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1. Introduction

The recent advances ir macroperticle acceleratn=s end especially
the advances in electronagnetic gun technolopy have renewed interest in
the concept 2f impact fusion that wae first proposed in the early
16(0s(Ref. 1). The Lepartment of Energy initiated a review »f impact
fusion concepts in nid-1679. A team consisting »f the University »f
hashington and the Los Alamoe Natiznal Scientific Laboratory was
selected to perform a techrical anulysis 2f and penerate criteria for
inpeet fusion. A nejor workshzp on impact fusior was conducted ir.
early July of 1676 by the Uh/LACL team in Los Alanons, Kew Mexicn(Ref.
z)., and a final report hes been issuved(kef. 13).

Like othe= inertial continerent fucioan concejts. the najor
application of inpact fusior would te t~ Lhe jerneretion 2f electric
jower. e shull review the possible gjpiicatinns of electronarne.ic
tuns to inject fusion o= electric power basec upsar the results of tie
above vurkshup and Lechnileel . vsis.

11. Imjact Fusion Concept

Inpact fusinn ir the conuversint of the kinetie ererpy of & fect
noving, initially stetiotey nac=opa-ticle projectile intn the interncl
eneryy of fucile naterial. The =crulting internel enerry »f the funilc
naterial s grait emuprh Lo prxduce & fusile plesne that her o
tenjerature. prescurc, and aennity sufficiontly hipl. in ab least 2
locitie: o praduce o themronueloi= =eoction. "rir initial fusio.
reaclion nay bo lampe onoupl Lo cousc tusian dpnition of o sizeatlc
fruction of the fusile jlasna. To preuee o sipnificant enerpy piin. o
substantial fractinn of the reacting fusile nmaterinl nust Le consumed
and converted to ash beforc the fusile ness disassenl'les and the
the=monucleir Luen i quencled.  Nnee the ine=tia of the j=2jecti]c
b-2lones Lhe dirassenl ly process, impact fusiorn s penc-icual ly .
inertind confinenent fusion (1CF) cowept.

The eonvereion of kinetic enespy into Internal cne=py ir
peenan) Hehed Ly ccllding Lhe npergpasticle progestile with o
stationary it o= with ammthors niergpe-ticle prajectile inside
renctinon chand.er.  The necensary letieth of the nee=app=ticle
aceclerilo=, perhps hund=ede of petese or mnre, proeludor Lhe use of
many 1sot=op fenlly converp ing nieropiarticle bems, A two ool liding
progectile tarpel systen. at most, 1s conrldored feisible.

opommred Ly Lhe L Topamtment of kne=py
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To produce electric power, the energy released by the
thermonuclear process is absorbed by the reaction chamber wall and
transferred to a working fluid that in turn drives an electric
generator. The debris is exhausted from the reactinn chamber, and the
process is repested. As in other fusinon power concepts, neutraons
produced inr tlie thermonuclear bLurn can be captured in a breeding
blanket for fusion fissior hybrid operation(ﬁef.h).

Eohachevsky Eooth, Krakowski, and Miller have shown that it is
feasible to have an inpact fusinn power reactn= that is capable of
containing 100 gigajoule pulses with duty cycles as short as one pulse
every ten seconds usirg abnut a trn meter radius fluid wall
verstl(Ref .5,€,7). Williams. [oth., and Krakowski have showr, that the
nininun. theronuclear yield per pulse mnust be mmre than 1 gigajoule if
tl:e power plant is to be cast conpetitive with nther forms of power
gereratior even if the cost ~f the enperded tarpet syster is as 1w &=
31 per pulse(kef. £). Thir sane systen. study showed that the ratin C
o1 tlertonuclear yield per pulse to projectile kinctic energy must 10t
be less than sbout thirty if there is Lo be a reasnnatle recirculating
power frazction in the plent. There are meny probtlems, such as
trejectnry control and targeting, for which solutions have not yet Leen
founa,

Iv. Turget lrnterections

In order to obktadn & useful themonuclear tu=n, nne neecds a plasei
tenjerature of over b Eilovolts. a plasna pressu-e 2f atout 10010
ncj ebars, and &én ic) density of tle orde= of “x 11 jore pe= cc(hef.
). lsing & nodc! in which shock preheating it f2llowed by unifomm
capression, Jdenl v his ghova, that o plener ta-get rystor leads to
jre.jectile velacity recuirasents that are sbout 7 foctor of five Hifhes
than for u gphericilly eoverping tarpet. systen(hef. %), 1In hir
celeulet: g, Jerbue taker irty account thermal concuction and
Fraesco=ahlunpy =edistion lorses.  Audenne=de huas shown thal the enc=ypy
lessce due b sphericel-tam ot conp=ersil ility ar=r consistent with
thoee asoumec 1y il oc(het . 17),

The linea= nue=jirticle veloeity ~equirements fo= duplicating
liser pellot ¢ ag=eesione o= bigke= 1y o facta= of alout six thm o=
the cane where nipce=opartfele lincor enc=py ir converted to sphe=icid
tampst enempy in i cingle Lyd=odyninice scquence(kef. 1.). (nly
purmcry byamadynae ie sthesiccl vy or guari-sphericilly s ennverspent
timret systan vecme feiriblo fH= dnpact fusio

howiejor peob an i1 pact furess tampet derim 10 the eonverring
of lincur kinotie encmpy of the projectile Inteo a sphesienlly, or
quasi-sphorically . converpine engreccion of the themonuelear fucl
without o Severc boss 1o ewerpy imd auseml ly velacjty.  Altlreuph
definitive calvulation har not yet been donc, o mixirwn energy tr-ansfe~
fron linear to spherical notion would seen Lo bo about 207 with a snall
lony in velacity for two ool Mding mncropa=ticler of caunl masses and
equil and opposite velaedties, T ds aleo meecnsamy to avold excessive
tarpct necuriivcy requirementt: for the macroparticles,
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Starting with Jarboe's optimal spherical target system of an
imploding shell with about 12 mega?oules of energy miving spherically
inward with a velocity of 1.3 x 10/ cm/sec(Ref. 13). adding the
assumption of 20% energy efficiency in going from linear to spherical
motion with no loss in velocity. and assuming equzl nass projectiles
mcving towards each other, one finds the mass. velocity. and energy of
each projectile to be those given in Tatle 1 under the column “No
Velocity Multiplier”. The thermonuclear yield per pulse comes from
applying the systen requirenent C=30.

Velocity multiplication by colliding macroparticles »f
successively smaller masses has been propnsed by Wirterberg. amorg
others. as a means 2f reducing the velnacity requirement.s on impact
fusion(Ref. 14). Assuning a nacropa~ticle mass ratins »f ten to 2ne.
one stage multiplication, and epplying simple impact mecharics without
any inelastic losses for velocity nultiplication (which is most
optimistic). one finds the results given in Table 1 under the heading
"wWith Velocity Multiplier". Planer shock relations are used in these
calculations for Lhe preheat before the unifoyrm compressinng,
Christiansen(kef. 1) discusses the possibility that spherical shock
and wave focusinp might reduce the macropz~ticle velncity ~ecuirenents.

-
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Table 1
No Velocity Multiplie~ hith Velocity Multiplier

Mass of eech 3.€ g 36 g

Projectile
Velocity of

Each Projectile 1.3 x 107 on/sec 7.2 x 108 cn/sec
Kinetic Energy of

Each Projectile 30 MJ G1 MJ
Thermonuclear yield

per pulse 1.8 GJ 5.4 GJ

Froviding all the assunptions used in e=riving at Tatle 1 a-c
gpprovimstely correct. there is a set of projectile kinetic energy
requirerents that is consistent with the above reactar systen
requirements. Eotl cases in Tzble 1 have the-monuclear yielcds which
are grenter than the mininum econoric yield and less than the vessel
containment linit.

V. Accelerzinr Cystens

Three electromzgretic acceleratn~ systers that might meet the
Lrojectile velwelity recuirenents @re the rail gun accele-ztnr-, the
travelling nagnetic wave sccele-atnr., and the lesc~ drivern ehletive
acceleratn=. Tidrar und Wnldstein have alsy proposed 2 pleasra impulse
acceleratnor(hef. 10).

The segymentec rail gur, an aralyeed ty hawkell-f, 17) anc 1ty
Muller, Ce-wir, and richte= (hef{. 1¢) seons Lo offer the most p=ornise
vl teing qevelnped into an inject fusiyr accele=sto=.  Using the
infometion in heferences 1V ans 1. 2ne finds the ent-ies ir latle i1
{o= the ~oil g,

Parry @.d 2the=s Lave sbow rhet the plysics liritation of the
t=avellig Megnetic wave eccele-et2= jo the cu=rent cersity ir tre Type
11 suype-ennductnr in the jrojectiic ~f not anme trar b x 1t
anjo/sonete~(kef, 1¢). he fu-ther 2orcludes thet repnetic fields 2f
10 Tesla at the Liph velacity end of the accelerato= car not te
achicved becausce of the ene-py-cenrity linit of cipacitere ang tle
inductance »f switches oiid cu=rent feeds. The lenpth »f the
wecelerutn- ir tho~efo~c wuct 1o e and the efficievey nuct less thin
thone pivarn i the drpoct burion Wkl keox pnd othems bhve
shalyzed the eicetrice] enpince-ingy anjects »f the trovellingy wive
acceleraton ane shown that thewc ie little joec-itility of recnve-ingy
Lhe enerpy stored i1 the napnetijce field 2f (e drive= cuil s teciune the
techninlopy daocs nob exirt o= Lipl voltige. bipl cu==ent, fart opening
switehen at acceptatle aceelerato= lenpthe(hef.  20) . The {mequency
requirencits for the Lijh valoaeity stapes coupled with the i-—odueit e
inductance requi—anents of the cecclemitom enile and feeds ejetale o
cajireitor voltupe preate= than 100 kbve The plamma injulze accelermato
will probably also have the sons Lipl voltipe and switcehing
difficulties an the trovelling mppnetice wive iccele=ite=,

Acceleratinn <f nac-particles t2 the required velaeities and
cicrpier by lase” driven ablition in possille [n principle. The
efticiency nf cunversion of laser enenyy Lo (rjcetile kinetic eneryy



can be as high as 208(Ref. 21); but with maximum CC. long-pulse lase-
generation efficiencies of about 25%. the overall efficiency is less
than or equal to 5%. This results in excessive energy requir-ements for
the laser. hkone of the difficult protlens of btear blocking., focal s=pot
tracking or projectile stability hLave been considered by tle
proponents.

Sare »f the laser eblstive accclerato~ techriques aprear quite
capetle of sccelerati:? frectinnal pren particles to velncities 2f the

order of 10€ or./sce. This could be guite useful for magretic fusior
reactd?~ refueling and equation »f state studies,

|
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hccele=ato~ Frecictez _ f-ecictec F-erent Corrernts
3 4 Efficlercy enarst-ated
Velocity -
(heec 27 1,3 g1
cr /sec)
feil Tur vy “en/sec Fasily celivers 10-17M0J, Zimple electrical
{3 pre, tectrolars: inductive storege and/o rotating
rach-ire”y and capacitors. Felatively low
voltage(~1kv). Fuch experimental data with gram
size mac-opa-ticles. Efficiency can te increased
ty going to segmented r2il gun and recovering the
ctored rarnetic fleld energy.
=zveilorng LR X Little j~esent prospect of ralsirg efficiency
“agretic even at this length because the technology does
acy r~t exist fo- tre needed high voltage(~150kv).
Fifh cu=rernt. fast opening switches.
aze~ cTEl 1. op- ke eeticnl crly Fxcesrive laser ene-gy ~equirements.
“-iver l'eed o= mac-opa-ticle feedtack stabilization
rTletite ard lirkt t-anarissiorn th-ough ablated plasma
ao=e g~ lens,
Tlefre .3 LT Trermticrl ot ly feccibility of acceleration principle
Tmpulse cnuld te shown in 2 2ne 2~ two stage experiment.

kKill have sare elect-ic2l engineering problems
as t-avelling megnetic wave accelerator.

] - - . . H .

T ire scile o8 tie ineelematn= lerittic ~ulf out rany tear -eactn- corcepts that involve spherically
corverging tear.s 7! rzoeipatticies. 1 il tat lIfr conside~s twn reemojarticles moving towards each o2ther with
[ 3

“Lel ar? oppniite urlonitier, Twn sncele=zta=r e reculi=ed,

Z The zccele-zt- - s{f{irjercy is t1re -~a%in 2f the [=2icctile fayload kinetic energy t» the acceleraztor
irput eremga. 'n oananurt i- tzren T fremcy thit rifkt te -ecive-ed f=om the stored nagnetic field. The
“gecta= syster = imirerty zve pot ~ofiter cenurl to estat lish: a fi-r lowe= bound on the -equired efficiency.
bt STAL ls peezertly lralcated by monter stieddjec(ief e )

E Tre sreelenzt s lapi b sagler s tee siaime 24 the teer jrz] velocity ii one assunes constant
CRRN I S AALA R

”

th T T 0t eectd T et by Sbe plel Shmeept) o7 mepii=tiele pate-intle at eorstant acceleration.



V1. Corclusinns

There are several distinct advantuges of impact fusion over the
more conver.tionel ine-tial confinen.enta%hsior. ~oncepts. One &dvartafe

is the relative ease of inserting a small macropar-ticle iInto a =eactor
vessel cavity as compared with leser or charged particle team
transport. Irpact fusion has no analogue to thre last optical surface
of laser inertial fusinn or the last electrode of ion o= electron bea.
fysion that could be cestroyed during the thermonucleer bu-n. Imrpsct
fusion can schieve the necessery high yle'ds, of thre or-de~ »f a few
glgajoules. whick: are difficult to achieve withk laser-s excr:t at
unrealistically higk tar-get gains. The efficiency of mac-cparticle
accelerztors can be consideratly higher tharn lase- efficiencies. The
needed macropar-ticle accelerats~ technnlopy 1= nearer to realization
than laser tectnology. Tne rail gun accelerator- is well edapted to the
delivery of some 10=100 negajoules »f energy to the fusior tar-get and
the electrical technnlopy involved 1s relatively sirple--inductive
storage anc/o= rotating nacl.irne=y ard cepacitors.

The =ail gur has the potential of devclsping into en impact fusiorn
necropar-ticle accele-ato=, anc it 1s the roast - nising elect-icel
acceierzting systen since its efficlency cer. tc Ligh. its lengtl
relatively sho=t. anc the-e is & conside-gble Fady »f expe-irerteal
work. The 1ext step i =ail gu. developrent would te to irc-ease the
velacity by a factar of th=¢d o= four usirng th-eec to five grar pellets.
The final goal of =ail fur reses=ct ara develurent would tren bte to
increise the velneity by anstre- factor 2f five to cix to obtein irpact
fusimt jareneters.

Vil. Ackrowledpncutr

he &~ itueltec Lo F=oféss~=r A.Lergte~py e C C.V1eres of the
Lniversity =f Washingto: for c=itical aiscusriors ~f nuct ~f tlte
matericl presented in this review and to Irofesso= E.b.Lker of Vickipi:
Ltete lnaversily end brof . F.hinterte=g 2f the lrnive~city ~f lLevica
for furthe= uircussinis and cc=respondence conce=ring the r-te=icl
jmesented et the Inpact fusian horkshop .
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