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A DEVtUiPhtNT SCE: ;ARIO FOR LASEK F V J J I U S * 

A. M a n l s c a l c o , .1, " o v l n g h , and R. R. Buntzen 

,ce L l " a n a o r e L a b o r a t o r y , U n i v e r s i t y -if C a l i f o r n i a 
L i v - r m o r e , C a l i f o r n i a 94550 

U n i t e d S t a t e s of A m e r i c a 

Sys t em s t u d i e s a t t h e Lawrence L i v e r m o r e L a b o r a t o r y have focused on 

f o r m u l a t i n g and a n a l y z i n g c o n c e p t u a l d e s i g n s f o r l a s e r - f u s i o n power p l a n t s 

and on d e v e l o p i n g f u s i o n - f i s s i o n h y b r i d c o n c e p t s t h a t make s e n s e an p a r t of 

the e v o l u t i o n t o a f u s i o n power economy. We d i s c u s s h e r e a davelopnient 

s c e n a r i o f o r l a s e r f u s i o n b a s e d on t h e s e s t u d i e s . Our s c e n a r i o p r o p o s e s 

e s t a b l i s h m e n t of t e s t and e n g i n e e r i n g f a c i l i t i e s Co ( 1 ) I n v e s t i g a t e t he 

t e c h n o l o g i c a l p r o b l e m s a s s o c i a t e d w i t h l a s e r f u s i o n , (2) d e m o n s t r a t e f i s s i l e 

f u e l p r o d u c t i o n , and (3) d e m o n s t r a t e c o m p e t i t i v e e l e c t r i c a l power p r o d u c t i o n . 

Such f a c i l i t i e s would be m a j o r m i l e s t o n e s a l o n g t h e r o a d t o a l a s e r - f u s i o n 

power economy. 

The r e l e v a n t e n g i n e e r i n g and economic a s p e c t s of each of t h e s e r e s e a r c h 

and d e v e l o p m e n t F a c i l i t i e s a r e d i s c u s s e d . P e l l e t d e s i g n and g a i n 

p r e d i c t i o n s c o r r e s p o n d i n g t o t h e most p r o m i s i n g l a s e r s y s t e m s a r e p r e s e n t e d 

for e a c h p l a n t . Our r e s u l t s show t h a t l a s e r f u s i o n h a s the p o t e n t i a l t o make 

a s i g n i f i c a n t c o n t r i b u t i o n t o our ene rgy n e e d s . B e g i n n i n g i n t he e a r l y 

l ? 9 0 ' s , t h i s new t e c h n o l o g y c o u l d be u s e d t o p r o d u c e f i s s i l e f u e l , and a f t e r 

t he t u r n of t h e c e n t u r y i t c o u l d be used t o g e n e r a t e e l e c t r i c a l power . 

T h i s work was p e r f o r m e d u n d e r t h e a u s p i c e s of t h e U . S . Energy R e s e a r c h (. 

Development A d m i n i s t r a t i o n , u n d e r c o n t r a c t No. W-7405-Eng-<io. 

The l a s e r - f u s i o n progi 

and Development ridmtniscrac: 

d e m o n s t r a t i n g t he s c i e n t i f i c 

1 . INTRODUCTION 

IT. . sponsored by t h e V n i t e d S t a t e s Energy R e s e a r c h 

>n (EStA) i s p r i m a r i l y c o n c e r n e d «Lth (1) 

f e a s i b i l i t y of i n i t i a t i n g t h e r m o n u c l e a r b u r n 

i n a fue l p e l l e t by I r r a d i a t i n g i t w i t h a h i g h - p o w e r p u l s e of l . i se r g h t 

and ( 2 ) p r o v i d i n g the s c i e n t i f i c d a t a b a s e t o d e v e l o p and e v a l u a t e new l a s e r s 

System s t u d i e s a r - b e i n g c a r r i e d ou t by n a t i o n a l l a b o r a t o r i e s , p r i v a t e 

I n d u s t r y , and s e v e r a l u n i v e r s i t i e s ; t o I d e n t i f y a t t r a c t i v e m i l i t a r y and 

commerc ia l a p p l i c a t i o n s oT l a s e r - f u s i o n t e c h n o l o g y . The ma |n r tnimiM»rcial 

a p p l i c a t l o n s a r e b e i n g e v a l u a t e d un t h e b a s i s of r e q u i r e d l a s e r / t a r g e t 

p e r f o r m a n c e , a s w e l l a s t e c h n o l o g y and eeonoml r f e a s i b i l i t y . These 

a p p l i c a t i o n s , i n c l u d e e l e c t r i c a l power p r o d u c t i o n , f i s s i l e fue l p r o d u c t i o n , 

hydrogen p r o d u c t i o n , p r o p u l s i o n , b u r n u p of r a d i o a c t i v e f i s s i o n w a s t e , and 

h i g h - t e m p e r a t u r e p r o c e s s h e a t p r o d u c t i o n . 

To be a v i a b l e s o u r c e cf e n e r g y for t h e f u t u r e , l a s e r f u s i o n must be 

s c i e n t i f i c a l l y f e a s i b l e , t e c h n o l o g i c a l l y f e a s i b l e , and e c o n o m i c a l l y 

c o m p e t i t i v e w i t h e x i s t i n g e n e r g y p r o d u c e r s . The p h a s e s of r e s e a r c h and 

d e v e l o p m e n t l e a d i n g t o s i g n i f i c a n t commerc ia l u s e of l a s e r f u s i o n I n t h e 

f i e l d of e l e c t r i c power g e n e r a t i o n a r c shown i n T a b l e I . The m a j o r i t y of 

t he s y s t e m s t u d i e s pe r fo rmed t o d a t e have d e a l t w i t h c o n c e p t u a l d e s i g n s of 

l a s e r - f u s i o n power p l a n t s . These c o n c e p t u a l d e s i g i i s have been very h e l p f u l 

in I d e n t i f y i n g c r i c f c a l - p a t h i t e m s on the r o a d Co a v i a b l e l a s e r - f u s i o n 

e n e r g y o p t i o n . 

Comparing t h e v a r i o u s d e s i g n s , i t h a s b e e n u s e f u l to view a l a s e r -

f u s i o n power p l a n t in t e r m s of a b a s i - p o w e r - f l o w d iagram shown In F i g . 1 . 

The s i m p l e e x p r e s s i o n shown i n t h i s f i g u r e g i v e s t h e p l a n t r e c i r c u l a t i n g 
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power fraction Cin^,> a!* 3 lunrtion nf laser efficiency '^ pel lot gain 

Q, theraa' efficiency T-, and hl.inket energy multiplication M. Plant 

recirculating power is a basic Figure- of merit for any power plant. Kussil-

fueled ppver j lonts operate with recirculating powers of less than 5%, while 

the majority of present nuclear plants operate at or slightly above thi" 

Eifure. The laser system efficiency n L i s a lumped parameter that includes 

power conditioning, laslng, and optical transport efficiencies; blanket 

energy mult i r l icat ion M is defined us the ra t io af blanket thermal energy 

to fusion neutron energy. 

The economic feas ib i l i ty of laser-fusion power production villi depend 

on the pe l le t energy gains achieved and the overall efficiencies at vhich 

large pulsed laser systems can operate- The product of laser efficiency 

(n,) and pel le t gain C<J) i s an excellent Figure of merit for gauging ciie 

commercial preepjets. This product, t'hich ve refer to as the Fusion energy 

gain, represents the ra t io of thermonuclear energy to laser input energy. 

In Fig. 2, the recirculating power fraction is plotted as a function of 

fusion energy gain for power plants with a blanket energy multiplication of 

1 and with several thermal efficiencies. Several reference designs for 

la.3er-fusi.0n power plants [1-31 have used recirculating power fractions In 

the neighborhood of 25X. However, I t may be d i f f icul t to compete 

eijonot&lcally with current power plants at these high values.- because, In 

general, plant capital costs scale as the gross e lec t r ica l power, while 

revenues scale as the net e lec t r ica l power. 

Sophisticated computer programs [M can itintheir.ntic.illv simulate OT 

pellet mlcroexplosions and provide estimates of Q for various pellet designs 

and laser i r radiat ions . As shown in fig- 3, these programs; predict that 

energy gains approaching 50 are possible when DT micropellets are 

http://la.3er-fusi.0n


s y m m e t r i c n l l y i r r a d i a t e d u i t l i a !!)U-kJ pu i s . : r.f s l i u r i -v i av t l ^ r i f . t l i l i g h t 

P < J t:m) t h a t in p n . p e r l v s h a p e d in t ime ( t * l n « 0 . P e l ' . u t *B J n: i a . i . igh 

a s 1UO nwy be p o s s i b l e w i l l , l a s e r e n t ^ y p u l s e s a p p n a d i i n y , l'JOfj l-.J. 

With p e l l e t gain:* l i m i t e d t o 100 , l a s e r I \>s lnn power p l a n t s w i t h l e s s 

t h a n SIX r e c i r c u l a t i n g powi-r w i l l r e q u i r e l a s e r s w i t h o v e r a l l e f f i c i e n c i e s 

g r e a t e r t h i n 1 0 2 . L a s e r s p r e s e n t l y h c i n p p u r s u e d and d e v e l o p e d a r e d e s c r i b e d 

i n S e c t i o n 2, A deve lopmen t s c e n a r i o f o r l a s e r - f u s i o n i s t h e n o u t l i n e d I n 

S e c t i o n 3 . 

2. LASKK AND TARC.KT DKS1CN 

Tlie t a r g e t and l a s e r s u b s y s t e m s r e q u i r e d f o r a l a s e r - f u s i o n cower p l a n t 

govern n e a r l y a l l n t h u r component d e s i g n s . T a r g e t i r r a d i a t i o n r e q u l i e m e n t s 

and d e b r i s s p e r . t r a d i c t a t e many of t h e d e s i g n c o n s t r a i n t s f o r c r e a c t o r ; 

t a r g e t p e r f o r m a n c e and l a s e r s y s t e n e f f i c i e n c y s p e c i f y e c o n o m i c a l p l a n t 

o p e r a t i n g c o n d i t i o n s . 

The d y n a m i c s pf t a r g e t c o m p r e s s i o n and t h e J i f f f c u l c i e s a s s o c i a t e d w i t h 

a c h i e v i n g l a r g e t h e r m o n u c l e a r g a i n s , have been d e s c r i b e d i n d e t a i l e l s e w h e r e 

f 5 ] . 

Two t y p e s of t a r g e t s , s o l i d and ho l low m i c r o s p h e r e s c o n t a i n i n g 

s t o i c h i o m e t r i c m i x t u r e s o f d e u t e r i u m and t r i t i u m , h a v e b e e n e x t e n s i v e l y 

i n v e s t i g a t e d a t M L . F i g u r e 4 shows a sample c a l c u l a t i o n node f o r a s o l i d 

OT (-1 nfi) t a r g e t , A low e n e r g y p r e p u l s e ("-20 J ) e x p l o J e s a t h i n o u t e r s h e l l , 

c r e a t i n g a n a t m o s p h e r e a r o u n d t h e t a r g e t . T h i s a t m o s p h e r e I s t a t e d by 

a n o t h e r p r e p u l s e to e n s u r e r a p i d e l e c t r o n t h e r m a l c o n d u c t i o n . The i m p l o s i o n 

I s s t a r t e d bv Z - u n - w a v e l e n g t h l i g h t and c o n t i n u e s u n t i l t h e u n a b l a t e d t a r g e t 

s u r f a c e i s r o u g h l y h a l f t h e c r i t i c a l d e n s i t y t o r 1-yn l i g h t . A 
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frequency-deuMed pulse is then used I'or further con-iteS'sion, .nnd 

It is doubled twice again to ir-aintain :*ymmctry and to ari^ure pood coupling 

with the pL-iuna. The target tiiercionurU-ar energy rel.-aric V i? iO MJ with n 

0.9 MJ energy input from the laser E lor n gain Q of M. Solid targets 

ar t ottra_-*vo for laser-fusion pouer-plant applIcations because nf thei r 

ease of fabrication and potentially lov cost, Unfortunately, the peak 

Intensity during the Final phase of the implosion uxceuds that where back 

scattering due to Brilloutn Ins tab i l i t i t* can occur. M these high 

In tens i t i es , as much as 50% of the Incident laser energy might be reflected, 

reducing ch»> PKtlm.ited gain given above. 

Because of the back-scatter probl.-m at Sigh laser in tens l t ies , hollow 

targct3 containing more surface area huvc buen Invent (gated. Although these 

targets might require roughly an order nf magnitude l t s s laser power and do 

not induce significant plasma ins t ab i l i t i e s , they are limited in performance 

,y fluid Insfabi l*t ies . To date, there exis ts no known mechanism f'-r dealing 

vi:h thflRfi Ins tab i l i t i e s in high-gain targets . 

Th* present consensus is that for laser pulse energies between 100 kJ 

and 1 MJ, the beat of these targets might achieve gains in the range of 70 

tD 120. Such performance must be evaluated In l ight of the fusion energy 

gain figure of merit , n q for the application of interest (S^H Fin- 2 ) . 

The standard procedure for determining laser system requirements for 

laser fusion systems has always been to uco target performance as a baseline 

from which the laser requirements can b« ca lcul i i sd . For example, from the 

fusion energy gain product, lou-reclrcuL.i ing-power (less than 25Z) reactors 

will require lasers with efficiencies between 10 and 153. Ir. Fig. U, wo see 

that the lajcr aystep must be able to Irradiate the target in a part icular 

way to achieve high gdins. Two prepulnes are required (20 .1 and 1.5 k l ) ; 



tliun, in a precisely t Inc.I .mil cmt ic l lcd fnMhic-n, Che I.JMT inun.si t«' And 

u-.-ivelcnfth nust wary ovur .>rdi'r^ of magnitude of five and nm-, ri'spcct Ivtlv. 

Iwlvu or more bcanu an< required to nointain syrnvCry .luring the lisplc«tun, 

and a User witli very lilf.li l.rlchtnt-as is nL>eded t.i focus on the »m,iU 

The lasers presently belnp »o«t actively pursued Cor Lmcr fusion 

experiments are l is ted In Tabli1 I I . Ndlglas;- systems have Wen dcvrloned 

to produce powerful bcama oT litrlit with very Rood focuHaMlItv (10 ...cm" 

slcr) fnr tarRCt irradlntlnn L-KJUT iiients [6], Focuaabi ] i tv l* important 

bt-cairie of th-_" need la concentrate the output power of the insor on .1 npot 

approximately 50 uia In diameter. Single-pulse CO, systems have also been 

used for target oxpurlncnts. Hlffh-nvcr.iRe-povr experiments for devfilopinR 

pas-flow equipment, poUPr rondltionin£, and oi 'tical subsystems have not bctn 

ror.d'icted to dote. Examination of T^blc II shows that the currently 

operating Ras lasers fall shurt of the requirements i l lustrated En Fly,. L. 

Extrapolations of the character is t ics of various lasers, including an 

oxygen system {7], ore sujnnmri'od In Table IT1. An estimate nf Ideal laser 

properties ( I . e . , thopc required to yield fusion energy Rnins greater than 

10) IK a lso given. .Vd.p.Uss lasers have not been l i s t ed In Table I I I . Major 

factors precluding the use of this highly developed laser technology for 

laser fusion power implications Include: 

(1) The relat ively large non'.inear index or refraction of the Rlaict 

(2) The very low average power capabil i t ies resulting iron the low 

laser efficiency and the low thermal conductivity of the glass medlua, 

The oxygen laser ( ( ) ' in Table III is one new laser being developed for 

Inner fusion. I t wil l be many yoarn, however, before i t is ivaliable for 
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lar&e-ncale experltauius. TabU IV jirenents st-vt-ral »f the wore promising 

generic laser nodla discovered at 1.1X. Because scalable punplug technique 

strongly inpact the viabi l i ty of « l.iser systum, lasers should be categurI zed 

by the pumpinR technique employed as (tell as by die working laser mediant 

The generic techniques for pumping the working v.a» laser medium Include: (1) 

direct electron beam pumping, (2) optical putnplnp, (using electron-beam-drlven 

radiating substances), and (3) electron dUcli.irnes. 

The properties of the auroral lines of rhe Group VI elements were 

reported In Ret. [5J. When the atoms at tiieiie elements are excited co the 

S. s t a t e , the./ exhibit many of tlw desired propertfcH of the ideal laser . 

Sone of the more promising photolytic pumping schemes investigated for the 

Group VI elements include vacuum ultraviolet exclmer fluorescence from Ar, 

Kr, or Xe. 

In the rare gas-Group VI Jtom excimers, excitation to the S- s ta te 

resul ts from energy transfer procenses following ionization of the mixtures 

by an electron beam. Coherent osci l la t ion '-as been observed In rare gas 

oxIda media [5 ,8] . As a r esu l t , detailed experimental and theoretical 

studies are presently belnp, performed at U.I- on the krypton oxide <Kr(l) l-iaer 

oedium. 

The major factors precluding the extenuion of Ndrglass loser technology 

to performance Levels required of lasers for lasor fusion power nppllcatIons 

wore l i s t ed ea r l i e r . Clorjr scrutiny quickly reveals that thc.e limitations 

result primarily from the d ie lec t r ic properties of the glass host and not 

from the rare earth Ions. This observation has prompted lnvestlgat ions [')] 

of the su i t ab i l i ty or rare earth molecular lasers for lassr fusion pover 

applications. Calculation!; hav« been carried out and reported in R.-f. [9] 

far the classes of rare earth molecular lasers l i s ted in Tjiblp IV, The 



c,'.Lculutti)ns indlc'ite that Cfic^e vapor ay s i ems sl.cmld be vl.iMi' candidates 

for Insi-r-fusion power ,.ppl lca:iunN. Kxperlmuut.;, In 4i;pionsLratc laser action 

In Hit;:;'.- media hav<j been tn t t iuUd, jnil they are expected to provide 

t-onfirnution of thi* basic phenomunological rjoJels. 

Tb- prospect* of ^..veloplnK new lasers with suitable wavelengths and 

efficiencies In t'i« nelf.'iborhood of IX look vtry good. Kuweuer, with the 

t a i n t s duacrl ' jd previously (Q < J00) , fusion tnurtty gains will a t l l l be 

Insufficient for commercial power pl.int operation. Technical problems 

assocUtt-d i-ith developing the needed hifih-elflclencv, highly-controlled 

(spiice, liriEi, and FrQqutincy) 1,-isors with associated low-F-nwnber optical 

systems that run at hlp.h average power> appear overwhelming at this time. 

While turre t design la in I t s lnfnn'.y, the question should be nskeil whether 

or nnt targets con be deigned to produce useful application^ with the laser 

S'/SMBS that will certainly be availul'le in the J9H0's and I<J90's. A swwafiry 

of the ortlttr." in luger/target sytitem research and development I" Riven in 

Table V, 

Atonic Iodine Is a laser medium that could be available In the 1980"a 

and 90 's , I t is different from CO (which hos a conbiderable development 

base), because of the much snorter wavelength produced (1.32 V> for Iodine 

versus 10.6 urn for CO ) . Theoretical analyses predict considerable 

d i f f i cu l t i e s tn producing feain at 10.6 imi wavelengths [10] because of 

unfovonible electron spectra created during the photon absorption process. 

Such problems arc less severe at 1.32 Um, and efficient frequency doubling 

la possible at the shorter wav^lunRch. Although iodine presently has a lov 

efficiency ( 0.1*). various photolytic pumping schemes under study promise 

significant Increases In elftclency -inch that final system efficiency (*• ) 

could be as biflh «B 12, Improvementn beyond this might be possible using 



d i f f e r e n t p u n p / l a s e r med ia i n e s s e n t i a l l y t h e s a n e svst«iB cm r l g u r a t I o n . 

I o d i n e I s s e l l a b l e In p u l s e e n e r g y and } eak p o w e r , and i t can bo e x t e n d e d 

t o h i g h a v e r a g e power . 5 c 3 l i n £ i n e n e r g y / p o w e r IK e a s i e r than a c h i e v i n g 

h i g h e r e f f i c i e n c y s u c h t h a t 0 - 1 t o 1 >U, 10 Hz s y s t e n r can be e n v i s i o n e d w i t h 

form F a c t o r s comparab l e t o CO l a s e r s . 

Wi th t h e c h a r a c t e r i s t i c s of a n e a r - t e r m l o d l n * l a s e r I n mind ( s e e 

T a b l e I I I ) , we c o u l d o r i e n t t a r g e t d e s i g n work toward r j x i m l z l n p p e l l e t g a i n . 

I f we I g n o r e t h e t a r g e t e c o n o m i c a l c o n s t r a i n t f o r : he moment, more e x p e n s i v e 

complex L a r g e t a n i g h t b e p o s s i b l e t h a t a c h i e v e h i g h e r p a i n s . I f a d v a n c e d 

h i g h - r i s k t a r g e t d e s i g n s f o r u s e w i t h l o w - r i n k l a s e r system.; can be 

d e v e l o p e d , t h e l a s e r - f u s i o n a p p l i c a t i o n s a r e s i g n i f i c a n t . T h i s a p p r o a c h 

s h o u l d be e x p l o r e d . 

3 . A DEVELOPMENT SCENARIO 

T a b l e VI o u t l i n e s a deve lopmen t s c e n a r i o f o r l a s e r f u s i o n . The 

c o m p l e t i o n d a t e s g i v e n a r e e s t i m a t e d on the b a s i s of t h e m a g n i t u d e of t h e 

r e q u i r e d f u s i o n e n e r g y g a i n s , t h e a v a i l a b i l i t y of t h e l a s e r s v s t e m s n e e d e d 

t<i a c h i e v e t h e s e g a i n s , and t h e need f o r a s u b s t a n t i a l t ime gap b e t w e e n 

e s t a b l i s h m e n t of t h e l a a e r - f u s i o n t e s t f a c i l i t y (LFTF) and t h e h y b r i d 

d e m o n s t r a t i o n p l a n t . F u s i o n - f i s s i o n h y b r i d s w i l l have the p o t e n t i a l t o 

p r o d u c e f i s s i l e f u e l and e n e r g y wl»h F u s i o n e n e r g y g a i n s an o r d e r o f 

m a g n i t u d e l o v e r t h a n t h o s e r e q u i r e d Cor i>^re l a s e r f u s i o n ; h e n c e , t h e y w i l l 

n o t be e n . l r e l y d e p e n d e n t upon the a v a i l a b i l i t y of advanced l a s e r s . 

1986 I s t he e a r l i e s t l o w - r i s k c o m p l e t i o n d a t e f o r a LFTF, which would 

he i n t h e p l a n n i n g and d e s i g n s t a g e s f o r 4 y e a r s and unde r c o n s t r u c t i o n f o r 

& y e a r s m o r e . An e a r l i e r c o m p l e t i o n d a t e would r e q u i r e t h a t c o n s t r u c t i o n 
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bvy.ln l^rore a.lenii.ile expfr tm-nt.il v.-ri flr.it i.m -f tin- l.i^er/rcl let 

InU-raction rerf^rraance had b<>en v>>t a i **•>!, 

The 0 \ l.i-jiT 1̂  r!if njilv tilRh-nverarc-?' - T l.i«v ^ystfm that r-uld 

he .-iv.-illable f •- I.FTF before 198ft. Iodine and soiae of the new lasers 

prevf-*uslv discussed emud be at t ract ive candidates for n LFTF completed in 

l»«f> or la ter , A 10-TW (l(i k.1 in 1 ns) CO l.iser faci l i ty Is presently beint; 

buil t at the Los Manas Scientif ic Labornorv ( U S D . I t i s scheduled for 

completion in late 1977, If tnTRut-irrAiHntLon experiments are successful, 

a 100-TK CO, laser facllftv cuuld he deple ted in 1981 and used fur pellet 

experiments In 1982. The huildiriR pliase of a l.KTF scheduled fot completion 

before 1986 would liave to s tar t before 1532 without the benefit of experimental 

resul ts from the 100 TW fac i l i ty . This would require that la r K c sums of 

money be cwnaiitted on the basis of Fusion energy sain estimates theoret ic . l ly 

extrapolated from experimental resul ts obtained vl th the iO-TW fac i l i t y . 

A la&cr-fusior. test fac i l i ty 

As indicated tn Table VI, the f i rs t step in a logical scenario for the 

development of laser-fusion power plants Is a laaer fusion test [11,12]. 

Tills fac i l i ty vo'ild be used to study: 

• 14-McV neutron damage. 

• 16-MeV neutron activation. 

• Neutron-enerRy direct-conversion schemes, 

• Charged-particle-energy direct-conversion sohomes. 

• Laser-fusion blankets and first walls. 

• tlcutronic pumping schemes for lasers. 
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M ••UinRful I4-MeV neutron diurcigt' experiments would impost' the j-ri'Utest 

demands on the LFTF. Typical conceptual D-T losei-fusion reactnr powi-r 

plants 11,2,13] operate with ,i tline-averaged 14-MeV neutron Hun of nbout 

5 t 10 ijfm"»s. There is l i t t l e experience with 14-HeV neutron (lamiip.u 

in candidate f i rs t -wall materials at these flux leveln. Current 14-MeV 

neutron generators produce on very nmall samplcw, 11 flux one order of 

magnitude lower than that l(stt>d above [14]. Thin means thut v* nu«t 

increase the experimental time by an order of rcup.ni Hide to achieve the t ine-

integrateo; flux that the f i r s t wall of a fusion-reactor power plant may be 

required to withstand. Since lifetimes longer than 1 year arc dew I red for 

the f i r s t wall of fusion-reactor power plants , a 14-MeV neutron generator 

capable of producing a flux oT ut least 5 * io n/m-s Is required, and 

greater fluxes are desired. Such .i generator would be useful for studying 

the bulk and surface effects of pulses of H-f'.oV neutrons on candidate 

reactor f i r s t wall materials. It would also be useful for examining x-ray 

flash damage and pellet dabris ("amape as well as the damage Iron laser l ight 

reflected from the pellet on the f i r s t t i l l . Neutron activation studies 

would be useful in waste management analysis for fusion reactors-

The 14-MGV neutron generator could be used to Investigate .schemea (such 

as that of the Compton generator proposed by Hood and Weaver U5l> for 

converting neutron energy direct ly into e lec t r ica l power. Additional uses 

of the 14-He'r neutrons would be to study neutraii.'c pumping schemes proposed 

by Wells [16] and conventional and hybrid blanket concepts proponed by 

Ktinlscalco [17]. The charged par t ic les from the fusion reaction and [mllet 

debris can be used to study schemes for o _,acting tlie charned-pnrtjcle 

energy di rec t ly Into e lec t r ica l power ( e .g . , the expansion of the fusion 

fireball agninst a magnetic field imposed from outside the f irs t wall |18]) , 
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A Hi-Hi-Wiili tine-averafted 14-Mi-V neutron flux of l .a * 1(J1 8 n/m'•*, 

was chosen in our reference design for LFTF, This flux la roughly three 

t Irons. Rrcnter than thut currently anticipated for fuslun power plants. Thus 

LFTF must ope rati- with <i "plant factor" of preater than 0.2f. In accumulate 

daman'1 d.it.i In the sume real-time that will occur in a fusion power p'.ant 

operullnt; witli a "plant (decor" of O.fl. E.ich of the mpjur subuyatmns in « 

LPTK, mint have a re l i ab i l i ty factor of 0.85 to yield a plant factor K r e - t e r 

than 0.2b. For reasonable sized experiments, about 1 a of experimental urea 

U required. Allowing 2" -jterodlans for pellet i r radiat ion plua 0.1 s t t radi .w 

for vacuum pumping, the required f l rs t -v. i l l radius is 0.4. This radius, 

coupled with a time-averaged f i rs t -wall neutron flux of I.A * 10 n/m •;., 

results in a thermonuclear power requirement of 10 WW. 

Figure 5 shows the plant power and laser input power requirements for 

LFTF as a function of fusion gain. Note thdt th»» plant power is proportional 

to the fusion gain and la, when ronsidertrtR the e lec t r ica l power factor, 

virtually the same as thfc loser input power. The plant cost for a thermonuclear 

power of 10 MM and a f irst-wall neutron flux of 1.8 x 1 0 1 B n/* *s, is 

shown in Figure o as a function of fusion sain- The Important thing to nt>r» 

in this figure <s that for fusion gains greater than 0.1 (latter input powurs 

less than 100 MM) the plant cost Is vir tually unaffected by the fusion energy 

gain. 

The resul ts shown in Figures 5 and 6 indicate that 0.1 la a minimum 

fusion p.aln for a practical system with 10 HW of fusion power. Higher fusion 

pairs ice of Interest , but the performance risks increase with increasing 

fusion R.iirt. To obtain 10 MW of fusion pc ..-r from a syitrin with a fusion 
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Rain of 0,10, eh* power Into the laser rcust be 100 MW. Tin: tnt.il pr.ui.-r 

requirement fur •*"-*• i furt l l tv Is IV 'IVA, 90" of winch ran hi> t.-rwu Inscr 

power roquircF.tnts. The total tub-, of the syMw, l*as been estimated at lhi 

MS, uith -M of this figure In the la^er system and I :* in the tritium-

handling systen. 

The-e are aevi-nu possible Ras laaer systemr, capable of operatluy In 

a pulsed node with nanosecond puis*.- lengths. One laser >tv»tpra aSKumcl In 

our reference donlRn studies Is the CO loser. As tncntloncd already, another 

likely candidate IK thi' Iodine laser . t\ smaniary of ".! • requirements for 

these two User systems tn n LFTF in Riven In Tabli- VI1, Built svsterns vield 

a fusion energy 8*>ln of 0.1 and provide 10 HU of theraonurle.ir power from 

100 MW gf laser input power. 

Frelwald and Kern [12] haw Investigated loser-fusion sources for CTK 

surface and bulk dam*no test ing. Their reference design features n 0.5-n-

radlus cyl indrical first-wall protected from the pe l le t debris hy O.B-tesla 

solenoid. The experimental urea Is aliout 1,65 m . The laser output energy 

ie 100 U . There Is a pulse repeti t ion frequency of I \U. Kreiw.ild 

considers two separate loser systems: CO and IIF. For a CO laser system, 

he establishes a ltiier system efficiency 1 of 0,063 and n Rain Q of 2 

resulting in P fusion y.ain of 0.13. The powar required by the laser system 

Is 1.6 MW, and the punk f i rs t wall neutron flux Is 2.2 * 10 1 6 n/mZ-s for an 

experimental production rata of 3.6 * 10 n/s . Using an UV laser system 

with .in efficiency of 0.069 und n pellet j;aln of 8, the fuslnn gain is 0..">5. 

xhe powei r*st|uirKil by the HP latter ttysteo is ).4 MW, ,ind the peak neutron 

flux Is 8.9 - 10 1 n/m • s with nn expcrinentnl neutron production rate of 

1.5 ' 10 n /3 . r'r«fu«ld eBtlnaten a total capi ta l cost «if about 53 MS for 

the LA5L reference design, and a total e lec t r ica l powi.-r rcqulrenc-nt with a 
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C«J, I.V.VT ut \.H !Wv aim villi .in IIV l.iM-r <•! : . l :f-V. - i i ' i ,, j , V W T factor 

oi i>.BJ. t;u tol-tl LlectrK.il powvr (vq.ilri.nenl rccoBc : . l and ;.<. y\'A for 

CO, oi»! iff, n-sj-etilvflv, 

TMf i-f fi-n IVITII-SS ..I '-:»• virion- fac i l i t i e s can bt? ne.isored In f.-ur 

d.ffiTfiit L'iivs: neutron Cut l"'t uni; ui plant n c v r required (n/r" - >:J) ; 

'icitron flux per >iuii pl.int cost (n/n" • s * MS); Qxporlmt'titii] neutron 

production rnte per unit i>f plant powvr required fu/MJ) ; and pxpi-rltiental 

neutron production ratf j - r unit plant r.i.nt (n/n • MS). A SUHKUITV «»f t*>e 

IHTformnnrt- parameters for lAi- reference fac i l i t i e s Is given In Tab If VIM. 

Sete tlint tlif costs .Tin] piwr rt'iiiilritmf:.E>- -re not necessarllv consistent 

between thit I.FTF .Hid the U5L SYKterns. 

For n tlnv-averaficd neutron fltW of 1.8 v 10 n/tn * s, the tint— 

;ive.vay.ed f i r s t wni\ cuer.-.r ' l u » for floutrotis and charted pnrticlcs, 

respectively, Is i . l and 1.1 MU/n~. TllO .-mount of n*utmn tfll..rpy deposited 

In the f i rs t wall is m-RlLRlblf relat ive to that deposited by the ch.irp.ed 

particle*- Hoffmann [19] notef that fl tantalum-tungsten alloy has n metieium 

heat flux capability of about U MW/m , while st.MnU-ss -m-cls havr heat 

Flux capabi l i t ies between 10 MW/m For specified geometries ,-uid water coo] Inf. 

(20J. Thus, higher neutron fluxcu nay be considered for thoBe fac i l i t i e s 

in the future, although experimental probes can be injected, thTOURh the f i i s t 

wall to achieve time avfrr.iprri nuutron fluxes n» bijfh as 6.S - 10 1 9 n/m1 * a. 

This is two orders of magnitude) j;renccr than the n«utron fluxes of proposed 

fueian reactor desi^ne. 

A laser-Fusion engineerlne. research faci l i ty could be built in the mid 

1960'fi using near-term short-pulse gns-lnsur technology, produ. lnp. 10 MW of 

thermonuclear power with fusion R.iinK of approximately 0 . 1 . 
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FvstQurFtsuloa Hybrid Kfacto,r>i_ 

Nucletir poWr-i:t:m:ratltif: svaCttns nst»p fuslon-jm>duci-d nvutrons to 

generate fission -ire ReneralK class I find as fusioii-f inalon Itvltrlds. 

Interest in twbrid sv-itesns, dnUtiR back to the earlv lSSO'-i (21,221, fui» been 

rautivatcd i'rtmarily 'oy their potential to relax fusion energy pa In c r i t e r i a 

afeniflcinrly and to breed substantial quantltieti of flssil i- material. The 

principal advantages of a coupled systi-Oi result from the r.irt that , taken 

separately, fission systems am inherently power rich (with 200 HeV per 

Fission reaction) . "d neutron poor, while DT-burnin>: Fusion systems aro 

comparatively pouvr poor (with 17.6 MeV per Fusion) and fnst-neur.ron-rlc.li. 

The tenu fost-neutron-rich !ihould be emphasized because i t in the 14.1-HcV 

neutrons from OT fusion that provide hybrid systems with the abi l i ty to 

generate substant ial amounts >>f energy and f i s s i l e material from the abundant 

tor t i le materials "" II and Hi, thereby, operating with lov f iss i le 

material inventories In a subcrl t ical Fashion thut provide" an absolute 

guarantee against a nuclear excursion. 

Our system studies have- fc>j>tn directed toward neutrtjnlc analysis and 

comparison QE hybrid concepts For laser-Induced fusion th.'.c use enerRV-

muUiplyinp and flsslle-breedinR blankets based on different fission reactor 

technologies (liquid-metal and pas-cooled fast breeder reactors, hifiti-

temperature gas-cooled reactors, liquld-metal-cooled thermal reactors, e t c ) . 

The hybrid concepts analyzed In our system studies ;ould host be 

categorized as fast or thermal fission systems, r^s t Fisvlon systems ar« 

defined as blankets in which more than half of the fus= m energy 

amplification is derived from fast fissions (E - 1 MeV) it, fer t i le materials. 

Thermal f ission systems are defined .is blankets in uhlc'i mure than half of 

the «R«rjty amplification results From thermal Eissions in f iss i le materials, 
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Fayt »r thermal f Isbion Byrnesis are "I three types: 

1) An elci-triclty-ctmsumtnK fu t i l i t y that produces f i ss i le fu t l . 

2) An e lec t r ica l brrak-evcn fac i l i ty that produces i lsslH- fuel. 

J) A produepi of fi its lie fuel and e l e c t r i c i t y . 

obvlomly, hybrid factKU.-:. ,.f thf f i r s t twa types arc classified <ii f i s s i l e 

fu 1 |iruducorfl. Kuci l i t lest o"" the thi rd type ore classified utthfr as 

liaslli—fue i or electrical-power produci-rs. The dist inct ion Ig made en thi* 

basis of uhlch Junction accounts; t'»r the majority olf the Eocil i iy ' i revenues. 

Ac frvsunc. It J?, unclear whlc'i hybrid will havu the largest cosmerclal 

Impact. Huwevcr. faci I (t iul of (tie f i r s t two types may have the po ten t ;^ 

fur ear l ie r coirmmrcial application because tliemodynamlc efficiency, 

r e l i ab i l i t y , and duty cycle re t i rements arc not stringent for simple F-3sile-

fuel ji"' 0^ l Jcera. 

fusi«n-flunion hybrids can h>- designed to maxit-Ue flssl 1<—fu*l 

production or fusion-neutron energy nu l t ip l i ca t ion . In jwneral, f lnst le fuel 

production (per unit of fusion energy) is maximized in Fanr fission blankets 

containing, fi-rtile materials, vht?ts energy multiplication is maximized in 

tht-tnal fission bl.inltets concainlnR UeteroRt-ntous l a t t i ces of fissionable 

material und moderator. Fijjur.js 7 and 8 show the conflRuratluns and material 

choices for liyt-rfti blanket^ which I.ill Into one ot these two cateRories. 

Thi> concentual designs and material choices, as. presented, encoeipan.-r so sony 

different [iaslwn reactor tecrvnoloRlea (HTCR, LMFSR, CCFBR, etc.) that i t 

J i l l be f i t t ing to Riva the reasons for excluding light water reactor (LWR) 

tfchnolojjy, since i t In tin- nost widely used and established fission 

tttchnolofcy. Blankets for 07-burnlnf; fusion devices oust breed tr i t ium, an^ 

tl«-v will therefore contain iub--iantial quantit ies of llchiun. Water iias 

.nut been l i s ted as a possible coolant because of the possibili ty of t r i t ium 
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contamination and the hazards posed bv it* sienerallv iitph riu'ffllc.'u r.nctivicv 

with liquid r .ot i ls , particularly ll:hlur.. 

Refracturv netal-i such .is nlnbiun, tungsten, and noK'bdviium li.i'.v been 

chosen as s t ructural materials In several fusion react Li* trutin-jittjal designs 

henause nf tiicir piivsical and diemtc.il properties at high tempvr.iturcs. 

These nctnls have also been considered as potential structural materials Tot 

hybrid blankets; however, i t is anticipated that stalnlesn steel will be the 

structural material of choice for fIrsi-S«ncrafion hybrid Ti-,tclurs. T7«-

selection of s tainless steel limits th* hi^h-temperature optT.it inn nf a 

hybrid blanket to values currently achieved in fission reactors. 

Nevertheless, i t is consistent with our desire to consider hybrid concepts 

willed could be bui l t in the near future with cilnitn.il extensions of the s t a t e -

of-the-art technology developed In the finsicn-power economies. 

Thorium and depleted uranium (I.e. diffusion plant tailings) n-e two 

of the nost at t ract ive fuels lor f Iss i le- fuel-producing fast-fI as I on blankets. 

Relatively abundant thorium Is a t t rac t ive becaur.e i t breeds U, n bet ter 

f i s s i l e fuel for thermal Tlbslon reactor* than 2 3 5 U or 2 1 9 P u . Depleted 

uranium Is an a t t rac t ive hyhrtd fuel because the U.S. has a national 

stockpile of this material amount inn £ o n o r c E h a n a b i l l ion puundu, 

A thorium-fueled non-fissioning blanket 1st another typo of f iss i le-fuel 

producer. S t r i c t ' y speaking, It is not a ruslon-Flsslon hybrid. It Id 

usually referred to as a symbiotic r.y; ten, Indicating that Fuel in produced 

for consumption in physically separate Jlssioo reactors . Fissioning if 

suppressed in this type of fusion blanket by moderating the fusion neutrons 

to energies below the fission thicsliold In thorium and by continuously 

removing th*t br*d U. In comparison to hybrids, symbiotic devices provide 

very l i t t l e , if any, energy multiplication and produce lesn f iss i le fuel F e * 

-17-

http://diemtc.il
http://optT.it
http://cilnitn.il


unit >>f :usInn I'niTfv. li.iwjvi r, pmpu >tn' of svnbfotiM •v..t,.ins uUi r that 

i-i [•-.-.•r iiroiii:'( nui i.ip.il 1 '.if. r.,iv •«• <i*f>.i:t b- l o w ; ^"..ink.t ;t.-id fu*l 

rtpru<.i'-«mr costs resulting fror tiie .ib-i-ice t.: flssicn prmlm t>,. 

A ..Hfiip.ir.-it 17u sunuarv of tin- nj.i-r.it I ona" character i - t les of t>,«- throe 

l i v i k ~ ! i . : l producers described nbov*.- Is shown in 'labl* TX. Tin- M-slIe 

fai'l producers si, own tzar, be considered to hi? neutronical 1 >• or I imiri'd in that 

tliL-y h,ivc wsu l t td from more than J00 separate transport calculations 

described Jr. .i previous papt-r (J]J . AH of rh* neutron!..* <-,ilcuJ < i<ws t ' t w 

performed with the TART Munte Carlo Code l?i) an J with era-. * sort ions Trotn 

tlu> Kv.ilunttd Suctctr U.it.i Library [I'J] .if U.I.. The coRyiirative smnnmrv 

shows that dcploccd uranium hybrids m.ixl-'.lie energy multiplication .wd 

flssUu production per unit of r.,!.i»>n fnerpy wlterena thorium fast-fission 

concepts exhibit the best perform-mci* on the basis of f i ss i le production per 

unit nf th.-mal cnenty. Therefore, unir lun-fueled f iss i le producer* wouli' 

appear to be moro at t ract ive it the Inner and fusion associated costs 

dominate, whorca» thorium-fueled fui.t-f luitior- hybrids would be more 

at t ract ive II the blanket and hti.it-removnl costs dominate. 

Klp.uro 9 Rives the pruduetion capabilities' of laser-driven f1t.s t le-fue> 

producers and flwaton breeder reactors alone with rite consumption 

requirements of thermal burner and converter reactors. (Heactors nrc 

considered "burners" foT values of C < 0.R, converters fur CB < C ( 1.0 and 

breeders) lor C ••_ 1.0 where C, th« conversion r a t i o . Is defined as the ra t io 

of f j . s i l e .ttrms produced to f i s s i l e .-corns destroyed.) The left portion of 

Fie,. 9 dlHplays the net f iss i le productlo- rspflbllitleF r-f both fusion and 

fission breudem normalized to « unit of thenn.il energy. »Tn this bas is , 

thorium fnat-fission hybrids outperform uranium-fueled concept*. 
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The rrose a t t ract ive r*.iturt> of fuslo brutfdc;rs relative to fls-iion 

breeders is that fusion hrvidtrs product" approximately 10 clm^i more flnsilu 

Material per unit production of ctmnnal energy. 

The f i s s i l e cGi^uinpllo" requirements of present burner and advanced 

converter reactors .ire presented In cha riRht sldti of Kip.. 9. It Is 

interest ing to match the consumption requirements of the fhisilu humors to 

the production capabil i t ies or the breeders, lltire WP see th;it a [rorlmn 

fast-Fission hybrid provides enough fissile, muterlal to fuel 2.1 HTiiR'ii of 

equivalent thermal power, while a (Ippleted-uraul-im-fueled hybrid produces 

enough fissile- material to fuvl 3 LVit's of equivalent thermal power. 

Conversely, fa3t brem r ••"•actors Jo not product' enouf.h excess f i s s i l e 

material to r>jul even one LVJH of equivalent therm-1 power. (It is well known 

that the e^joss f l s s i j t material produced in >'BK is best used to fuel Another 

FBR.) 

A scenario with laser-fusion driven hybrids providing f iss i le fuvl for 

the currently availal lu th raal fission reactors appears to be a viable 

alternative to the present mclcar power rcsturch and development strategy 

based on fission breeders p ovidinp adequate quant It Irs; of f iss i le fuel for 

themselves. The hybrid (t.en.irlo would become increasingly at t ract ive IE 

fission breeders ' coat ouch more than f i s s i l e burners and therefore produce 

mtrp expensive e lec t r ic i ty . 

The ciergy multiplication character is t ics of u l l the neutromcally 

analyzed 117] hybrid blanketn are summarized in F IR . 10. It Rives the fusion 

energy gain requirements for laser-fusion power plants with various 

percentages of recirculating pjw._r as a function of hlmki-t unorRy 

multiplication. The cuives we.- ^enerati>d from Jiu expression for plant 

recirculating power glvnii in Fig. 1, with chermil ffficicnev *et at 35*,. 
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Figure Id dramatically points out the order-of-mnv.nl tude i' «**»*** that take 

pJacu in required fusion cner^v I'.iln a* fission Mankt-cs with hintier enetKv 

nmlLtplu-at ion i.re employed. in Figure H, vo saw that thor lum-lutlt)d hybrids 

onti>iTfo,Tied uranium-fiiulisd hybrids on tin- I j sU of f lus i le lucl produced 

pi-r unit of thermal ciwrgjr. Fifctirt.' J') shows that uranium-fueled hvbrids can 

i—orfutt f i s s i l e fuel In an energy breakeven codu with fusion eni-nty Rains 

that a r t 2 to 6 Limes lower than those required fur thorium blunkuts. 

I'uwnr-p reducing hyLrids art- defined as facil l t ien which operate with 

rf-irciilotinK power less than 252. It beconn-s o t t rac t ive to look beyond 

tltr riun and dcpleted-uranlum fu»lo(? Blanket concepts uh^n we consider hybrid 

fac i l i t ies that produce electr ical poJtr as well as f i s s i l e r u i ' l - Thesi-

Include plutonlum-enrlched fast-f ission blankets and thi-mnl-flrtsion blankets. 

In Table X, iieutronlea'.ly optimised versions of these t v . paver-producing 

hvbrida a r t eonpared to the previously shown dtplctvO-urunlun fast-fission 

blanket now beinR operated at a high enough f^nlca energy Rain en be a nou?r 

producer. Plutonlusrenriched fnut-fIssion Llanketn could boat be 

characterized as source-driven fast breeder reactors (UIFBR or CCFBK). They 

exhibit the largest energy multiplication and fl»Mle production per unit 

of fusion energy. The curves in Figure 10 Indicate that .•lutoniuo-enrlched 

hybrids have the potential to produce electr ical power with the lowest fusion 

enerpy gains. At f i rs t glance, these neutronlc character is t ics nakt- a 

plutonlum-enrlched Manket concept look very a t t ruct lva . However, thii larRv 

inventories of f i s s i l e material resulting irom plutonlun enrichments in the 

neighborhood of 10' wake It necessary to npi-rote this blanket at much hiu.he: 

power densities with effective neutron nultiplfcatlun factors " , , f f ) very 

close to uMty- This negates none uf Hie inherent safety ie.itures of h;*»irld 

systams. 
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Therr.al fisbluninn hybrid •Ton«r>t-» wsfiibir tht- 3.ir;;j.sr eJiff*"' 

nultt;>llca-. Ltins •••[eh the Itr-vsc f i s s i l e r.a;.erl;i1 Ifivi'nt ni-to-i. IT, • t ; . a n n-

thiTdftl Ar.s i»3t-fIssioi'. hybrids as ;.uwcr proilucftfi, r'i^un- l:j s's-r-w-. ::;a; 

thernrjl fi-Mon blankets -.-in efficiently prjduee power with fiislon enorjjv 

gains 2 to - tint". Jtiuer than -hose required lor tanc-fl'--ltia h'mk.-f.. 

However, t .£ tomp.irat tve summery (Table X) todloL'es chat th- e m.-s.ctd enern 

multiplication Is Rained at Che •.-xpenst! of reduced f i s s l l * product i<j« And 

higher ptifcvr-denBity requirements In larger, more •lonpU-x bl.niWr-:s. 

Consequuntlv a final ranking of tJiese :vy hybrid concPft'f nu'Jt ivnit studies 

which t rea t Che (inRlneering and etonomlt re qui iw.ents, ,is •-••• 11 ai the 

r.eutr(,iilc as rec t s . 

A P ire Laser Fusion Reacttir 

The ultimate Jjoal of laser-Tusion research if a pure lnscT-Fusioii 

reactor power plant . To achieve this goal, a fuMon enPTf-.y Rain of at least 

10 is required. At the present time, lasers meeting the requirements For a 

pure laser-fusion reactor system are not tval luble , but there have been 

several ce.-.ccptual jBfiigns proposed. The basic differences urn primarily 

in the design of the first- wall thai separates the blank-.? r Trom che 

nlcroojcplnslon chumbcr. 

Three dlFfernnr approaches to thu combustion-chamber flrit-wall design 

have bean discussed-' dry w.+il, vet wall, and maent-t I collv lihie.ded wall, 

These three approaches an: distinguished by th(> way the blast chamber wail 

inter r acos with the hot blast dehrio inplngiaK °n t t» surfm-p. 

The dry wall concept Involve;; ur.Ing an unprotected wall between the 

blanket and mi era explosion chaabev. This wall nny t«? fabricated from niobium 

stainless s t e e l , or another metal, or f-nn a p.rnphit* or carbon curtain nuer 
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-T a,.i.it f i rs t wall [11]. V.w iidvant.i1H- t.f a cwtal Eltsr. \..ill i- thai 

vail t-, that t!.* ".tli'tt! a>h fr»n the tfivrnomir lear burn th.it is- deposited 

.••; t ' " fJrst V P : : c j f nr.* di'tu'i', iiitii 0»t vai'juis chamber, vut tends to 

i ono-ntr.-itc until bubhlo* ;'..rn, uh 11 b n.-.-.-'nrv ond spall th.- f i r s ; -rrfaee 

itutiTiJita. With the ?nrtlcle Muonces and em-rales Associated with the blast 

debrl i , a short f irst-wall llfellru* must therefore be planned fur. The 

rii.s«r)v.-in£.wc of ,-] EJ.I|»I1 t r covering over the f i rs t surface is that hydroji.cn 

Kuiupe debris reatts with tin- curburi, fortilnp ncthane and .ic.-tvientr | . !b]. 

Tlw-e compounds are nore difficult to vacuum punp arid to recover t r^t iun 'r..ir 

than the inorganic pellet debris. 

The L-et-wall concept for fusion reactors will allow ihc charged 

partir.le debris deposited In ^ M'juld layer over the f i rs t ua> 1 to diffuse 

back Into the '-aoiuBi chamber without bulldliiK up pressure in Mis te rs tc 

fracture-producing s t ress levcln In Huperticial layers that occurs In so l ids . 

The f i rs t wet wall concept, sNowti In Flffirv 11, vss developed by LASL 1-1. 

It features ? '.nrp.e cncrp.y flume*1 per pulse on it 1 tquld-11 thlum-ovpr-nloblun 

first wall. This concept 1 JB received the most extensive analysis oi any 

LCTK to date. The pulse rtj 'otit inn l requency Is lov, due to the large BIHHH 

of lithium that is blown off the (rat sorfuci' /tfter each nfcroexplosJon. 

ThU 1Lthlujn Hust be Pimped from thi cavity until n pressure of leas than 1 to t r 

Is ichleued. Thus, the poise repet i t ion frequency Is United by vncui»-punplnn 

considerations. 

The si jprested nblotlon [II flymen shown in r I g . 12 Is .1 w>dfFic»Mo» 

!•• r' « wet wall concept that reduces the mass of HtMian blown off frota the 

wet wall. Llthlu. ablation i« wuprresricd by using a liner cons Is tin, f 
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pyramidal ulcnetus to effectively increase the Wirface area i.f the f i r s t wall . 

Thus, for a given reactor radius, thlu niobium linar covered --ith lithium 

loi-'ers blase energy t luxes to a l«v.»l where serious ablation does not occur. 

A conceptual suppressed-ablation laser-fusion reactor blanket element is 

shown in Figure 13. The major disadvantages of the wee-wall reactor concepts 

are (1) the lari;e vacuum-,>uinning loads required due to the high vapor 

prrs^,--e of lithium and t2) complex f i rs t - '*ul l designs which mi*- allow the 

coo.^r.t to migrate from reservoirs to cover the f i rs t wall l iners . 

The magnetically shielded f i r s t wall concept (3] in slic-vn in Fig. 14. 

A solenoid surrounding a lithium blanket is used to divert t'ne pellet debris 

f oas a niobium dry f i r s t wall. The energy of the pellet debris is deposited 

1 :o conical surfaces at the ends of the cylinder. These surfaces are cooled 

b' the .e act or primary coolant. Note that in principle, Che energy of the 

p. 'et debris can be converted directly to e lec t r ic i ty by exhausting the 

debris into a HHD duct [18]. In general, che magnetically shielded first: 

wall combined with direct conversion of the pel le t debrln is of greater 

in teres t when the bulk of the energy from the laser-peJlel Interaction and 

thermonuclear burn i s in the short-ranged charged particle debris (as In the 

case of low-pelist-gain DT reactions or advanced fuel cycles such as OHe 

or pB ) . The magnetic-shield f i rs t -wal l concept does not protect the f i r s t 

wall from the photon or soft x-ray flash during the microexplosion process. 

The disadvantage ot a magnetic-shltfId f i r s t -wal l is that if a liquid metal 

is selected as a coolant, the pumping power required Lo move the liquid metal 

wi l l increase if movement occurs acrouu magnetic Ticld l ines . A second 

disadvantage is that the blanket modi-lep and f i rs t wall ar* more inaccessible 

than in the dry wall concept. 
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A comparison of four different reactor concepts lu -<!iown In Tuhlct Xl. 

Hiu net power ol i-JioH of the plants is 1000 MWe, with a recirculating power 

fraction of 0,'J'J and a system efficiency of 0.27. Note that while th« 

recirculating pow«"- fraction is too high to be of interest from a long-range 

gioint or vleu, the .- reference designs are valuable in that they In i t ia te 

studlcK on the peripheral problems of laser fusion. The actual reactor 

designs for luver-fualon plants will probab.i,- use a ct.abination of the above 

f irst-wall designs, tai lored to the specific ^ascr-pellat dpsign and fuel 

L-ydo. 

A (treat ileal of effor t , patience and invention will be needed before 

pure laser-fusion reactors wil l contribute appreciably to our national energy 

picture. This interdisciplinary effort should be fgcussed on f i r s t -wal l , 

pullet and laser doil&n and Jevelopment. In a surprise-free scenario, pure 

lasei fusion may be able to meet 10" of the increase In our nntionol demand 

for e lec t r i ca l pnuor 20 to 30 years after the turn of the century. 

4. CONCLUSIONS 

In Fig, 15, a developnent scenario fcr laser fusion i s superimposed 

on the curve* from Fig. 10. The curves give fusion energy gain as a f a c t i o n 

of blanket energy multipllca*lon for power plants with various percentages 

of recirculating nower. The evolutionary path shown here is based on our 

belief that the raont desirable laser-fusion development path i s one that wil l 

allow this new technology to contribute to our energy needs In the shortest 

possible rime. As such che major route to laser fusion production features 

a fusion test faci l i ty in the mld-1980's, demonstration f iss i le-fuel 
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producer!) in the early 1990'9, and a prototype laser-funlon power plant 

sometime after the turn of the centu.y. 

Depleted-urunlum-fucled hybrids have been chosen over other blanket 

concepts bfcou'C they have the potential to operate economically with luucr 

bl.ink.pt energy multiplications alone with fusion energy pnlna th.it are an 

order of magnitude lowur than thosi' required for pure laser fusion. When 

hip.hor fusion ennrp.y p.oins arc achieved, thorium Tueled concepts could be 

considered. Power-preducing hybrids represent another (ilternatlvt-., 

a t t rac t ive once the r e l i ab i l i t y of laser fusion in the f i s s i l e fuel 

production nude huu been established. 

Thti scenario outlined here describes one possiblu developmental path 

for Inset fusion that offers the pos^'hll lcy of near-term ns well as long-

term energy benefi ts . I t is based on our belief that fun Ion «nerRy Rains 

in the neighborhood of one will be achieved in the nest ducade, wheLenH gains 

of 10 or more l ie somewhere in the unpredictable future. 
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TABLE I. THE PHASES Or RESEARCH AND DEVELOPMENT FOR US~R FUSION 

Sclent 1f1c Feasibility 

• Providing the scientific data b.-jse to under stand the 

underlying physics of interaction bctvcen laser light 

and plasma. 

m Providing the scientific data base to devt-lop and 

evaluate lasers for laser fusion. 

Engineering Feasibility 

• Research rocllltlea to Evaluate the technological 

problems associated uirh laser fusion. 

« Experimental power reactors to Investigate the 

integrated engineer.ng performance of a laser-fusion 

power plant. 

Commercial Feasibility 

• Prototype laser funion power plants to compare the 

concept to competitive alternatives. 



TAdLE I I . CURRENT STATUS OF USZHS 

L a s e r 
H a v a l e n g t h , 

Max power 
( s i n g l e b e a n ) , 

TU 
E f f i c i e n c y , P u l s e e n e r g y , 

.J F o e u s a b i l i t y 

H a v e l e a s f i 
: o n « e r t l h i n t y . 

S d : C l a s s 1.06 1 .2* - D . l 8 0 ( 6 5 Pa) Very good 0 . 5 ] • '50"; e f f i c i e n c y 

0 . 2 - 0 . 3 b 60 T o t a l Nominal 0 . 3 5 ~ ] 0 ; . 

U . 4 C " 150 ( 0 . 6 ntO Unknown 0 .27-ZCI? : 

o>2 1 0 . 6 0 . 1 5 d 1-2 250 ( 1 . 6 n s ) Hood 
hiRh power 

I o d i n e 1 .32 0 . 3 e O . l 3fl0 (1 RB) P o o r S i n J K i r t-i S;l :ni .- i is 

HF 2 . 7 o.is f 
- 3 dtlOO (26 »s> Very F-ct-r Mot ev.jin.'.£i.-il 

*T,awrenw L l v c r m o r e L a b o r a t o r y 

bKMS-»' O w e s p u l s e seacfc ; 

U n i v e r s i t y of R o c h e s t e r 

Los Alamos S c i e n t i f i c L a b o r a t o r y 

I n s t i t u t e f u r plaaataphysi-k, G^rchinf, 

San i l i a L a b o r a t o r i e s , h l b ' i q u e r q u e 



TABLE 111. POTENTIAL LASERS FOR LASER FUSION 

Laaer System 

Properties 

Wavelength, no 

Energy, J 

Pulse width, ns 

PflF, BU. _ 1 

Efficiency, X 

Fusion energy gain (estimate) 

>10 

5-8 

1 0 3 1 0 3 10>-10° 

0,1-1 . 0 0.1-1 . 0 0.1-1.0 

> I 0 >10 >10 

1 .0 >1.0 10-15 

- 1 >1.0 > I 0 



TABLE IV. i GENERIC LASER FUSION. MEDIA IPEtTTIFUD AT_LLL 

• '• t . | y i Jl_V l . _a. t-°-nlB. J /TAU^LL-P. u . l n J > A n i \ 

0 , S, S e , T e , C, <Sn, Sn , SI 

• Rare p.aa J Croup Vt a tom e x c l m e r a ( e l i - c t r i m beam pumping) 

Art), KrO, XeO, K r S , e t c . 

• Rare earth molecular .gases (optical and E-beaa puaplng) 

Rate earth trlhaloRena 

Rare ear th- transi t Ion natal trlhalogen complexes 

(tare earth vspoi' chelates 



TABLE V. LASER/TARCtT SYSTEM OPTIONS 

O p t i o n A: M a t c h i n g l a s e r t o 
n e a t - t e r m t a r g e t t e c h n o l o g y 

O p t i o n B: H a t c h i n g t a r g e t 
t o n e a r - t e r n l o n e r t e c h n o l o g y 

T a r g e t c h a r a c ­

t e r i s t i c s 

• P o t e n t i a l l y i n e x p e n s i v e and 

easy t o f a b r i c a t e 

• G a i n a p p e a r s l i m i t e d by 

R a y l e i g h - T a y l o r i n s t a ­

b i l i t i e s and h i g h i n d u c e d 

r e f l e c t i v i t y 

• H i g h l y u n i f o r m n e a r -

normal i r r a d i a t i o n 

r e q u i r e d 

• P o t e n t i a l ! . / e x p e n s i v e and 

d i f f i c u l t t o f a b r i c a t e 

• Higher R a i n , improved 

c o u p l i n g 

t Non-normal I l l u m i n a t i o n 

L a i e r a y a t e n 

c h a r a c t e r i s t i c ! 

• High e f f i c i e n c y 

• Numerous bi iaaa 

• L o u f n u n b e r o p t i c s 

• M u l t i p l e f r e q u e n c y 

• P u l s e s h a p i n g 

• H i g h B r i g h t n e s s 

• Lou e f f i c i e n c y 

• Longer p u l s e 

• H i g h f number o p t i c s 

• Reduce J number o f beafnd 



TABLE V I . A DEVELOPMENT SCENARIO FOR LASER FUSION 

R e q u i r e d f u s i o n c o m p l e t i o n 
F a c i l i t i e s e n e r g y g a i n <n,Q) C a n d i d a t e l a s e r s d a t e 

L a s e r f u s i o n t e s t f a c i l i t i e s 

Co I n v e s t i g a t e t h e t e c h n o ­

l o g i c a l p r o b l e m s a s s o c i a t e d w i t h 

l a s e r Sofia*. * 0 . l C 0 2 o r I 1986 

F u s i o n - f i s s i o n h y b r i d r e a c t o r s t o 

p r o d u c e f i s s i l e Tuel a n d / o r 

power w i t h l a s e r f u s i o n . S 1 . 0 J o r new l a s e r 1996 

P r o t o t y p e l a s e r f u s i o n power 

p l a n t s t o compare t h e c o n c e p t t o 

c o m p e t i t i v e a l t e r n a t i v e s . 5 1 0 . 0 Ide . i l l a s e r 2000 

http://Ide.il


TABLE VLI. LASERS FOR LFTP REFKKEHCE DESHJH 

Lage r G<>2 

P f t l l e t g a i n <Q> 2 

L a a c r e f f i c i e n c y ( n L ) 0 . 0 5 

L a s e r o u t p u t e n e r g y , W 100 

K e p e t i t i o n r a t e , Hz 50 

F u » i o n energy Rdin = tyn, ° 0 . 1 

L a s e r I n p u t power 100 MW 

f o d t n e 

10 

0.01 

100 

10 



LFff LASL-CO LASL-HP 

i . . . r „ 1 8 
2.2 * 1 0 1 6 8.9 " H 

0.40 0.50 O.sO 

0.94 1.65 1.65 

TABLE VIII. SUMMARY OF PERFOKMANCL PARAMETER: FOR TIIF. REFERENCE FACILITIES 

Flrs t -unl l neutron fiux, ft/m 'H 

First-wall radius, m 

Experimental are.i, tn 

Laser Input power, MW 100 

Fusion energy gain 0.1 

Plane power required, MVA 135 

Pitint cost , MS 164 

Experimental neutrons, n/a 1.7 * 10" 

Eilectlvcncss ra t ios : 

Flux/plant coat, n/n2-a*MS 1.1 * 10 

Flux/plant power, n/nZ*HJ 1.3 x 10' 

Experimental neutrons/plant 

ccs t , n/s'W$ 1.0 * 10 

Experiment &1 neutrons/pi ant 

power, n/KJ 1,3 * lQ 



TABU W, COMPARATIVE SUMMARY OF FISSILE FUEL PHOnuCIHG BLANKETS 

T&srin* Tharisa Depleted Urjnluai 
Operational Characterist ics nonfisulon fast f ission fast fission 

Blanket energy multiplication 1.3 2.3 10.0 

Tritium breeding ra t io >1.(I >1.0 >1.0 

F iss i le production i s kg pet HK-yr 

of fusion energy 1.3 3.5 9.0 

F iss i le production in Kg per HW-yr 

of hiatiket cheroal energy l . l 1.? 1.1 

Maxlffiura power denaity l.l Euel, 

W/cm3 12.7 25.3 135.0 

Maximum fuel burnup, 2 atom t /y r =0,0 0.0? 0,30 

fasion energy gain <Q^») for 

e l ec t r i ca l breakeven 2.30 1.40 0.35 

Vernal ized to a f i rs t -wall fusion neutron flux of 1 MH/w . 



TABLE X. COMPARATIVE SUHHAJW OF KWER PRODUCED FUSlOfr-FISRIOH IttGRIDS 

Depleted Natural PJuEonlus 
uraniua uranlusi enriched 

Operational Characterist ics fast f ission thermal fission fast fission 

Blanket energy multiplication 10.0 25.0 Bft.O 

Tritium breeding ratit j •>% ,a H.O >l.O 

Net f i s s i l e production In kg per 

HW-yr of fusion energy g,o 4.6 20.1 

Net f i s s i l e production (n kg per 

MH-yr of blanket thermal energy 1.1 0.22 0.31 

Maxiaum power density Is fuel, 

M/cn3 0 5 . 0 230.0 810.0 

Maximum fuel bumup, atom X/yr 0.30 0.77 2.55 

Fusion energy gain (\0 fot 

25? recirculat ing power 1.59 0,S6 0.18 

Fusion energy gain n.Q for 103 

recirculat ing power 1.5 1,4 0.44 

"Normallist! to a f i rs t -wal l fusion iteuttor flux of 1 KW/« -



TABLE XI- NOMiNAL REFERENCE SYSTEM PARAMETERS, JDOO MWe LCTRa 

S u p p r e s s e d K a g n e t i c a l l y 
Dry Wal l A b l a t i o n Wet Wal l P r o t e c t e d 

Kuwber of c h a m b e r s 4 50 24 h 

P o i s e r a t e . He /chamber 7 . 2 10 1.2 7 . 2 

F u s i o n e n e r g y g a i n ( Q n L ) 6 . 5 7 . 0 6 . 5 6 . 5 

B l a n k e t g o i n , K 1 .3 1.2 1-3 1 .3 

T r i t i u m b r e e d i n g r a t l a 1 .2 1 .45 1.2 1 .2 

C a v i t y s h a p e Sph. I C O S . S p h . C y l . 

F i r s t w a l l r a d i o s , it 9,7 2 . 2 1.7 2 . 5 

No, of L a s e r k e s a a ' c a v L t y a 12 S 8 

L a a e r e n e r g y I n t o c a v l t y / p u l s e f MJ 1 0 . 1 I I 

AIL of t n e a e s y s t e m s have b e e n n o r m a l i z e d t o a r e c i r c u l a t i n g power f r a c t i o n o f 0 . 3 3 and a n e t s y e t e o 

e f f i c i e n c y of 2 7 ? . 



Fig, 7 

Fig. 8 

Fig. 9 

Fig. 10 

FIR. 11 

Fig. 12 

FtGI'RF. CAPTIONS 

Laser-fusion power-flow diagram: n, - laser system efficiency; 

o -»"««-*• - " i n r ; : ^ a ; <»- »****< "-«" 
multiplication; n • electr ical conversion efficiency; P, -

e lec t r ica l paver input to laser; P - gross e lec t r ica l power; P f i = 

net e lec t r ica l power; P J f ) /P - In L Ql T (0-8H + 0.2)] . 

Plant recirculating pover requirements as a function of fuHion 

energy gain. 

Pellet gain versus compression for Bhort-vavelungth-light pulaes 

of varying energies. 

Simple calculation for the solid DT target shown (from Rcf. 5)1 

E £ n - 0.9 HI, V - 40 KJ. and Q - W. 

Power requirements for LPTF aa a funcLlon of fusion energy gain-

Results are for a f l r s t -vo l l lb-MeV nuutron flux of 

1.8 * 10 n/m *s at a radius of 0.4 m (10 MV" tiiennonuclear power). 

Coot of LFTF as a function of fusion uuergy g»in. Cost In 

normalized to a f i rs t -wall 14 MeV neutron flux of 

1,8 * 1 0 1 8 nM2-s at a radius of 0.4 m (10 MM thermonuclear power). 

Fast fission blankets: configuration and material choice*, 

Tharmal fission blankets: configuration and material choices. 

The production and consumption of ti.seHe fuel. 

Laser-fuslcu energy gain rrqulrenent.i for hybrid fuslon/flsslon 

sy status. 

The lithium u«tted-wnll LCTR concept. 

A conceptual suppresscd-ablation laser-fusion reactor. 

http://ti.se


Flfl. 13 A conccptu.il suppresst'd-noiacIon las- r - f W o n ru/ictor Mnnki-e 

element, 

FiR- 14 Schematic of cylindrical aaffwtlMlly protected I.CTR cavity, 
F'fc" 1"* A Jcvcloptnent scenario for l.i.ser fusion. 

KM/sc/po/sla 

http://conccptu.il
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Thermal efficiency 
-3tn 
-35% 
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0.05 - Fission reactors (LWR) 
Fission reactors (HTGR) 
Fossi l - fuel plants 
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Fusion energy gain (n. Q) 

Maniscalco, 7"ig. 2 
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Maniscalco, Fig. 3 
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Target 
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Maniscalco, Fig. k 
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fi. st wall 

y( Fusion chamber 

2 2 2 T h or 2 3 8 U 

Fast fission region 
Fuels: 
Type: metals, oxides, or carbides 
Fertile isotopes: 
fiaille 'oOtopes: 
Cladding: stainiess steel or refractory metals 

Coolants: gas or liquid metal 
Structure: stainless steel or r^r'ractory metals 

233u> 235y or 2 3 9 Pu 

Manisculco, Fig, 7 
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F i rs t wall 
Fusion^ 

^chamber 

Fast f i ss ion region 
Sams material choices 
as given for fas t f i ss ion 
blankets 

~ \ Moderator 
and tritium 
breeding region 

Thermal fission region 
Fuels: 
lype: 
Fertile isotopes: 

oxides or carbides 
232. Th or 2 3 8 U 

Fissile isotopes: 2 3 3 U , 2 3 5 U , 2 3 9 P u 
Cladding: graphite, zirconium, or stainless steel 

Moderators: graphite or hydrides 
Coolants: gas or liquid metal 
Structure: materials with low thermal 

neutron absorption 

Maniscalco, Fig. 8 
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Manlscalco, Pig. 9 
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Thorium Depleted-uranium Thermal at t ices Plutonium-
fast- fas t - f i ss ion enriched 
f i ss ion Natural Enriched fast -

uranium uranium f iss ion 

T " " . 1 1 | | 11 1 1 
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Blanket energy multiplication 

100 

Manisc^lco, F i g . 10 
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Maniscalco, Fig. 11 
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Coolant manifold 

Maniscalco, Fig, 12 
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Maniscalco, F ig . 1 
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Maniscalco, Fig. 14 
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