
LA-UR-82-1192

TITLE : THE U. S. PROGRAM IN HEAVY-ION FUSION

AUTHOR(S): ~oger O. Bangerter

SUBMITTED To: The Symposium on Accelerator Aspects of Heavy-I~n
Fusicn, Darmstadt, West Germany (April 1982)

. .. . 1,1s{ I r.wn~ --—. “--””1
I

Ilym UI,lnln, t,,, Ill 11,,,, *VI,, 1, IIw’ 11,,1,18,1.0 * ,, ,,s,,, ,, ,,,.,, ,0

1) !, l,#)w.#J9#9m 131 ,, !*,J9. ., ,,,,,,,., ,,,,,,,, ,,,,.,,,, ,,, , ,,, ,.,. ,

Ill lu,l,lt<~, ,,, 11,11,, ,,1,,,0 11s,. ,,, ,1, :,,l” .,1 !,,, ,,, a,f ,1,, , ,,, ,,1, ,1,,

111). 411 It, “I!, ,* ,,11,, , II, ,IOD I, 11,r (1!, tmn8vII,., n,4 f I. ,

lml\l,,.

It., I(I* >jl”!! u,.. ,., ,,. ,!l! 1,, I *l, ,1, #f,,,, ,,. ,,, ,, .,, ,1, a, ,,,, ,,,,,
Irfl!l. t ,,10,1,1, Ills, “,1,, 1,. . . w,,, , ,,,. ,!,,, ,,., ,, ,$ <,, * ,1, ,,

I*,,,,, a,! III* II ‘s Ih., #”, *#,maa, ,,1 [ . ...,,,

Lsi!!lik
ol,,~lqll~ , ,

“r
LOS ALAMOS SCIENTIFIC LABORATORY
Post Of flcoEkJx 1663 Los Atamc)s, NOW Meutcu tl?!14!)
An Atfhmative ActkHI ‘“Equnl OppCMIUrntyFirn@ryHI

I orn, NO a:l!l 11.1

s! No, mm
IIIttl

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.

For additional information or comments, contact: 

Library Without Walls Project 
Los Alamos National Laboratory Research Library
Los Alamos, NM 87544 
Phone: (505)667-4448 
E-mail: lwwp@lanl.gov



THE U. S. PROGRAM IN HEAVY-ION FUSION*

Roger !).Dangerter
University of California

Los Alamos National Laboratory
Los Alamos, New Mexico

I. ~ntroduction

In the United States, inertial confinement fusion (ICF) has been

studied for potential application to both commercial energy production

and defense. However, funding has come almost entirely throuqll the

Department of Energ,y’s D:fense Programs. This has created J prot)lem for”

heavy-ion fusion. Technical reviews of heavy-ion fusion illtho U.S. h(ivI

been favorable. l However, the characteristics that mak(~heav,y-iul,

accelerators SrIw~ll suited for en~rg,y prL)dUCtlCJfl(Ildmel,yr+~lIilill I i[~,

lorlqlifetime, hiqh--avcrdqe p(Jwercapcibility, and high t?fficif’rl(.yjtlll~o

not been cons idtjrc’dessential for defensl’ applicatif)n~. Furttlvrmorl,

hcavhy ion ,~cc~l(’raters ~11’11(1 ;,lt(’ t’n?ry in l.ht: ICF CImIfII! II IIJII. [’)1

th(’SI’ r~’4<.0il\. dlll(lll(~ ottll’1”~, IIIIfIII’ll furlliirl(Jf(Jr lIII~st idl fd)ll)tl II i’} III ‘

lar(JIIlv (ori(t’f)trdt!’(1 (III llI\IIrIj dIII: ‘Jifl(ll(’ ‘;t(i(il, PUI’l(l’I ~IIIWtII d((IIIIIIf IF . .

w{’ hdvt’ !.htjrt’lor{”propI):,II(l Lh,Il t~l’dvyiorlf,l’hil~rldI(tl~Itlifflf

dl’vljlo~)llk’rltt)!’lrdll’lf~’rr~’(!I(JI.111’[’~f I(II(II[IIIIrqVRI’’.IIIIr~IIIlf1111

lh’pllrtllll’ 111 of I ll!’l”(~y. ~tjl,, tI.,IrI\f III. 11,1., II()! yIIl I)( I 1,1’1”(1(1, IIJI flIII

(JIII II)(IIL. it.f,lVI)I.(Il)lIm If ttl~’f~,lflf,f~’t01( 1111,, it wIII III VII v

fIII( ollr’,~(~irlq. Tr,lnf,fflr WI II COIII)tif.1111’off iiiol [hIJ)(Irl,III(’IIt III I III*I I,<

,,
rl’(I)IJII II 1011 ttlrltt;l’llvy1o11fu’l1o11I’itr“ll I ‘f 1111t’111’r(jv l)t’lll Jt 1111:,

[Jll!ol”lillli~i(’lv, 1111’11”,111’.fl’ri’,1)1I111’1’111’1I’f,1I111111Will’111~1”I’llI i

1(:1”llllfil~”ll’, fh’f 1“1’(1’, III(1. I x 1’,1 1111) [)01f1111111111~)1,1’, [)llly 1)111,11“I(lff 1( 11,111

for d ‘lilll114111,1>]1))”~lt”olll’dill ,lt I ,IWI’{’11({’ 111’rkl’11’yI III)(I!III(l!’V, }I(l;’ll, vl,l’,

1)!’(,111’,1of 1)111I)rollll I.{1 ,Ifl(l llll~)ot”f ,111(II of ttlil 1)11)(11’,1111 I ()’, Al, II III Ii, N,Il 11111II

IdlI(N”, II IIry i’, I,IIlq II)I. t 11111 (!II (’ff(il”t 011 11(( l’11’l”,ltl)t” 11’(”tllli)lllfly ,1!111 I ,It 1/,’

(1(1’,illllwith :! II, I V(I: Il)r),ll y fliIlll’t. I ,IWI’I’111 I’ I IV II IIII(II’I’ N(II 1{111,11 I ,IIIIII”,; I,II /

1‘. J 11.,1 I 0111 If III III~I III(II)imll(]l’l,1111wf))h IIII,11’111’I{h”,11111~llt~llll’IMII

trdll’tlllll’l.

h Illi”,Wl)l’klv,l’,Ilfll’fl)l’11111(1 1111,11’) Itll’ ,111’11111 ‘“. (11 111!’ 11, ’1, Ih’1)111’lml’111 of

I.111’l’ljy.
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11. National Plan for Heavy Ion Fusion

In preparation for the transfer of heavy-ion fusion from Defense

Programs to the Office ~f Energy Research, we were asked to prepare a

national plan covering a period (’fabout six years.2

If one carefully examines heavy-ion fusion, it.becemer ~pparent th,~t

the promise of success is based on six assumptions:

1. It is possibl~ ta hiJild aI,efficient accclc{atul, ,?trlas:l,qi,l,

cost, that can generate hiqh-enercjy (> 1 f4J~ 11.Jtlhe,?:IIf,

CICC.UpYin[/ d SMJ]l b-dllll(’n~il)lld] pt)dsC’-Sf)dC1’ VIJ;MIII’.

4. ollt”pr(’\l’llt( dll 1,1! 10!1” (1)! ’1”1,1 ! iy ill”,[ I 11, t II, ” I.:11’I’ J,

dt!po’) 1 t lofl .

~. lh[’ hy(]l (Jll~ll(lllll( drlo 111(’f”lllllrl!ll ]l’ ,1)’ lJ1’tl,lvllll Ilf Itll I.11,11 ‘ 1“.

l“1, ,1’, i)rl,lltl y w,’ II ill”,! l“1l) (,1! Ily [Illr II,i”!btal”ll 1] ‘$ :“,1 1’ l\8rm’.,

1, T:)l”(ll’1 ‘, ( (11’1’l’’,~)()~llllil~l i(~ (Ill! Illlllltl II ,!1 ‘Il(ll!l, ; , I ,111 Ill l:.!”. ,

~)r’(; llll 1,(1 Ill ,l((!l[)! 411)11’ ( () ’,1 ,

() , A I’I’,1( t 11)11 ( tI(lIfll)I’I ( ,Iri III 11111 11 ttl,lt I’(01’(11711( I\ly (Illlvl’f l’, 111!’

t IIr’111’t ))l”( )(111( t ‘, 111![1 11’, !’1 Ill !’llf ’i”l~y (111(1 ~lt’llillll t’”. t (It’llt’: f (1,’ 1“1

11(1’ (I(h’qll(ltl, I y [)( I Ilr’ 111(; III rldt 111’ 11.

I{!)l I’VI’I yllllt’ ,I(lrl}l”, 111,11 ,11 I ‘.lh \l,ltfwllllll ‘, ,11 II ,1”,..,1111,11 loll’,, ;11‘1111

,It”l’ ( OIIVIII( 1’(1 Itl .11 ,1[( !’11*1’tltlll . [’(”tlflolo(Jy” dlltl 1111’111’y Itllv!’ A1l’1’dlly 1)!’1’11
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adequately tested. Others are convinced that our present calculations of

ion energy deposition are adequate and so on. However, we find that

there are responsible scientists in heavy-ion fusion, in the larger IL’F

program, and in the general scientific conununity who are concerned abli;t

the validity of each of the six assumptions.

If we accept the above point of view, we mu~t design iIproqrw p!a”,

that determines the validity Gf each of the assumptions In a way tti.:ti<

convincing to LJSand our scientific ~ol!eaq,lrs. If wc arc(w~l;isllI.lli’l.

we will be in a position to mk~’ Sr}ii;l(! r!~cihiuns abo,lt thu ~)roli~l~~,a!,

future of h~avy-ion fusiorl.

TIIII off IC.11 f)f En(’rqy kc’’,[’,)r.(tl ,ll. r, II:Ih l.li%~)orli il)l I iti~ . F :

!Illfllll’,1. P1.(lflr,ull’, 1.11,).11(1 rt’t rllll rl’’,l)llll~, II I I ‘1 v f,ll”:

4, l,lr.(lf’t ttl!’()!.v A!l”! l’K~)I’I” llhI’Ilt ’i l“!’: If Ift{l l’) IIII;II I’. ,1)1. 1’ ‘

ttll’rlln)flllf 10,11 1)111.fl

!, . l,lrql’1fllllrll !11 1(’11

f) . HPA( I iflu (II, IIMMII” ,Irlll IMIWIII” pl,lfllI.111111111..
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To dist~nguish the new program from the Heavy-Ion Fusion Program,

under Defense Programs we proposed to call tilenew program the

Accelerator Inertial Fusion Program (AIF). In this paper, we use both

designations. LOS Alamos National Laboratory will remain the lpad

laboratory and provide coordination between Energy Research and Defense

Programs.

B. The Accelerator Program

From our first assumption, we note that the accelerator proql-a~::mc.Jcf

address several issues:

o General scientific questions relatinq to the efficicl’L

production and control cf high-energy beimlswiLl)high 6-~~

phasr-spaco density

o Costs

In addition, th[’rl’,lrl!s~vf:rllloiffrrrut tvpr’,:)fdt.(”t”llirdLOI-5;

th(lr~for(’,thr’program must alv) ~cidriIs\:
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Ue refer to this integrated test of accelerator physics and

technology, beam focusing, and energy deposition as the high-temperature

experiment (HTE). This name is not mea:)t to imply that energy deposition

in high temperature plasmas is the critical issue. Based on all evidence

to date, this is unlikely.3 Completion of the HTE will mark a point dt

which our first three assumptions will have been tested.

c. Transport, Focusing, and the Beam-Target Interaction

Scaled focusing experiments using electron ~eams (Rutherfor]-

Maryland collaboration) are currerltly irlprogress. Also the chanflr.1

transport experiments using light ions and electrons may be releva”lt t,,

heavier ions. Howevw, the HTE will provide the oppur-t~nity fur fg~ll”,i!l.;

experiments on low ernlttance ion beams, incluuing thv possibility of

neutral ization.

Thc’ ion-target int~ricti~n !s ~einq >turlit’dwit!l Iigtlt.iol)at StIII,!I .

aII(i NRL dnclwith he~v.y itJrlsirlcold llldtt~riti. tll~l ll!li1A( cIII(IDe~lll[I(..;1

may alsrJhe po%sihle to pnrform experiments with low.intt~llflit;fI)umnr irl

preformed plasme~. How:Iver, Si.HllI”allorrldl(]usVffccts c(lLIlddc~ll’rl[liHI Ij(’.lli,

ntensity, it would I)vm:zt satisf,yir)qto t~~t vfwrqy (h:[)[l:,]tiorlill

.I1’dill-h(!dt(!d 1) I dSITId <s.
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1= 7PR d(cT + #

If we make the approximation that c is constant, we can integrate

this equation obtaining.

X=z [ (+)]2 tan-ly - m l~y

where x = t T~ax/R. Y= T/Tmax, and oT~ax = I.

A plot of x vs y is shown in Fig. 2. As expected fur constant

irradiance and heat capacity, the temperature increases approximat+:ly

Iir,earlywith time until radiative losses becom~ important. The

temperatur-r?then asymptotically approaches Tmax. We dufinc a Limp r,

corresponding to the intersection ot a line tangent to the cut-vu at K = O

md the line y = 1. Att= r the temperature h~s rt?ached dbout ().hb

1 lhe maximum temp~rature predicted by this simpll’mIxftIl i~ in
mlix “

gmi Uqreement with the results of numerical simlilatit]nr.stl(]wnillFig. ;.

Som argurwnts2 indicot~ that it may ht!r~lsier tu d)tAiII hiqh

irrarliancewith an HT[ accelerdlnr using iorlfsuch a> ~ndium ur p[)ta>i~ii~lli

rather than very ht?dvy ions; however, it is still ~Xpmtl~d fhdl ‘wIav.y

ions arr t.h[’corrrct choicu for ~ Iargr f:J,inllcfrivvr.
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investigate this, we have calculated a large nurrlberof quantities Yhat

might be of interest in any theory of focusing or energy deposition. We

have done this for four different examples of accelerators, a fusion

driver, PBFA, and two examples of HTE accelerators. The results are

given in Table I. We have also included the possibility of doing

experiments with existing accelerators in a plasma preheated to about

50 eV. The HTE examples have not been designed and the parameters giv+rl

may not be particularly reasonable from an accelerator point of view.

For PBFA, we assumed 4 MeV protons with an irradiance of 1013 2w/cm ,

well below the expected value. The quantities given in Table I are

broken down into four categories. The first category specifies SCJITIL of

the accelerator characteristics. The second category gives the

characteristics of a target plasma. The time r as defined if:fig. 2 w~s

multiplied by power to ccmpute E under accelerator characteristics. ~t,.’.

,~~rtant point IS that the temperature and time scaies assuciat(”d WI’-’)

FJbFA and the HTE examples are within a factor of a few of thu:,u

ultimately required. Some plasma parameters of lnter&sL such a~ Ltlt

electrcrllplasma frequency are indepefldt~rltof tcf,,per~!IrC. ilthl..’r~,Slirl,

as the Debye length and clfictron ttlermalvelocity vary oniy a:.t.!l~’sq,J.11~

root of temperatur~. Stili others such as r?slstivit.y vdry murv I.d[]lli, ,

with tI ~lerature, and some depend on both temprraturc ~n:]dl’rlf,ity.Ttl(

der]sity rarl k varied by large factors. Thus by mwly mea~ur~,!,.Ptit~,UI

the HT[ examples erlahl(’us tn a:]l]r.u~ctlth(.pardmutt~r rarlg,’ I,f t,Il ill,,:i,.

intrrrst ver,yLlos(:ly. Irlall casr5, thv t.ernp(’rdturi’is hlqtlurlollqtl111

110’,trmgr shortcniny.
4

TINIthird catrgory qivr!, thr charactf’rlv,i.lcs of th~’INI;II:,.TIIIII,II,11.,,

given in aIIunconventional form in an vftr)rt I(J m:)t iv(lt(’Lilq]l,y1114

combinations chcxen. For exampl(’, one might exp~ct ~lnypl(]wl[lto r[,s~lII]

to current df’nsi[y. The beam particl(!s irlturn respond tu (1111( tri~ dr:i:

maqn(ptic fields. Thi$ r~spon%(” miqht I)ctIxpucL[v!to d(jp(tnd[m //p or //T

whrro p ann 1 dr[’m(mwntum afIdhin[’tic vrll’rg.y,r(’spl’ctivl’i.y:thu%, tt)(’

qu{lntiti(’~J1/p iIIl(!J//l havr Iwn tahll .lud. Fully stripp(’d ioll~,lrII
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assmed. It is recognized that these can be expressed in terms of more

conventional plasma theory pararmters. For example JZ/p is proportional

to the square of the beam plasma frequency, which appears to a positive

power in the growth rates for many beam-plasma instabilities. It should

br noted that growth rates usually decrease with increasing bean

temperature (energy or angular spread). The PBFA beams are likely to De

quite hot, and tOis must be taken into account in extending PBFA results

to other cases.

The fourth category gives quantities that might tieof interest for

focusing. The parameter ~ is charge per unit length. Th~ quantities in

this category assume singly charged ions. Since scaling als~ depends on

beam angular divergence and focal radius, a large parameter region can bc

explored with an FTE.

We emphasize that Table I is neither complete nor rigorol’s. Snme cf

the quantities listed may be unimportant or important quantities may hav.~

been omitted. The purpose of the table is to suggest that by a ~argi

nwnber of measures, PBFA togeth~r with an HTE and existing acceleratur$

will be able to explore the focusing and depositio!l issues in an

interesting parameter regime. There is a qreat deal n“ f’exibilit.y in

choosing HTE parmeters. The only requirement speci’ led In our Nation,:l

Plan is that the HTE produce a tempwa+.ure ~5G eil. if thi< tempel-ature

is achieved, the preliminary consideratiur:s listed above suggest that the

HTE together wit~ other possibl[? experiments will provide adequate test’!

of our assumptions abou+ dccel~rators, focusing, and fiepo~ition.

Wf?currpntl;t hope to nave ‘~heHTE orl-line in about 1989, A two

staqe program has been proposed to achieve this goal. The first sta:l{’

consists of accelerator research and developmt!nt. The seco,ld staqt’

consists of actual assembly of the HTE. This program with proposed

fundinq is outlined in Fig, 4.
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IV. Speculations on Program D

This section contains the

rpction after the HTE

author’s specul?+.ions. These speculaticcs

are not part of any official plan or policy.

In the 1990’s fusion research may be entering thf engineering

phase. For most fusion concepts, this will be expensive. In particular

for systems burning DT, tritium self-sufficiency seems essential since

only very small quantities of tritium occur naturally. Tritiurn breeding

ratios of about 2 appear possible so that a large fraction of the solid

angle of the reactor must be surrounded by tritium breeding materials.

For low power de~lsit~”devices that only work in large sizes, ‘*ven the

first test reactors may be very expensive.

It would b? very useful if one could begin reactor engineerirlg t~sts

and tr’tilm breeding at a small scale. Heavy-ion fusion mdy offer thi;

possibility. Consider the following Parameters:

Energy 0.1 - 1 f<,]

Repetition Rate --1oHz

Target Gain ,.1

Such a machine would produce 1-10 MUof filsi~n power (4x1C17 -

4X1018 neutrons/s). The accelerator is small ..ompared to a power yla~lt

driver. The target gain is also low. By th~! time such Ml acct)lprat:)r

could be built, we might have considerable confidence in low-gain

tarqets, but we may not yet have demonstrat~wl nlqh gain.

The reaction cavity requ’

relatively small and inexpens

and engineering development.

on the ldrqer ICF program and

red to contain such smal I .yirlds miqht Ij~I

ve and still a’lnw tritium sclt–sufficiunu.y

Thv time scal~ tcr such d facility rllip(’r,d%

on the HTE. If the HTE acc~ler~t{lr h?:,
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very high performance or if it is a module or part of A larger

accelerator, the time to a small reactor test facility might be shortened.

It is certainly to early to claim that heavy-ion fusion has :

p~rticular advantage over other fusion schems. Nevertheless, the

pranise of such advantages is sufficiently real to justify a healthy

program and demand the serious attention of the scientific community.
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