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ASSESSMENTOF THE SLOWLY-IHPLODINCLINER (LINUS)

FUSION REACTORCONCSP”#

Ronald L. Miller and Robert A. Krakownki
LOE Alamoa Sci ntific Laboratory, University of California

Loa Alamoa, NN 875h5

ABSTRACT
Proepects for the slowly-imploding liner

(LINUS) fusion reactor concept are reviewed. The
concept envisages the nondestructive, repetitive
and reversible implaalon of a liquid-metal
cylindrical annulua (liner) onto field-revcraed
DT planmoida. Adiabatic heating of the plaamoid
to ignition at ultra-high magnetic fields reaulta
in a compact, high powar dennity fusion reactor
with unique aolutiona to several technological
problemm nnd potentially filvorable economicq.

I. INTRODUCTION
The ~lnwlv-~lnding liner (LINus) fueton

reactor concept ia one Of neveral nlternntive
;lppronrho~ tn mlnflnctlc fw~ion prenently unrlcr
,Ict[vc L<(_JnEidPr:ltton.l 12 The prLM+9ryproponent of
this approach fllld center of cxpertmentnl nctlvlty
~~ tl,~ [I,q ~~v~l Reticnrch Laboratory (!JRL).
Addlctnnal mwlellng of the concept tn chc cnntcxt
of n romncrcl .11 power rcnctor hae been c,trrlcd
{111t !It m number of IJS inatitutionn. ]-’ in
nddltlnn, ;I Htudy of II slmllnr device has been
mnde In the USSR.8 The present LASL mtudy6
involved the devcinpment of n cnmpruhenulve
romputcr modo1 ()c the liner tmplnsion dynumlcn
nnd the plnmnoid rcsponao. ThiE model in used to

:Innemm the I,INUS rcnctor energy balance and
drtcrmine potent[nlly uttrmctive dcal,gn points,
which were $llh~eqtlcntlf oxnmined hy n prellminnry
vconomlcn 170dcl for the determln~tlon of direct
rnpitlll comta nnd the coat of clectrlclty. In
nddltlon, cert,aln I.INUS nwcleonicn nnd mechnnicnl
dc~l~n LMSII,.S were ~ddrenned. While nLl of the
Ilhnvoment lnnd ntudiea have lnvvked wrloua
denlRn optlnnn, which will ho Idcnttfir!rl nnd
dlNruHsod hclr)w, the (undnrnentnl npprnnrh in
ronmon tu nll flntj in Hummnrlz~d hurt,.

Imploding-l lnvr mngnutlr flux romprennlnn lr4
;I w(,ll-knoun terhnlq!ic filr dchlcvln~ ullrn-htgh
(> 51) T) mnRnutl[i Flvld t4trcngtlls for vnriouo
;Ippllrntlnnn.’) At thcrm(lnllrlnflr tvmprr~ltllrt,m
(10-1!11 kvV) tllowc IIIRII rleld ~lr. Ml M nllow lhr

by !!cnnfinemrnt of hl~h-donnlty (> 10 /m ) DT plnamn
fur LlmL,H (- I mn) thnt nro ,Iotcrrnlnrd hy 111P
Inortlnt eontlnrmcnt provldu(l hy lhc llncr At

*- ------ ---------------Work p(,rri~rmt,(l Illl,litr LIIV illlMlli I’lIf4 ,If Lhr [J.s.
llrpiirLm,*nt [If ~nt~r~y.

peak compreamion (turnaround) and which eatlafy
the Lnweon criterion. Electromagnetic ayarema
exploiting thla approach ueing small, thin, noltd
❑etalli

~
llnera with fnat implosion apeuda

(v - 10 m/a) have been considered.2110’11’12 The
vigorous thermonuclear energy ruleaae (> 3 C.1 in
- 1 us) that characta:izea th~ee fast lmploelona
is expected to result in the deatructton of the
liner apparatua and nearby current leads. The
ccnnomics of ref.lbricntion of the duatroyed
apparatua nece.saltaten high-gain (i.e., Q > 12,
where ~ equala thcrmonuclenr ener~y relcn~ed
rclatlve to the liner kinetic energy) systems
with potentially suvere tuchnr)loglcnl constraints
in the nrens of pulsed energy trunsfcr ,Ind
scorugo, plasma prcpar,ltion, blilet CflnfLnL1nCnt
nnd the cconornics of materlnl utilization.

In contrm~t to the f,ldt-llncr :lppr(JUCh, tllu
LINUS rc;lctnr un~l,lugcB 41 S1OUCF, rcvcrslhlu
Implnnion (v - 10- m/u) of II l,lrgcr (inllial
thlckncen - 0.4 m and length - 10 m) liqulrl-mct,ll
liner unlng mechanlc+il or guti-dynumic drlvc. A
flcld-revcrncrl plaEnOldl] (Compact Tnrnld) uould
provldc the hnnlc plilmmn confi~ur:ltion on which
t ho liner would net, the ruby cllmlnnt[n~
well-knnwn particle/cncr#y clld-loHHcn Nswn(,l, ltl?d
,,1i t h open flcld line syB.emn. 14 The pawer cyclu
cnn be nndc r~vcr~lhlc lf LIMJ fllHlon-prodIlct
alphn-pnrtlrle cnurMy galnud by ;In rxpnndln~ llT
pl.tnmnld in IUICIIpIIlsu cnn he nntchvd to the
Vlncr)uo ;ind frictt.mml laduem lncurrud, and the
initinl drlvcr ener~y lN thereby fully r~~torcd.
Thin revurslhillty nlloum ccutlornltul rcoclor
opernt[on For I(IW Q-villll@n (- 1.2) with
nnndcntructivc pIIIHIJdunur~y r~lcnHcH (- ‘1 (;.1 in
- 1 mH). in nddltlrm to provldin~ tllv pl;l~rnn
llentill~ mvchnnl Hm, the Il,luld-rlut:tl (1,1 or l,lpb)
Llucr mnt(,rl.11 ltHulf w{)IIld Hlmult,lncouf41y ~urvc
I.hr (I IIWLIOIIH{if: rvlww~lhlu “I’lr*L-w~tl l”, r;tp,~hlt,

i
cf arrummn iltln~ ficvcrv pulHvd thvrmnI Illndlll}ln
(> 5(~MWlm ); trttlllm hrcudlnx hl:lnkvl.: nwtrun
find }Inmm.1-rny Hl:luld of tlILI p(,rmnnunl rvortnr
rntrurturnl t-omp{lnvnttl; ~IINl prlmnry III*It-t rnnmfcr
mudlumm TIIIM r,lmhlnntinn of functionH, when
r!luplc[l With th~ lIl;Ih p(}wvr-dvllwlty pvrformnnr~h
(If thv hlnh-hvtn pl,ln mold, 11,nd* to ii rvl,ltlvcly
t,t)llpdlt,1 nnd pI}tvIItlIIllv iittr~l,.1.lvc 111.IIFIW for
runlon powvr.
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‘fha bamic LINUS raactor opmratimg cycla is
Illustrmtod in Fig. 1. In the initial ●tmta (a),
tha cylindrical liner lo at raat (radially), and
a hish-p SSUrO (- 15 NPa) hali= san

P
remtrvoir

(- 500 m ) providom cha ●argy storaga raquirad
to drive tha linar implomion. Tha liquid-metal
limr (T. - 350 K) is rotatod (100-300 rm) in
order to provida centriCu8ally a cantral burn
chamber and to stabiliza the fraa inner ●urfaca
of the llner ●g@nst Raylmi8h-Taylor hydrodynamic
tnmcabilitiam at turnaround. ‘fho outer liner
eurface ie ●t nll times constrained by tha
implomion mmchaniem. As the plmmnoid im wither
created in situ Gr translated into the device
from one ●nd of the liner (%c. 111.A.),
faat-actin8 helium isolation valves ● re opened,
and the liner ie imploded radially in - 20 mm.
Radial conprecaion ratios ara - 10, the liquld-
metal liner acts aa a non-ideal flux concerver
and “dynamic coil” durin8 the imploslon. The
adiabatic compreaaion of the DT plammoid and
naaociated magnetic fiald remulta in an iRnited
thermonuclear burn for ● short (- !. m) inertial
dwell time at pmak liner compreaaion (c). Ourlng
the burn thermonuclear neutronm ● re deposited in
the liner material, which because of cylindrical
convergence ia -J l-m thick at peak compreeeion.
Provided thmt the riullal dimznmionm are
appropriately choaon, the nlpha-particle energy
(prunnure) ridded to the plaamoid can be
sufficient to compenonte fur the mechnnlcfil,
renlntlvp nnd VIUCOUM loaaaa incurred durinR the
llner lnplnminn n nd ro-expnnelon; the
rnnfl~lriltlon lM thereby returned to Lte lnitlal
~L.ltu Id). Ilw hellum reaervolr lfi ruprccauriced
hy the nlphm-pnrticle driven liner ezprnmlon lor
IIUN IJn Lhe aubdequent cycle. The **xpnnolon
qllenchrd the thcrmnnuclenl burn, nnd the spent
pl.lnmld lm fludhed Frum the dydtem.
Rucondcnaotlnn of vaporized llnmr material on a
roolor inner eurfntx nnd the pr~pnr~ltlnn of
,Inolhvr plnnmnld rnmplctrm thr LINUS burn (“yclc.
Thomc ruquirumcntn au~goat n mlrtlnum cycle time
hrtwet.ll Implunfnnn of - i n.

1. !l(.llemt
or rrvrrvlh

r rvpronuntntlon nf Lhr i, I !llf!4

r opor,ltin~ rvrlo.

Tha liquid~tal liner ie circulated
continuously out of the reactor, throu8h the
priwry coolant loop for heat removal and tritium
aeperation and beck to the reactor. A surse tank
betvean tha LINUS reactor and the ● taam 8anerator
would minimiaa adveraa preeaura cyclins. me
liquid-natal inventory in the reactor cycles
completely in approximately fiva to ten
imploaionlexpanaion cyclee. With a time-averaged
groaa therml pover of 3000 HUt and Li flow of
5000 kg/a tha averase temparatura increaae la 160
K between Inlet ●nd outlet manifolds. A LiPb
●yetam mishl be expected to raquire larser heat
●xchan~re and hi8hmr pumpin8 power than a Li
●yatem. Bslanca of plant (ECIP) featurea of a
LINUS power plant wuld be similar to moat other
fusion planta uain8 a liquid-metal primary
coolant. Plant outpct can be ●xpectad to be in
the ranse 500-1000 Mfle(net). The baalca of the
LINUS power cycle will be elaborated in
eubsequant nectiona.

II. REACTORPHYSICS HODEL
The LTNU8 reactor deeian noint id detemined

by dynamically coupled modeis ~escribins both the
liner and the planmoid reeponae. Inertial, flux
penetration and evaporative haat-trtinefer
phenomna couple the liner/plasmoid models to
deacribc the overtill raactcr porformznce.

A. Liner Dyuamlc~
Modeling of the liner dyn~lmlcd fnr LiSl!S

uauully aaaunem5~607 that the llncr material ●

invlncld nnrl Incnnprodaihlc. Temper;lrure-depend-
ant liner thermul condtJctlvity, bent cnpacity and
elmctricnl reuietivity nre used. In the prenent
r,ode 16 naum continuity, momentwo ~nd cnerqy
cunservatlnn cquationa for thu llner n re e.] 1 vcd
●uhject to the t lr4a-varylnR helium

driving-p:ueeurm boundary condltlnn nt the owt,,r
liner uurfuca nnd thr tlm valying plnnmotd
prutidure ut t ● lnnor uurfmce. TfW rotiltln~
liner conwcrvvm ~ln~ul.lr m~xnontumJn 1: lmplndcn.
Nonllnenr mognetic flux penetrotlon into the
liner cmn hc Included diroctly5~6~15 or by mennd
nf Hkin-depth npproximotlonm.y F’lux dlffueaa
- 0.1 m into the Lnnor liner uurftice durlnR the
liner Impluaion. Dlmaipatlon of flux in the
liner adda to the Irrovorulblc mcchnnlctil lo~aca
nnd met #inn ha ovcrcumm hy the alphu. parllrle
cne rxy. Cnmpwtcr tJlmxll~\Llnn nf conprunnlblc
llnor dyrmnirn unlng I full hydr,dyn;~mlc tlomrv
hum huvll porCl~rm~d14i thrmo mnrv dul.lllod
rnnputntlnnu nrc uH6*dto cdl I hr;l:~~ tllr r.lKtur-
runnln}t lnromprus~lhlr rndon, tllv fllrmur luvrl ,If
c~Jmpwtntinn ~~nrrnlly Iwlnt; tnn oxpunH[vt. for
runclor nurvcy C“.I1(”II1,ILIIIIWI. (kll~rillly,
comprunnlhllity uffvctm mro mnnltnrod uHlnN Q
1:UC hut rrnnonnhly ~lrcur.lt!~.—
rl~ljrement,ltillnn.~~b~ly Comprrtttilhllity I,ffvrlil
will rvq~Jlrc nddlt IOIUI1 enilr~y lvvuntnvnt lG
nrhlvve II dwlrrd rnnprv~.~fnn r,lt Inl hut rllt~ IMIO.I
tIJ !lWllply Lhil) mhld ,,nur~v o,lrlt rvrlo my IN!
uff.!et hv ,in onlmnrod ll!ll~r dwvll nt m.lsl!mng
rrmpr~~~nlon, LIIII lnrrv~l~od huru ttmo IIIIILIIIto 1111
tnrrwlmod tlli~rmijltll~”li~.lr vlt~ld md hl, ~hvr IJ-vnluva



Energy etored in the comprennion of liner
material, however, ie releaeed in the form of
chocks which travel through the liner material
and act on the permanent reactor otructure, which
❑ uet be suitably strengthened.

An experimental etudy of elow-liner
+aploaiona dynamics without plasma ie underway at
N~.3018 Stable, and reversible liner
compreeaionlexpaneion cyclee have been
demonstrated for liner imploe!one nnto
magnetic-field payloada. Liner rotation,
requ i red to suppreee R~yleigh-Taylor
inetabilitiee of the inner liner surface at
turnaround, ie achieved bj rotating the entire
implouion mechaniem or can be achieved by meaua
of tangential injection of the liner matarial.lg
Either of theee techniques may extrapolate to the
LINUS reactor.

A typical liner trajectory during the
implosion cycle is illustrated in Fig. 2. The
scaling of the initial liner radiue (- 2 m),
thickneee (maes), rotational epeed and
compression ratio predict sufficient compresabn
to achieve a self-euetaining cycle and to eatisfy
the nucleonics conetrainc of - l-m liner
t!ltckneoe at peak compreeelon (Sec. lll.C. ). The
plaemoid eeparntrix radius 1s ut nll timee close
to the inner surface of thv liner me requlrcd by
:he pl~smoid equtllhrtun mndel (Sec. Ir.fl.).

2,0

1,5

I,0

0.5

-o IQ 20 30 40

TIME(ms)

FIR, ?. Typlrnl eyllndrlvnl Llnrr i7pl(1#l
trnJurt4Jry. Inner nnd owtcr liner ho!lndnricH ,l,II!
tho plnnmuld Mapnr;ltrix rndlus n rp nhuwn nn 1
f,lncttnn nf time.

Tvo dietinct optione are currently under
investigation as liner-drive mechaniema t
oppositely-directed axial piatona and a
collapsing ehell with mace approximately ten
t has the Li-liner nues. Choice of the
appropriate drivj machanlmm is linked strongly to
the choice of liner material (Li or LiPb), plaema
preparation technique (Sec. T:I.A.) and
mechanical design iueuee (Sac 111.B.). The
presei~t mode16 focuaue on the eecond option.

B. Plaems Model——
The DT plasmoid that appeare moat compatible

with the LINUS raactor configuration ie the
Field-Reversed Configuration (FRC), which ie the
component of the Compact Toroid (CT) famlly13020
that supports no toroidal field. Thie plaamoid
geometry ie Iliumtrated in Fi2. 3. Cloeed
magnetic lineu ineida the magnetic eeparatrix
provide thermal isolation and reduce transport

loeees. T?,e availability of high-beta plaumoid
equilibria for the FRC propoeed for LINUS allows
high power-daneity burns that are consistent with
the high heat-flux capabilltlee of the LINUS
“firet-wall”. The preecrrce of an open field line
buffer between the eeparacrlx and the liner inner
❑urftice can leolate the pl~wnoid from contact
Wl:h contnminattng liner rmterlal evnpor~ted
durl.nx the burn, therehy acting effectively as a
dl.+crtnr. Flux d~ffuslon into the !lner reduces
the chlckness of the huffur l,lyer :lnd sci~ n
Ilmit on the initial pl;lema filling frtrrtlon.

T?Ie CT uqullthrlum l!lplles~~ thmt the
nvera~e pl~lsmoid betn-va!uc <fJ>~ within the
acpar.atrix r~diue r~ 1s given by

(i)

The corresponding beta cvulunted 1 lthin the Inner
liner surface, <B>w, le ~ 0.5, ~dt vuriea slowly

during the lmploeton. An alternntivu plaamotd
equlllbrIum may allow higher ovcr~ll vuluem of
<fl>w if fixi~l preaeure le eupported by cndwalle,
and the ~eparatriu radius rm equale the Inner



liner mdiun r . Uuring compraneion of thin
configuration, ?s>wdropmaharply. This behavior
may dictate the choice between one of two
possible pLeeme preparation methods (Sec.
111.A.). The plasmoid can he produced ir. eitu
using hollow, rotating relativ~mth: ,~tectron ham
techniquee21 or can be fr’~n:hex;;;p;:i b;b:Field-Reverned Theta
oubeequently in trar.elated into the burn cham~er
through an open end.

Studies of adiabatic compression of theee
FRC plaemoidn and traneport propertied fr;dict
favorable remultn In the reactor regtti. ~ 2023
Accordingly, cle present reactor moda16 specifiaa
that both par~tcle and ●nergy confinement times
are long compared tn l.he imploeion time. The
prenent mode1 ueea a three-particle (Len,
electron and alpha-particle) point representation
of the plmsmoid equilibrium.zo In the limit of
ideal adiabatic eomprem910n, the plaamoid
eeparatrix and length vary eelf..conalatently
under compreoalon of the CT plaamoid according
to20

(2)

rruch that the Pl,lsm,]i,l contrncto axially to Hhout
onc haIf uf its orfgin61 length under full rauial
.nllpr,,~.4[ m. ‘(he equlllbrtum model aaaumcu chat
Llic pl,lwnold lW Ilr,)l.lte (elr,ngntion C/r~ > 5),
which for ,1 minimum rmdlua drtur:nl[l,. ! !,,, 1:1,,
,:ycle revrrnibillty requirement (Sec. 11.5.)
1ends to ftl~lon ylelda of - 3 GJ/pul~e ~nd tlme-
averilged grose thermal power uutpute of - 3000
!lWt for - 1 Hc nperatlon.

The partition of nlplvl-particle energy
heLwecn lnne ard electrone during Lncnmpletr
tllermalltntton 1s modeled unlnR a time-dcpondent,
point Fnkker-Planck technique.zk BremeetrahlunR
and cynlotron radiation pruvide a surfure bent,
flux at the lnnor llner surface, #nd the neutrons
provide a volumetric llner intern.tl lIIIIIt qource
(Sec. I[[oc.), which in nddition to the
diaelpation OF m~~,:,!tlc fluv in the liner cen
heat the inner llner eurface to ita helling point
(- 1600 K) and evnpornte - 0.1 kg of liner
mnter~. nl, Thte evaporated materltil muot be
rt.c(lndcnncd/evnrllntc,l hutwecn pulneo.

r. . l)aa~n-Point Detcrmlnmtion—.—
Scallna nf L[NUS renctor Derforl,lance hns

bcurr considered with a view t(]ward optimizing
rfcnlgn p~lrametern IInd mlnlmtzing the rvl(,l,]r Ylze
requirrd to nchtove uelf-nuatnlning
cyclen.s~if~~b An v~tlmmte for L:IC minimum
ru~rrnr H14Q (i.e., mlnlmum r:ldtun to ~lve n
revcrnlhle cycle) in ~lven bys

where <f+” ia the rma spatially-averaged value
of beta at peak compreoeion, P ie the drive
preeeure, ~ ie the electrical reeiativity of the
liner mterial, p ie the maae density of the
liner material and a la the radial compreeelon
rat 10. For drive pmaeuree P - 15 Wa

2 b m f~r%th ;?;●uggeate r ehould be - -
Li-linerlco~apaing-ehell and LiPb-llner/arial-
piaton ●yatema depending upon the re~~ereibility
of cha imploeion.5 The dominant term in thte
ecaling is the requirement for a high-beta
payload (<fIf> - 0.4) at peak compreaelan. This
scaling guidee the selection of initial
condition for the simulation codes used to
identify opecific LINUS operating points.

Parametric and optimization etudiee are used
to identify attractive LINUS reactor design
pointe. These numerical atudiea generally
confirm the ●caltng of Eq. (3). With the caveat
:hat different ahulatton nodela were used by the
different tnatitutiona involved, Table T
eummarizea a range of typical LINUS deelgn poinr~
reported to date. lheee dcaign points scope the
range of potential LINUS reactor operation and
are not neceeearily opt~mlzed or directly corrL-
parable. The preuent model haa been used to
confirm the NRL deai~n point eurzmarlzed in column
& of Table I and to project the LASL ,deslgn polnc
in column 5. Trndeoff ~nd nptlniz,ltion atudlan
tare reported claewhere.

11[. REACTORTECIINOLOGYASSESS:IENT
A.

-—_. .—---- -----
Plaama Formation—--
Two methods hnve hccn proposed for pr,Tp~rinE

the initial LINUS plaena: relatlvi~)tlc clcctrun
henm techniqu?a21 and the Field-Reversed Thet,l
Pfnch (FROP).20 lle choice of a part [rullrr
~ppio~ch will be dictated hy tlw succcan of Itri
development, nnd by the interf:wo with the L[NUS
rnechanlcnl de~lgn.

In the flrnt .~ppruilch n l’)T fill IIJIO;H
puffed into the burn chamber. A hollcu, rolnting
electron henm ie pulsed throu~h an nnnulnr silt
in one cndwtill of thr devlcc. [nteritclion nt the
beam <fth the Rno producen in nltu the de~lred
field conll~urntlon nnd plaarna ne4tlnR to -. 0.5

..—

k(V. ‘lhe cndwall iz ●quipped with a nhutter
mechanitim tn [nolate tha electron-benm ~eneratnr
from the reactor chtimher durin~ thu lmplouion.
II ,Idditinn d Iligher-betit plnurrold with n p(jrtlon
of the nxial preaeure ~upported hy the vndwnll~
cnn he nt.comnudnted. ‘rho l~lcctrun-hwrm ::ouor,ltor
enur~y wuuld he on the or.lur of 60 XJ pcr ULIIS?
(- 1 Nz) with nn cfrlclency - Ml”: to rrv,lto n
pl,lnmold with nn .,nvr}ty’ t)f 20 ![.1.

The FliOP nppronch producvH thr pldHmol.1
dxternnlly tll the llnrr Jnrr %uhMulluuntIy
tr,tntilaten [t Illtn thu hurl! (,h,tnlwr Lhr,]ll~h mI

open und. The plnmmold ulze ro,lwirvmunt (r - i?
m, L - 10 ❑) nrv nlmflmr to thonr vnvtun~c 1 f,,r
the Compact Torold flenctor (CTOR)tH, hut , mtllr@
the L[NUS comprvmmlon r:~tlo 1s l~lghvr, tho
lnltlnl plnnmold tumpernturc (- 0.5 keV) find
energy c.in hm lower, The pnrnmvLorn nf tho
lnlttnl LrNUS plnnmold ticrm mtt,lln,lhlo by wlthcr



TABLE I

SWY OF LINUS REACTOR

Reference

~i~~~~~~~~la)

Plaema preparation method(b)
Radial compresalon ratiq

Drive pre.eaure (lf)6 N/m-)

Initial plasnoid conditions:
. radius (m)
. length (m)

: ;;::; :; ’:;;2A;;!;

. averaRe beta, <s>

● magnetic field (T)
● energy (NJ)

Compressed plasmoid condltlona:
● r,qdiun (m)

● lenRth (m)

: ;::::;; t:;;2A;;!;

● average beta, <L!>
● magnetic field (T)

Cycle tine (s)

:irucron curreql {’r.1h2J
Thermal power (!fWt)

‘:ct power (We)
Pla~ma power density (?iWt/m3)

System power Jensltv (.ldt/m3)
?crlrr,ll,ltlnq potier f-:,cttnn

:!ct pl<lnt eff[,,ls,nc.v

l~ir,,c~ rest ($’kl.Je)
Cost ,)[ (.ll,,lrlc.{:v (mills/kWell)

—-——_.—----

USSR
8

LiPb
Ac

FROP

l=!?

3.0
0.40

15

5.()

I61)0
70[)

().1)1$
().&7

KSNW
-r
LIPb

o
1.19

1.6
0.0
0.63
9.3
0.8
0.69

10.0

0.47

lif-l

32(10
870

DESIGN POINTS

NRL
7-
LiPb

AP

FROP

10
20.;

1.9
7.8
0.38

0.36

13

0.08

3.1
15

Ihrm

0.55
5h

1,()
3(:5

1790
5(17

NRL
F
Li
RCS
REB
10

13.8

1.4
1,).0

0.67
8.2

0.75
f).<&

20

().11

10.0

15
2800

0.47

59
0.64

170

:{61

LASL—.
6

Lt
NCS
FROP

12
13.8

1.4
10.0
0.42
H.2
().75

0,56

20

0.11
10.0

2fl
1900

0,60

60

0.5
.?59

1350
910

f, 500

4.1

.22
().27

101)(1

60

“’),IXII: I,l+tun ( ~g], Rotlt, r!g Colilpslllfl Shr,i (Ftcs), ‘:,,[lr(lt;lt ln,f Cnl itpn[nu Shel 1 (h’ C!; ~, Axl .11

r,,rreflt (AC), Rncntin~ rlectron hc,nm (RF.B) or Fl~,ll-Rctcrned Thutn Pilltqll (FKOI’). ~+;;cull(tld

tl~lnp, .1 volune incl[lrt[ng tile Ilclllnn ~rnq r~Mcrvoir .3, if IIllv tllc In[tlnl liner vnltlme 1~ Illr!(ldcll

prvpur:ltinn notl,ld hut ronsiflcrnhle rftlvl,l,JpnenL,ll

work would he req{llred in rlther cnse.
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Fig. 4. Conceptual collapsing-shell liner-drive
mechanism with tangential lnje.tton porta.

cnnsider.qttons .lnr.i the int$?rf~ce of the LINUS
nuclenr island wit}] the B’IP.

L . Xucleonic.q.—. .-. -—— _
Nuclrnnfc,q performance of tllc LI!JUS renctor

Lnclides: the ahillty t [) Icllit, vl. ,1 trlttum
hrt. edtnR rlt 10 ~reater than Ilnity, enerfly
tfepo.41tlon n+ i function ,If r+]dius in the liner
nateri,)lo find rIdlAl ,Ind UXt;ll lcoknxc of fusion
neut ronn from the liner intn tile +:r,~,t,lr,ql
component. of the re,qctor. Factors influenctnR
tile nucleofrics performance include: isotopic
cnmpositlon of the Ilner mtiterlal, ttllcknens of
t tlc liner ,It maximum ,S,)npr,+slon r.ldius, and
tl,er.q~jn,l~le,]r ncut ron f40l]rc- htrvn}!th, Thcso
issues hnvc hcrn ,ldflrwsnt.d UH lng
di8cretu-orditl,lt,~~ r~nsport -odesJU /lnrf Flonte
Cttrlo t~chniluen.6*J1 Renultn frnm tile latter

:~voptng cnlrulntlnn nrv Humrnorlzed In Fig. $ n~ J
ftlnctlnn of liner thicknena n t maximum
compression. For nnl,lrll 1 :’!l :,11 1,. tnl and a

maximum liner thlcknunsea in exr-~trs of 0.8 m, tho
I rll :Iln hreerltrrg ratio e~~sily oxcor.da 1,4, due to
thp fihtlenrp of *Lr,ll*t~lr.11 mntcriml In thv liner.
For f4yYt~\mn of - Ill-m l~ngtll Llle dt)minant nrutrort

1o~s Ct.<annel [8 rdd la 1 rnc her tlhln ,Ixl ill
qtro~~nrtng ttrto the rcolctnr 1*nrf !,,~llfi, Rnd i;tl
1l)nMt$n ,,an h,$ rl. (:u(. @ll #llhmt#llt (11Ilv II : po,lk
1 Iner thirknonnpn ,Ih,)vc 10? ,,, TItp hl,tnkt,t
rnergy enhnnl.ement r!llntlve to 1~.f)fi McV/noulrnn

flltl$rntoli ‘lt J 1.1 fur l.: t \irknenNea nwr I.() m.

I.l Pn llnr~r.’ ‘IIVII t,,]mpnr~olc Ipnkfige ;llltf pnorNy

v nh~~tremen t properticn n 11(1 ll[):ll~,r Lrlttum
hroedinp rmtlnm (< Imq
rwct 1,)04 ~ltll Lho- Ph. !/ :::a’’::,,::td:’l ;;?

nnurce provtded hy tl, e noutr,!l~ Jnd ~timmn rnys
drw~rrs.lnau oxptrnentlnllv from the lnrr~r I I tu,r
xurface with n ch~rnctr.rirn( lr dint,ln(. o - [).1’r m.

:--
i%MPR&EDLiNER itiCKN&(lII)--

Ftg. 5. Summa ry <)f typical LINUS re<ictor
nucleoni~a computation using the MCNP code.

Neutron heating dominatea gamma-ray heating by an
order of magnitude. Energy depoaitlon ne~r the
inner liner surface increaa-a the liner
temperature and electrical resistlvity, thus
enhancing magnetic f lUX dlffuslon.6 Energy
deposition times are comparable to the liner
dwell time at maximum compression (- 1 us) and

terminate wel~ before the liner has rf!cxpanderi
and t’,inned, indicating that the re;tctor
structure should he i,riequ,ltely sllielrled for the
critical period ~t peak compression. AxiAl
neutron stre~lming to .In ,tnprntected endwall or t{)
the plnsma ,Irep<lr;]t{ofl lievic~, tlt>wl,vc. r, ,.1){11,1
pose ,1 problem. A qur,;v >f liquid metal has been
prrrpoaerf6 a~ ,1 nullns of prlJtecL in~ tlli, ,.n{!wal 1
for svstenri In Whi c h the pl,lscloid .,,)ntr.lctq
axi,{lly.

1), Econnmicn—--————
Several f;lrtors c,)mbine LU sug};cst Clint tllu

LINUS reilctl)r will he ecrrnomi,-nlly Conpctlt ivp
with nther futiion ,lpproache H. ThtI r~.wx,lblc
liquid-metal “firqt-~nll” allows l~iRher W,l 11
Inndfnga nnd hi};hcr v1,Uinecrin9 power Jen.qit(t,s
than are pon41ble with solid itrurtir<ll walls.
Thin ~h.qract.erintic tr.+naliiten into 1owc r
?mterinl :Ind ripnce requirements for ,1 fix~,d luvel
of power uutput; hence, lower costg result.
Alsn, the rnmbinutlon of several functlona into
the liner ltnelf (en., c,~nfinement nechaniem,
pln~ma heater nrtd primnry hvilt-tr,~,l~fer medium),
Crlch rcqtlirinff scpnr,ltv ~y~tunte In other ftlxi,m
sy~tcms, qhowld Ivnd t,) econ,)mioq thnt .I r,, llni,~llc
t o tbo LtNll S nppr,l{i~,h, TIIr rllflpdlvt n~lrlvnr
iml,lnd nrny ollow .411,,rtvr ~,t}nutruction tim,,~ tlI,III
tllo nt>minnl 11) vrrr~ ,l~n{lmt,l ht,r~.

Prel lminnry rt)nl t*nt in,fltr$n for tile 1.1s11s
re{tt.t(]r 1141W 1)1,,*11I,I(f~06*J~ Conntru(.tinll t [m- Ilnd

HOP c,lmtw ,Irr dott*rm i nod hy ~,,,)1 I,ItI I,IWH wlilch
nro lndopondont [~f tltu IIme of n l,[NtJs ni,~[o,ir

i~l’llld, Tnhle 11 qtlmrmrircH tllr rctiult [If I)nrj
nucli entlrnntc for I’10 l. A’il, drmign potnt of Tnhlo
1, It Im ornphnsizmd rhnt ,Ihsollltu vomt vnluon
N rv i nt t,ndod (~n~ly, for I.hm ltlter[(}mp,lrin~]rl of
interim 1,1?411s r4*,tt. t or (Itlmlqnn ,1nd d r#* tint
intondoti fl~r ithMultItv r(>mpnrisunN with oxixtin~



TABLE II

TYPICAL LINUS FUSION REACTORECONOMICSLMfARY

ACCOUNTTITLE

Land and land rights
Structures and site

facilities
Reactor plant equi~ent

Plasma preparation
Reactor mechanism

Reactor structure and
support

Reactor vacuun system
Power supply and switching
Main heat transport

system
Auxiliary cooling system
Radwaste treatment and

disposal
Fuel handling and storage

Other reactor plant equip-
ment

Instrumentation and control
Spare parts allwance
Contingency allcwance

Turbine plant equipnent
Electric plant equipment
Miscellaneous plant equipment
Special materials
Total reactor direct capital

,-ost

(k)nstruction f,icilities,
eqlli}znent and services (15%)

Engineering iind construction
cvinugement services (15X)

other costs (5%)
Interest: 10-year

construction (64.42)
Escal.ltion: 10-year

con~tructlon (33.8%)
rOt{il redctor capital cost

12.0
15.0

13.0
10.0
67.0

212.0
2.0

3.0
2.0

13.0
16.0
16.0
92.o

2.5

90.0
460.0

180.0
140.0

18.0
30.0

918.0

138.0

1‘38.0
~~.r)

798.0

&i9.(3

?455.0

Aasuned plant availability factor 0.85
Direct tnveatment coot ($/kWe) 982.0
Total lnveatment coat ($/kWe) 2627,0
C,lpital return: 15% (mills/ktfeh) 53,0
oper,l!ing: 2% (milln/kWeh) 6.0
CoBt of el..\,Lri\ity (mills/kWell) 59.()

Iv. SIMMARY AND CONCLUSIONS——. —
The I,lWS fusion reactor concopt resulto in

a (,,)~uct, high-power density device with Uniqus
~olut inns !.0 neveral technological problems and
potentially fwor(!ble economics. Furthermore,
LINllf! iS nn attractive (~ptlron for Iltlllning thr
C,)mpact T,)ruld pl arnrua ,.onfi,qurstion.
SlmultAneourzly, neveral physics and onginerring

ISSUM have yet to be fully explored; issues
which impact directly on LINUS reactor
configuration, size and performance and,
therefore, on its attractiveness as an approach
to commercial fusion power. Specifically, these
issues include: the choice of liner drive
mechanism and liner msterial (L1 or LiPb), the
choice and performance of plasma preparation
technique, the ability co achieve reversible
co~ressinn/expaneion cycles in the presence of
nonlinear flux diffusiun into the liner material,
the ability to recondense and evacuate evaporated
liner material and the spent plasmoid in the time
interval (-- 1 s) between pulsee, and the detailed
design/compatibility of the iiner-drive mechanism
with the liquid-metal liner.
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