LLL in May 1975.34 An N
lens illumination system was used in theze experiments. In September 1976 ‘
ARGUS two beam experiments, advanced two beam targets achieved record-breaking
thermonuclear conditions for all laboratory fusfon mackines, including 8 keV
jon temperatures, 'IO‘2 cm'3s Lawson numbers and 'IO'z DT gains (fusion
energy/DT thermal energy).3 Figure one. The first successful REB
implosion/fusion experiment was achieved at Kurchatov in Spriﬁg 1976 using

a confcal target.35 In early 1977 spherical magnetically insulated exploding
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made of the variation of absorption with angle. po'!arization. intens'lty,
pulse Tength, spot size, and target material and thickness n addition.
the x-ray emission has been resolved. spatially, temporany, and in
frequency including 1ine widths and intensities; the density gradients

have bees measurnd, and the angular distribution and frequency shift of. - - !
scattered light. and generation of fast fons, electrons, and mognehc -
fields, have been o:liasgnosed.38 a

An exter;s"lve array of diagnostic iristruments. including sevérol

newly developed have been used to diagnose these exper‘inents 'ood ‘also

fusion-implosion enperiments.:"!i These advanced disgnostics 'lnclude g

optical and x-ray streaking caveras, x—ray microscopes, comb‘lned x-ray

pinhole-streaking cameras, UV holographic interferometers. t'lme reso‘lved

multi-channel x-ray spectrometers, 20ne plate coded x-ray imagirigi. alpha

particle pinhole cameras, alpha particle 2o0ne plate ing'in‘g,»and high

resolution optical spectrometers. Figure 27 Resolution, of these 1nst\ uments

is as high as a few ps for the opt\cal streakmg cmer and 10 p for

streaking camera, a few microns for the: x-ra_v microscope

the x-ray line spectrometer. 10 ps/'lo pm for the covrb‘lne X

pinhole/streaking camera, ‘and- 500 ps/200 ev far the :hne: o1

The, resu!ts of these laser-matter experinents Mve

. confirmed the predictions of the plasm imistion codes

’ olarization.t

Figure 29 show bthe cslculated an predicted X

-ynyelength .
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that the fusion is thermonuclear. However there is some evidence for

enhanced absorption; presumably by reflexing in self-generated magnetic
10

or electrostatic fields.

Ton driven implosion experiments have not been conducted

because sufficiently powerful drivers do not yet exisi.



- 26 -

for both heavy ions and electrons. Because the vapor density is so high

this reactor design is not suitable for magnetic fusion systems. ..

The economics of ICF power plants are favorable. Cost estimates
for most driver options, the targets, and the reactor total << S'l‘o9 for a
1 GWe plant. Some heavy fon accelerators have already dmnstrited a
highly reliable long 1ifetime capability. With intens.'lve deve'lopmnt

other driver options could achieve these characteristics. A principal |

factor in the cost of fission LWR's is related to the long delays associated
with siting, environmental considerations, etc. It is believed that this

factor could be substantially reduced for fusion reactors.

Compared to other inexhaustibles, ICF fusion has more than a fvaétt;'r:-ﬂ.i
of two cost advantage over solar, many order of magnitude cleanliness o
;and safety advantage over breeders, and potential technological and..~-~ . °
cost advantages over magnetic (because of the 13+hjium fall reactor o’pt'lor;).’ ,' ]
Coal is not inexhaustible, and sustained high level consumption may triéé'er. n

unacceptable changes in the earth's climate.
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