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May 9, 1972 | '
I might per]mps start by saymg that I don't }\now as yc,t w]m.t I an' [,omg

to tcll you., For that reason I will llrton very carcﬂlly 'ld.rcgaxu:z::11r1 thn

_ same to you. - _ : - A
Let me recall the Atoms fo:r .Pence‘CopiI.’eren‘cc in 1958, Atth.tt tine I had. . .v

the ‘eally wonderful job to open up the discusf'fion'on cnﬁti'olli:d .‘fusién’. fl‘hnt

projct, which we call Shc:rwood', used te be secret.. 'ﬂ::zL it could be. opcncd B

3

‘up was to a great extent due to. the fact that d couplc ol yoars oar].nc: Lurchatov

in a specch in England did chsclo.sc Bl munbcr of l\us.smn 1'0 ull.,. 'Wc w e vcr)'

gratceful to him, ”II.S 1111'(:;i.at1\m nade thc trend to\-.'ard oncnna c:al.j

Ve are now 1 ymg to mn]\c a similar step, not a tc.rmb]y IJ1rr"‘_qi1c;;"' toward
Openicss.

Like the fir«;t Speaku' today I sha]l talk about raﬁcr sn.u)]_."' tll'ix‘ni's;'-i.xi

f act, so simple that I will not even use m.my f mmulac. ' I sh‘ﬂ ] »mlk :m ‘terns
of idcas. lndeed ovuythmo I shull say is ahc,.ﬂy kno.m 1.0 ﬂ-(,: \“crrs. I
shall present practically no ncws except that I hope tﬂ 1.\'11\0 JL po.»smlc thdt A :"
discussion should now go on in broader 11‘c1cs and therc,!‘ ore Ju moru £ 1u1ui'u1
manner. : N e : - ’ ‘ v

First I shall spcak about’ comprc,sslon. | There is a vu‘y qnnplc lzzw It
docs not hold precis sely but 1t is a L‘ooJ nppro‘umauon mi is v "'y p] actical,
This similavity l:i\v suys qluhtatwc‘ly L]mt if we U‘m g,reutcr Lo..xplec.uo.l , then
in ovder to get similar process_cs and s_1mllur efficiencies we nccc_l, s_mallcr
ancunts of material and, of coufse, :wé use smaller amoudts ofi"(:nergy.-l

This is the sccret of the ‘.1j1011‘er;'1,inte\i‘ualr cqmbusimichgi}‘ﬁé: by which of

Course T Gon't mean an auiomcbile. Instead of making a hydvogen boah with, let =
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‘ us-say, the use of "high octanc I mixture, using T at Liquid deasity, we

shall talk about the liquid 1,000-Fold compressad,. (T stick to the fiaure

1,000 Lecause it has a simple abe Toot.) Let us therciore think of a droplet

of liquid DI with a onc willimeier diameter, We shull compress it tea-fold

, “ iirmcarl)' and increase its donsity a thousand-fold. In order i ke the
fuhctioning of this amrangement similar to the functioning of deuteriima-tritiun

mixture-at liquid dcns'it.y, we shall have to consider enqual oncrgies per particle

j equ_nlvélocit.ics',. and also cqual disasseably velocitics, For binary collisions,
;which are important in NI aid produce « - particles and newivons, the tiwe
.'bctwccu_twu such collisions wi].. be cut by a factor 1,000, ‘This smeans that e

. time scale must be reduced by a factor 2,000, 1f we wont Lo have a similar

" situation with respect to disasscmbly we also have to cet the spatial scale by a
'> "facltor 1,000.

' I sturted with 10" Yem,I canpressed 10 %em and this is nos the working

.'_flu,id.- ’ljlis wi11. bc similar in its functioning to a DI iuass 1,000 times bigger

in diameter(because time scales wxl space scales have to be clisaged by this
i_’actor] ‘_that is, 10 on. You sce that the volwes arc in the ruiio 10°, The

masecs hovever are in the rvatio 10ﬁ because 10“9 of tlx;: origival 10 o voluic

3

is'present at 107 timc. . .ater density. Therefore you can geacrally sce that

a change by a certain ratic in .the density will give risc to iviluction in mass
“by this ratio squared. A factor 1,000 in density means a facios one willionth
Sin the mass. We can indeed hope for micro explosions, which wde an internal

_cowbusion cigine possible. 1 will Jook into the praciical comsaxuences in a

very short time.
- - First I shall tell you, however, that this similarity s does not hold

- \
exactly. There are two main reasons onc of tham compleicly

uniwporiant and the vther rather unimportant. "



The compleiely unikporimt reason is that we have to U)l\'wlvillf i1y bm.ny
collision processes, vhiere collisiung ocour at great dn...lm.-.‘f:'ll\ Hhere sh w]dnq-
beeeses duportini. o e appropeiate well -koown foralas lug:-ri.ﬂnn::'"n:ppcar. .
These loparithaic faciors dui't scale. ‘Thoy also ace not tcrrilnl‘).' scns“,i'tyive
1o conditions. 1n cac case the factor is 10, in wnother cuse 20. The \leble'
chunge is rather unimportoni. ‘ ‘ i

The second reason vhy the scaling is not styict. 3s that it obviously does
not ; jply to triple collisions. We have scaled in such @ way that binary collisior
shoatd behave properly, At greater densitices triple coliisions will becoie wore
jnportant.  There is one triple collision that is indecd imporiant:  that is
the codlision batween o photos, m clectron and a nucleis resuliing in the
abs plion of the photon,  Yhe reverse process, .thc collision of a c]cch'on o
a e leus cniiting o photon is a binary collision thai scales; thc ubsorption
process does not scale.

this is an il;i]X‘l'l»ﬂllt, correction as, long as the toagerzture af the theowo-
mclemr Fuid is not wore than & kilovolt. Then the absorption is strong cnouglf
to matler and fuel at a great density works a little better thaa we would have '
expeciod ‘fvrm the scaling Jaw. Dot one Kilovolt is not a terribly inécl'c:;tilug
temperature.  Ye ave really intesesecd in 4 or 5 Kilovolts and there the influcnce
of this abhsorption becanes redatively suall,

News 1 would Like to ask the question, if we con for pract nra] pmln ses scale,
is it better to vork at high densitics or at Jow dun:;iticzs? J vant to uttaufk
this problom froa the point of view of the lasers (.md not only for the Teason
that this is a duser conferonce} becuuse we are going to usc vacrs to concentruic
cncrgy avowld the thuevawonuclear fuel and &mqn‘cﬁs it a3 our col lchgucs fyon

Maner hieve indicoted seme time ago. It is not casy to produce the great cnersics
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iuluircd for the camression in 1the fomn of laser light md even nore difficult
to proaluéc it in ot vory mwnay picoscconds. This is r.quired in order io have
the encrgy available near the deoplet.

: 'l‘l@rcfore ihe question has to be asked, what cospiession will need the
loast caergy? It Qwas out that tha stronser tha coupression, ihe smaller the
mass and the less the cuergy requived.,  Assuie that you have in cquation of
state. ‘The pressure is proportional to oY where y is less than 3. AL very

high cumpiessions it becoass 573, T€ is casy to see thai the caargy required

will go as low as p Y"‘. Actua)ly p'z is confribuied Ly the Luct thai the

mss that you need is reduced by p'z andd pY'l is coutyibuted by straicht

integration that describes the congaression.  In the dsiovesting case of v = 5§/3,

7 3 bocoes /3

» The higher the p vadue the Juss (t;lel‘(;)’ is needed,

So, why am T do modest? VWhy ma I coapressing a 2,080-fold and not a
willion-fold? Actuadly it would be betier. But to centinue to compress a
droplet in a symactric fashion and not break it wp is sYightly difficait,

Incidentally, I «hall velrain for very ‘gond.re:u‘-om: (mostly reasoms of
ignorance) from telling you in deiail how this compression is sccomplished and
héw the cnergy is couplel into the droplet. Some of this will )e done by iy
'cqllpg:uucs later iﬁ the afternoon and thoy asked me to ask you to stay for the
last ilree speeches,  Tell your friends to come also. This mewh for a comercial.

Row 1 want to mention a fow factors which determiine the wass with which we
c_z;u oerate.  OFf courte, the less wass we could use, ;dw. bettee,  but i€ we use
very Jittle mass, then we run into wwo difficulties. Nuaber cne, dissaibly occurs
&f 61'-: there is caough buraing.  Muber iwo, the energy releasad by the thormuimiclosys
react ‘o docs not stay within the dvoplet.” And heve I have to talk for a momcat

sbout the vecgy balance within the droplet, First of 11 you Jose encrgy to
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cxpansion.  Sccondly you lose encrgy to radiation. Yor ligh comp ‘ession. sene 8 T
of it is rcabsorbed lut in the 111!.( vesting region not enouph, fl'hc-é;icrn s produc-

tion nust exceed these lesses,  Incidentally, the xt Ldm. ion is ver ) cu.qu ‘

calculuted. ALl this however is only a part of the argisent th::c. dcic-m.m S

the minimw size.
Another point is that the cnoq,) of the particles 11.0«1uc‘c\1 bl.c»u]d be dcpo'u tt‘d
within th: dreplet,  This caurgy in the DI reaciion is nostly given to neutrens of
14 MV which escape with almost 011 their esergy. A 1ittle less thea 4 THeV is
given to o - purticles. Those, i’m vould dmagine, stoy in 'H\é::_d'rop]oi:. It is:
not all that simple. Energetic o - particles are supponi) to ywv theivc oner-
gies to colder elecirons. But the clectrons becaige of {lhwir mu.l]cx WSS, CVEN

though  they ave relatively cold (a fow kilovolis instead of a fow MoV) move

faster. 1t is usaatural to t '(I'l'lti'f(.‘l‘ cnergy from a slow pnrtir;?l-,c;- tc'»,' a f;x.:;i.l A'
pawviicle,  The right foramlic can. be derived casily, at ].c;.ts’l: in first f_.,\mii-qxi-«;
wation, if one assuncs that the vsuel energy ]u‘-., ocoure wheit the o - .pa':';.'tic],cs »
inveract with the clectreas that happen 1o be slower thea the o —prn x"C].CL-. The
bulk of the clectrons in the Maxwell distribution vhich rove fasres 111-*1 the o -‘.  | .
pariicle do not participate i)g tl:é' nct cnergy exchunge. ‘This give:s the right m'dcr
of wognitule and is not imp]:msib]vc. ) ; .
Incidentally, «11 of this and simi.lﬂr types of consideraiion bé:uon'.e in‘n‘-m'.'tmrt
again md again in the study of controlled fusion. They beems very impor ‘tat in
the attempts we bave made wnd are still making in nm"ucucall) ccm.mul p]a.an..ls. ‘
e tine: of cquilibration depenlds on these factors ang this is vcry :m")ortam'l'. also
in the present case beciuse whes ﬂn. lﬂscr heats the droplet, .(t hcats in Tirst
approzamation the clectrons, The Lnansf »r of encrpy {rom c]ccnons to the ious

takes time which is not cmsp]cu.] y ucp,lu,lb'l(

.
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Let ne i to one or TWo more ﬂinh,:rc:sl':ih,r; difficultics in conneciion with
- theconpi: cs:a'non ]n‘olxl‘c‘;iu. These wre plenty of ways to couple the cnergy into the

: ‘dmp]ct. In. I: act , as ih\. asu c.om;e;;zc::; on this tiny dvaplet, the clecivic

-flcld in Un, 13, n]u. w‘w\, h:\o ne bigs»‘cr than the clectric fields in which clec-

%
"jtrons of the h;d;o«es_l ‘atmns are l.lov)u‘,. Therefore ionizztion occli'rs in a mest
"strm.ghtfm'ward wanner:  The lmc‘nu.lmm which occur at thesc VC'I)' high elet iric
f1clc° .-u*c noi completely und \r:.lnud, certainly not hy w2, and a lot more study
. will be nqcce‘:s'sury. It may even h.qmvn that in the end in these Ligh elccu ic
- fiei‘c'ls‘;ﬂl-;: plichonena \g.i]..‘l. appear to*be more sinplo. -
‘T wuu].dl' however like to \-)zn‘n 01‘ ene difficulty. A the light falls upon the
‘-.ipl.'”l,‘il‘; a-that is produced the clectrons and the nuclei ace accelepaied in the
: opﬁdz.iic di rections. The elcetrons move in the same pheee,  One of the \-.'.z;.'q
how ve o pwducv tonperatures is hy nonlincar instabilitics. Di :.c.uij(lcl* appers

.in ﬂlc'moi-‘i.dn of the clectrons. Bui this disorder at [ivst s not coplete.

(‘1'( Gt pwahers of c.'lu:lmrn are still moving together, pro! #bly with higher fre-

. qucnc.u:s. These then. cim cnit 11 aht cohercntly and therofore l'.'i'l'].l high intensity.
In.the:suﬁfolmdinn of the droplet the plasmas is less dense and in cquilibrinn

" most cn(‘rg, ; should appear as 1'(1-.11:@:1011. ilic dinger of cuergy loss to radiation
1s_f ser;(aus. . 'b ' .

_ Ndw let us assung that the corpression and the fusion work, et us et to
the cnz"ine.' What can we do¥ We could make internal cosbustion on;:,inc:s ,_:i'n Tact,
powur st.n ions of a few humhul mo;x,:-w wt.,  They wuld lieve cacugh Mel for any
time to comc. The cncrgy ])IO(]UL tion would be clean and very safe,

There are some slight engi.ncc;‘ing difficultics. .l.c-.t ne wention to you a

. coupl’c. '

0.4\. versicn that I heavd Jdes cul.vd would have Jamdred explosicis per sccond,
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droplets being hit hadred times a sccond by lusers not no.&v:’_c-,_.i
placce, I don't want to r.‘:on'-'.'in.ic“'i]xc exploding plasaa, 3
a Jittle difficwli. Let's mike it as siwple as ’1n0:~'.:'.ib1¢'_avnd-;’
neutions that esu:llw. Fut to keep droplets in e focus of ':‘t’l’]
Aifficult. Jurthersore, the vessel mist withstand i d e\plo.ﬁ on
cach cqu.’n":!lll.m‘t to fc':\-.r pouids of ‘INT.

befoe the machine needs veadjustaent.  That is not quite ca_,y

Let's try again. The othm' exirciie would be to wic cxplot:nom oqm\ralcn
o J(J.l cras which is two and a ,]’ L tons uf TRI equivalant, ‘Jur'n you 7
one explosion in tea sccouds.,  The vessel has to whibsieid \"Nh mL fm.:;_,u'

Liwes tea willion explosions,  The cogincering still has some 1::0.)1u..

Very sach to the disappointeert of my colleagues, ) do mu t‘mcu t]u ’tuv‘
happon before T o edther in hoaven or in a considerab) Ly 10‘ o p]me. I hop" Lhal
sonctldng ¢l e will hapen sooner.  This may scem to you a 1itt 1e I.mt .c’:c althot

1 knoir of some very interesting fovestigations of these possibi lJUc.s at Lou. Al.nrc

U une of thisiicinal cosbucion cagine for space propilsion, If\ ave mt.l?‘
nuclesy explosiond that go on ot tesperatures in the nci ;'_;hborlu.x:)d' @fi 16 k_ilovAoil_ts.,
there the natural velocities with which the p].a:émn. would leave ":i,s approxiuately 7
loscmlscc. In the crazy lLamguage of the engincers, this mcan:; H] s'pc:ci.fi;t;,impul:;e.
of 1[;5. IT you intend to accelerate your vessel to ons thousands or ].5f;llf velocit
ithis 'l-.u:.uil ly couid be done in‘a fow days wath an eagine of m:m',-.*. ti;mmvwl_ of x "oz
viatts, We oould get to Mars in :'1‘ week, the round trip would be l.\‘.;(:)'\\'e?cj::;,. ‘The

astronsut would have to be heavil y shielded against the ne utro‘z.. Weo wénld :h_.fu'e
some dilfficulty with heat re J("L‘UOI) pr ub]wﬁ, we would Lave dif l.u.ulLy m recap-

tuiing some of the ciucrey to du\-:. the 1 t.,us; the Jotier T am. non, sn z»l’ram of

because ¥ hopa to have magnetic ficlds regulating the fiow of the .p].nsmu and "this

) . .



preblem is sacions.  Irwant to confess
to one thres-thousands of Licht velocds

1_ 1% nbom. s more ‘modes L .md move Leos Lblc

5 1]115 m 3 d litile m/)' m talk about space propu”aion before m]l ing about

! on'=? 1 c'l.nm that it "‘";n‘i'. Both of them are crazy, but space propul-

.

Mole f <-dml)'|(‘ for two reusons, Your apparatus poods Lo last a very mach

e, and )'uﬂ are allowed to pay for it, allowed to pui work dnto it, many
-hm-z:s more- 1}1.m JJ' Yo «11cd to do soms dmzn in o coocemic wujr for power
c:tion on l]l(. c:n nh. I th wk therefore that tere i+ an cn.’:t;;:i.de choice thot
-_ in 1111., cz\mm) as..‘ronum v wil: 1;;;0 this kind of interiil cu:nhvx‘l";:i.i_u‘r cigine,

: | \v-.'mrl:k to say with all kim]:;fof cmphasis that I hope i:htl'i:. ‘i.h'j.:,; will be
a:’t.il;t:rnptqd by a cnnc'.e.rl.cd ‘Zi.lltCl‘iJ:l'i:.’L(»D:ll coffort. Opcnihg; Car il Lé) such cooperat
11 cu- .i s "ﬂic right ‘step.

I waint to conclude by discussing a question that we. S hiives osked,  IF you
.é]o"n‘i; h;wc soon a real machine, when will you have a do. .zmi'.reli:i,c.u:,‘ a rcal procf
ﬂ)"at: the iaws of thermonuclear burn can l'»c.uso.d efficien’ly? el 1, 1 wunb't aive
yoﬁ ai answer, but 1 will pive )’ou ny definition of a pussimist zuxd ol ‘::n optimist,
)\'i)cs.-.ilil.ls'l: is a man vwho is alwu)" right, but doecs not gt any cujoysent out of it.
An oplimist is a person who Jhld;‘Jl]C.; that the future is wmcortein. Virtue in ihis
case is m) ihe side of the optimist. T want to be an op-limist end 1 want io
Beli(,vc ihat the dcu:.oz‘n::trutfiinn \\'_1:1.1 succeed scmetime dn ihe 193'b‘;’=; perhaps even

:-cin'ly in the 1970's.
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