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ASSESSMENT OF THE SLOWLY-IMPLODING LINER (LINUS)

FUSION REACTOR CONCEPT*

Ronald L. Miller and Robert A. Krakowski
Los Alamos Sci ntific Laboratory, University of California
Los Alamos, NM 87545

ABSTRACT

Prospects for the slowly-imploding liner
(LINUS) fusion reactor concept are reviewed. The
concept envisages the nondestructive, repetitive
and revaersible implasion of a 1liquid=-metal
cylindrical annulus (liner) onto fleld~reversed
DT plasmoida. Adiabatic heating of the plasmoid
to ignition at ultra~-high magnetic fields results
in a compact, high power density fusion reactor
with unique solutions to 8everal technological
problems .and potentially favorable economics.

I. INTRODUCTION

The slowlv=impioding 1lner (LINUS) fusion
reactor concept {8 one of several alternative
approaches  to magnetic fusion presently under
active consideration.!*2 The primary proponent of
thils upproach and center of experimental activity
{s the 1§ Naval Redearch laboratory (NRL).
Additional modeling of the concept in the cuntext
wf a vommerclal power renctor has been carried
ot at a number of US Institutions.’™? 1in

wddition, a Htudy of a similar device has been
made In the USSR,® The preeent LASL study®
fnvolved the deve.opment uof a comprehensive
computer model uf the liner implosion dynamics

und the plakmoid response, This model is used to
nesenss the TLINUS reactor enerpgy halance and
dctermine potentially attractive design points,
which were suhseqiiently examined hy n preliminary
ccanomles model for the determluatiun of direct
capttal c¢nsts and the cost of electricity. In
mlditton, certaln LINUS nucleonics and mechanical
denign  fasuos were addressed. While all of the
ahovement Loned  studies lLave {nvaoked various
desipgn options, which will he Identified and
dlscunsed below, the (undamental approach (is
cormnon to all and s summarized luere.
Impluding=1liner magnetic flux compression ia
it well~kuown technlyue fur aclifeving ultra-high
(> 50 T) magnetle fleld wstrengths for various
applivationn.? At thermonuc lear temperatures
(1D=20 keV) thene high fleld ulrﬁqgt 8 allow the
eonf {nement of hlgh-density (> 104'/m’) DT plasma
for uvlmes (~ | ma) that ure determined by the
laertial continement pravideil by the liner at

*Work Tperformed T Gmive  the amaplers of the U,5.
Department of EKnrrgy,

peak compression (turnaround) and which satisfy
the Lawson criterion. Electromagnetic systens
exploiting this approach using small, thin, solid
metnlllg liners with fast ({mplosion speuds
(v ~ 10 o/8) have been considered.2:10:11:12 The
vigorous thermonuclear energy release (> 3 G! in
~ | us) that characterizes these fast {implosions
s expected to result in the destruction of the
liner apparatus and nearby current leadr. The
economics of refuabricatfon of the destraved
apparatus necessitstes high=-gain (i,e., Q > 12,
where Q equals thermonuclear energy released
relative to the liner kinetic energy) systems
with potentially scvere technological constraints
{n the areas of pulsed energy trunsfer .nd
storage, plasma preparation, hlast confincenent
and the econumics of materfnl utilization.

In contrast to the fast=liner approach, the
1LLINUS reactor enxlwugus n slower, rcversihle
implosfon (v ~ 10° m/8) of a larger (infLial
thickness ~ 0,4 m and length ~ 10 m) liquid-metal
liner using mechanical ur gas~-dynamic drive. A
fleld-reverned plasmold!? (Compact Torotd) would
provide the bhasic plasma coufiguration on which
the liner would act, thereby vclimlnuting
well-known particle/encrgy end-lossnes assoclatad
with open fleld 1ine nys.ems.l¥ The power cycle
can be made reversthie {f tne fasiow-product
alpha-particle energy galned by an expanding DT
plasmold {n cach pulse cun he mntelhied to  the
viscous and frictiosnal luwses incurred, aud the
initinl driver cnergy is thereby fully restored,
This teversibillty alluws economical reactor
operutlon for low Q-vulues (~1,2) with
nondeatructive pulued energy releases (~ 3 GJ in
~ 1l ms). In uddition to providing the plasma
henting mechanlam, the {gutd=netal (L{ or V.1I'h)
Liner material feself wonld simultaneonusly  serve
Lhe functiond of: renwwnhle "Uirst ewall™, rapable
of urvnmmnﬂutlux severe pulued thermal landlups
(> 5 MW/m“); tritiem hreeding hlankels nentrun
amd pamma-ray sliteld of the permanwent  resctor
structural  components; aml primary heit-trausfer
medinm,. This  comhination of functtous, when
conpled  wieth  the hilgh poawer=density perfornance
of the high-hnta plaamoid, loads to o relatively
compact  awd  potentially  attreaclive Hscheme for
fudlon power.



The basic LINUS reactor operating cycles 1ie
illustrated in Fig, 1. In the initial state (o),
the cylindrical liner ie at rest (radially), and
a high-pgessure (~ 15 MPa) helium gas resecvoir
(~ 500 m”’) provides :lis energy etorage required
to drive the liner imploeion, The liquid-metesl
liner ('l'° ~ 350 K) ie rotated (100-300 rpm) in
order to provide centrifugally a central burn
chamber and to stabilize the free ianner surface
of the liner againet Rayleigh-Taylor hydrodynamic
inetabilities at turnaround. The outer liner
surface ia at all timee conatrained by the
implosion mechanism. As the plasnoid ie aither
created in eitu ~r tranelated into the device
from one end of the liner (Sec, III.A,),
fast-acting helium isoclation valves are opaned,
and the 1liner is imploded radially in ~ 20 ms,
Radial conmprereion ratios are ~ 10, the 1liquid-
metel liner acte ae a non—ideal flux coneerver
and “dynamic coil" during the imploeion. The
adiabatic compresaion of the DT plasmoid and
associated magnetic field remulte in an ignited
thermonuclear burn for a ehort (~ ! ms) inertiel
dwell tiae at psak linar compression (c). During
the burn thermonuclear neutrons are deposited in
the liner material, which bacause of cylindrical
convergence 1i{s ~ l-m thick at peak compression.

Provided that the radial dimensions are
appropriately closon, the alpha=-particle cnergy
(pressure) added to the plasmoid can ba
sufficient to compensate for the mechanical,
resistive and viscous lnsaes inciirred during the
liner implosion and re-expansion; the
cunfigaration 18 thareby returned to its {inftial

atate (d). The helium resgervolr is repressurized
by the alpha=particle driven liner exprnsion flor

wde un the subsequent cycle, The c¢xpansion
quenches the thermonuclaeayr burn, and the spent
planmoid s flusherl from tha system.

Recondensation of vaporized liner material on a
raoler {inner wurfuce und the preparation of
wiuther plasmold cumpletes the LINUS burn  cycle.
These requirements  suggest o mininum cycle time
hotween Implostons of ~ 1 &,

vor (VAR M WEM)
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Schematic representation of the
resetnr revertlhle cperating cvela,

Fig, .

The liquid-metal liner 1ie circulated
continuously out of the reactor, through the
primary coolant loop for heat removal and tritium
separation and back to the reactor, A surge tank
berwesn the LINUS reactor and the steam generator

would minimisze adverse pressure cycling. The
liquid-metel inventory in the reactor cycles
completely in approximately five to ten

implosion/expaneion cycles. With a time-averaged
grose thermal pover of 3000 MWt and LiI flow of
5000 kg/e the averags tempereture increass is 160
K batween inlet and outlet wmanifolde. A LiPb
system mightL be expecied to require larger heat
ex:hangera and higher pumping power than a Li
systenm. Balance of plant (BOP) features of a
LINUS powsr plant would be similar to most other
fusion plante ueing a liquid-metal primary
coolant, Plant output can be expected to be 1in
the range 500-1000 MWe(net): The basics of the
LINUE power cycle will ba elaborated |in
subsequent sections,

II. REACTOR PHYSICS MODEL
The LINUS reactor deeign point ie determined
by dynamically coupled modele deecribing both the

liner and the plammoid response. Inertial, flux
penetration and evaporative lisat=transfer
phenonena couple the liner/plasmoid models to

describe the overi:ll reacter porformanca.

Ay Liner Dynamics
Modeling nf the

liner dJynimicas for LIiINI'S
usually assunewd'Sr that the liner matsrial s
inviacid and incompressible, Temperature-depend=
ant liner thermal conductivity, heat capacity and

electrical resietivity are used. In the present
nodel® maus continuity, momentua and energy
cuneervation aquations for the liner are waalved
subject to the time=varyling helinn
driving=pruesure boundary condition at tha outer
liner surfacs and the time vaiying plasmoid
presaure at t e inner surfuce. The ratating

liner cunderves angular momentum as i: implades.
Nonllnear magnetic flux penetration intu the
liner can he Included directly5:6+15 or by genns
of skin-depth upproximatlone.? Flux diffusos
~ 0.1 m {into the innor liner surface during the
liner implosion. Diasipation of flux in the
liner adds to the irrevercible meclinnical losses
and muet alsn he overcome hy the alpha-particle
cenergy, Compiiter nimulation of cunpressthle
liner dynimies using 1 full hvdeodynamie tacory
has been pvrrurmvﬂl“: these nore detatled
computations are used to calibrate the fanter=
running Incampressible cuden, the former level af
cunmputution genernlly belngg tuwo  expensive for

reactur Nurvey calenlatlann. Gewerally,
compressibilicy effects nre moultored uming ad
loe but reasunubly acenrate
ruprunentntlunu.5'°‘l7 Comprennibllity  wffieciu

will require additional emergy ivvestment to
avhiieve a dedired vanpresstan ratla, but the weel
tu supply this  adilesl energv cach evele mav he
affset bv an  enbaneed 1{uer dwell ot maxlomm
vempranion,  the inervased burn time leadn ta an
{acreanced thermannelear vield aud Wi gher Y=value.



Energy stored {n the compreaaion of liner
material, however, 1s released in the form of
ghocke which travel through Lhe liner material

and act on the permanent reactor structure, which
must be suitably strengthened.

An  experimental study of slow=liner
iaplosions dynamics without plaama is underwvay at

NRL,3018 Stable, and reversible liner
compression/expansion cycles have been
demonstrated for liner implos‘ons anto
magnetic-field payloads. Liner rotation,
required to suppress Rayleigh~Taylor
instabilities of the inner liner surface at
turnaround, is achieved by rotating the entire

{mplosion mechanism or can be achieved by meaus
of tangential injection of the liner materfal,!9
Either of these techniques may extrapolate to the
LINUS resctor.

A typical liner
implosion cycle s

trajectory during the
illustrated in Fig. 2. The
scaling of the initial liner radius (~ 2 m),
thickness (mass) , rotational speed and
compression ratio predict sufficient compreesion
to achieve a self-gustaining cycle and to satisfy
the nucleonics constraint of =~ l=-m liner
tiickness at peak compression (Sec. III,C.). The
plasmold separatrix radius i{s at all times close
to the inner surface of the liner as requirced by
:he plasmoid equilihriun model (Sec. 1I7.8R.),

RADIUS(m)

40
TIME ( ms)
Fig, 2. Typleal eylindrical 1iner faplaat
trojecturye Inner und unter liner boundartiens !

thie plasmold weparatrix rndius are shown am 4

function of time.

Two distinct options are currently under

investigation as liner=drive mechnanismat
oppoaitely-directed axial pistons and a
collapsing shel! with naas approximately ten

times the Li-liner maes. Cholice of the
appropriate driv: mechanism is linked strongly to
the choice of liner material (Li or LiPb), plasma
preparation technique (Sec. TII.A.) and
mechanical design 1issues (Sec III.B,). The
preseat model® focuscs on the second option.

B. Plasma Model

The DT plasmoid that appears most compatible
with th2 LINUS reactor configuration 1is the
Field-Reversed Configuration (FRC), which {s tle
component of the Compact Toroid (CT) famlly!3»20
that supports no toroidal field. This plasmoid
geometry is {l.umstrated in Fig. 3. Closed
magnetic lines inside the magnetic separatrix
provide thermal 1isolatior and reduce transport
losses., The availability of high-beta plasmoid
equilibria for the FRC proposed for LINUS allows
high power=density burns that are consistent with
the high heat=flux capabilities of the LINUS
"first-wall”. The prescnce of an oncn field line
buffer betwcen the separatrix and the liner {nner
surface can {solate the plasmoid from contact
wtith  contaminating liner materlal evaporated
during the burn, therely acting cffectively an a
divertor, Flux diffusion {nto the !iner reduces
the thickness nf the buffer layer and seis a
lim{t on the initial plasma filling fraction.

The €T equiltbrium 1apltes?? cthat che
average (plasmoid beta-va'ue <H>s within the
sepatatrix radius ry ls glven by

1 ,
@Yy =1 = o (rg/r )2 20,5 (1)

Ll

The corresponding beta evaluated 1 {thin the Inner
liner surface, <8>,, 18 € 0,5, *ut varies slowly
during the ({mplosion, An alternative plasmotd
equilibrium may allow higher overall values of
<a>, f axial pressure {s supported by eudwalls,

and the separatrix radius r, equals the inner

lﬂe{; Comea \“,L”-Plnfm

b:- L "z I - .-....‘
MIDPLANE
Fip. 3, Cumpact Tornld (CT) rlasma vquilibrium

canfiguratton as used ln LINYY,



liner radius During

r., compression of this
configuration, ¥a>w dropa sharply.

This behavior

may dictate the choice between one of two
possible plasma preparation methods (Sec.
II1.A.). The plasmoid can he produced ir situ

using hollow, rotating relativiatic¢ nlectron beam

techniques2! or can be formed externallx by e
Field-Reversed Thets Pinch  (PROP)2 that
subsequently is trarslated into the burn chamter

through an open end.

Studies of adiabatic compression of these
FRC plasmoids and transpnrt properties redict
favorable results in the reactor regime.3:22,23

Accordingly, tl:e preaent reactor nodalb specifiea
that hoth pariicle and energy confinement timee
are long compared tu i1he {mplosifon timae. The
present model uses a three-particle ({ion,
electron and alpha-partlcle) point representation
of the plasmoid equilibrium.20 In the limit of
{deal adiabhatic compression, the plasmold
separatrix and length vary self--consistently
unggr coppression of the CT plasmoid according
to

, (2)

such that the plasmni:l contracts axially to ahout
one half nf {ts original length under full raaial
rompresdion, T™o equilibr{urm model assumcus that
the plasmold Ly prolate (elengation t/r, » 5),

which for a minimum radfus deteralne! Yy Cloe
2ycle revermibility requirement (Sec. I1.%,
leads to fudlon yields of ~ 3 GJ/pulse and time-
averaged gross thermal power nutputs of ~ 3000
Wt for ~ 1| He uperation.

The partition of alpha-particle energy
between 1{nns ard electrons during incomplete

thermalization i3 modeled using a time~dependent,
point Fokker-Planck technique.2* Bremsstrahlung
aud cyelatron radiation pruavide a surface heat
flux at the inner liner surface, and the neutrone
provide a volumetric liner intern.al heat 4dource
(Sec. I11,€,), which {n addition to the
disslpetion of magretic flux {n the liner can
heat the i{nner liner surface to its holling point
(~ 1600 K) and evaporate ~ 0,1 kg of liner
matertal, This evaporated material must be
recnondensed /evacnatesl hutween pulses.

Ce. DNDasign=Point Determination

Scaling of LINUS reactor perforuance lins
becen considered with a view toward uptimizing
design parameters und minlmirzing the reictor 4lze
required to achicve self=sustaining
nyclen.5'2¢5+286  Ap  cutimate for the minfmum
ruactor size (L,e,, minimum radius to glve a
reverslhle cycle) tn given hy3

r a <B%>w-2/] P-l/2 nl/] (plnu) '1/6' (-’)

wo

where <B¥>' ie the rms spatially-averaged value
of beta at pesk compresaion, P is the drive
pressure, n is the electrical resiativity of the
liner material, p ie the maaa density of the
liner material and a is the radial compression
ratio. For drive preseures P - 15 MPa, Eq. (3)
suggests r should be ~ 2=-4 m for both the
Li-l1iner/coiTapsing-ehell and LiPb-liner/arial-
platon systems depending upon the reversibility
of the implosion,5 The dominant term {n thia
scaling ie the requirement for a high=bata
psyloed (<Bg> ~ 0.4) at peak compress:sn. This
scaling guides the aelection of inicial
conditions for the simulation codes used to
identify specific LINUS operating points.

Parametric and optimizstion studies are used
to {dentify attracti+e LINUS reactor design
points. These numerical studies generally
confirm the scaling of Eq. (3). With the caveat
that different simulation nodels were uaed by the
different {nstitutions {nvolved, Table 1
summar{zes a range of typical LINUS design points
raported to date. These design points acope the
range of poteutial LINUS reactor operation and
are not neceessarily optimized or directly com-
parable. The present model has been used to
confirm the NRL desi3n point summarized i{n column
4 of Table I and to project the l.ASL Jesign point
{n column 5. Tradeoff and optiniziation studies
are reported elscwhere.®

IIl, REACTOR TECHNOLOGY ASSESS!IENT
A. Plasma Formation U -

Two methods have heen proponsed for preparing
the initial LINUS plasma: relativintic electron
heam technquQSZl and the Field-Reversed Thet.t
Pinch (FROP),2¢ The choice of a particular
approech will be iHlctated hy the success ot {tw
development, and by the {uterfice with the LINUS
mechanical desfgn.

In the first approach a DT £Lil jas in
puffed into the burn chamber. A hallcw, rotating
electron heam {8 pulsed through an annular slit
in one endwall of the device. Intetsction of the
beam with the pgas produces In situ the desired
fleld coniiguration and plasma heating to 0.5
keV, The cndwall {r equipped with a shutter
mechanism to i{solate the electrun=-baam generator
from the reactor chamber during the implosion.
I+ addition a higher=beta plasmold witle a portion
of the axial pressure suppurted hy the endwalls
can he nweomnudateds The electrou=heam eneratnr

enurgy would be on the vrler af 40 MJ per ovulao
(~ 1 112) with an efffclency ~ 50% to creater a
plasmoild with an cupregy of 20 M),

The FROP approach prouces the plasmol.l
exterually to the liner aund subrequent ly
triaunlates {t {uta the burn chamber thraagh an

open end, The plasmold sfze requirement (r 2
m, £ =~ 10 m) arv simllar ta thuse vuvlungea for
the Compact Toroid Reactor (CTOR)/H, bhut, wtluce
the LINUS compression ratin (s hfgher, the
{nitlal plasmotd temperature (~ 0.5 keV) and
energy can he lower. The parameters of the
Inltial LTNUS plasmoid scem attainahle hy clther



TABLE I
SUMMARY OF LINUS REACTOR DESIGHMN POINTS

USSR
Reference 8
Liner materla% LiPb
Driver scheme'd) AC
Plasma preparation nethod(b) FROP
Radial compression, rati
Drive pressure (10° N/m~)
Initial plasmoid conditions:
e radius (m) 1.8
length (m) 3.0
temperature 6ke¥) 0.40
density (lO2 /

averape beta, <8>
magnetic fleld (T)

® energy (MJ) {5
Compressed plasmofd conditions:

® radius (m)

e {ength (m)

@ temperatura Ske )

o denstty (1029/m?%)

@ average bYeta, <8>

® magnetic fleld (T)
Cvcile time (8) 5.0
Neutron current (“MW/m?)
Thermal power (!fWt) 1600
et power (‘We) 700
Plasma power density (th/nl)
Svstem power .lensitv (.wWt/m’)
Rectrievlating power f-iction 1, A
Net plant eff broency nea7

Nrect itngt (5.kWe)
Cort of »vlectrfetiv (mllls/kWel)

e ptston (?E;, Rotating Collapslug Shell
curreat (AC).

using a4 volune includiag the hielfum gas redervolrs.

this aumbey¢ rlges to ~ 20,

preparation metl od but considerable developnental
work wonld be required in ecther cuse.

R. Mechanfcal Onul -

Final sclection nf a refermence LINUS reidctor
mcechanical dewin rescs on  the cesalutlioa and
Interaction of a numher of physf{cs and terhnology
quen ong, The requiroment for a4 masnive tlrer,
an predicted by Eqe (1), ¢ be met efther with
a L1th lner wre with a L1 1loer coostealned by o
Aanulve collapalog slinil driver. Potatlon of the
I1.sr material vcan he achieved by rotatfug the
laplos! 0 mechaanlem or by tangentinl I'ludd
lufection 1uty a nanrotatiog mechantam. Figure 4
IMluserates o conecept? for comblnlng the features
nf  the wansive collapsing shetl with purts for
tangeat il Vaject!on of LA, As  the arzlmuthal
segments oV (e collapslng slwell move radially
fuward, they move together to decrease the
clreumforeace of the shel'  and diaplace the
rotating liquld-metal Iiner Inward. Alternat e
fegmentn arce vquipped with ports for tulet of new
Iner mateviol and putlet to the manifalding of
the primary loop hot  fleg. The wegments wonld

(RCS), worotating Collapatng Shell (NCHY,  or
Rotating eloactron bheam (RER) or Fiv!.3V-Reversed Theta Pluch (FROU').

MSNW NRL NRL LASL.
5 2 27 6
LiPb LiPb L1 L{
AP RCS NCS
FROP RERB FROP
10 10 to 12
13.8 2G.7 13.8 13.8
1.6 t.9 b 1.4
10.0 7.8 10.0 10.0
0.63 0.38 0.47 0.42
9.3 8.2 H.2
0.8 0.75 0.75
0.69 0.3 0,5%A 0.56
40 13 20 20
0.08 0.1t 0.11
{0.0 3.1 1.0 {0.0
15 15 20
2400 2800 £900
0.47 0,55 0.47 0.60
54 59 60
1.0 1.00 0.64 0.5
05 259
3200 1790 170 31150
R70 5N7 N6l 91
400 6500
4,1€(c) 4.l
.19 n.19 w4 .22
.27 0,18 .28 n.27
1an
60

axial
Slatlrulated
volvme 18 lucltuded

If oolv the toltinl Ilner

lave to he equlpped with slidiug Keals to faolate
the hellun premsure remervelr frowm the ligquid Ll.

Plasma preparation coustderations nay dictate
elther a hurn chamber with open euds or ovne with
endwalls to mupport hulgher wvalues uf average
bets. Radial dimensions depend on reaching

reveraihble vvele performance am glven by Eq. (1)
or sredicted by nore exact wunwrical
similatioun.? The lenpth of the reactoar {n  in
part dictated by the clongatlion fnplicit in the
plasmofd cyuilibrefum and  probahly constrilng
reactor thermal oatpat to be greater than ~ 00
MWt . Generlc pruhlems  Inclade  the chiemiceal
compat ihiltty of  Jhe 1lguld metal with che
reartor structural material, cyelie farigue of
the Iiner drive mechanlsm, achieving varmium
lovels In vhie presence of a4 freo {lquld  netal
nurface gt elevated temperature awd f{=olatiin of
the plasma sonrcr apparatus trom vhe 1iquisl metal
and from Hhwlon neatrond.  Spoectfle deonign lusaes
hiave heon  addressed  pleewhere.®0 7708012 Thoae

Inrlide  allding Tlquld-metal  wsals, nechanlceal
denlgn of tle Implosion merhianisn, hydrodynamic
nhockw ("walor hammer'), malutenance
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Fig. 4. Conceptual collapsing-shell Iiiner-drive
mechanism with tangential {njection ports.

considerations ond the {nterface of the LINUS

nuclear fstfand with the R4P,

e Nucleonics

T TWicTennics performance of the LINUS reactor
{nciades: the ability to achilovee o telt Lim
breeding ratlo greater than unity, eneryy

deposition as a4 function of radius in the liner
materlal, and cadial and nxial leakage of fosfon

veatrons from the liner {into the stroctaral
components of the reactor. Factors {influencing
the nuclennics performance f(nclude: (f{8sntuplc

composition of the liner material, thickness of

the liner at maximum conmpression  radins, and
thermonuclenr neutron saurce streapth. These
{ssues have heen addressed uning
discrete~ardinates cansport -~ndes’? and tlonte
Carlo teclmiques.®'3l Results from the latter
wenplag ciulenlation are summarized tn Fig, % as a
fuuct Lon of liner thickness  at max{mum

compresston. For natural 1i'iiaa antal and a
max{mum liner thicknesses {n excess of 0.8 m, the
veltinn breeding ratlo eanily vxcveds 1.4, due to
the abdgence of ustr.artural material tn the lner,
Fur nydtems of ~ 1VU-m length the domlnant neutron

IBLT rtannel ts radial  rather tlan  axtal
stroaming tnto the reactor ond walls. Radial
losdes  can b produeod  substant{ally 1o peak
liner thicknesses above 1.3 w. The Dblanket
energy enhancement roelative to 14.06 MeV/neut run
satvrates at - 1.1 for L. tylcknenses nesr 1,0 m.
Liko  llnewr Yave comparsole loakage and ennrgy

ouhancenent properties wul hinher tritium
breeding ratias (< 1.9 becanse uf (n, 2n)
react lone 4lth  the  Ph,d The  volumetric hent
nource provided by tle nentroas and gamma rays
decreanen  exponentially from the fLnner I1lner
wurtace with a rharacterincic dintance ~ 0.1Y% m.
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Fig. 5. Summary of typical LINUS reactor

nucieonics computations using the MCNP code.

Neutron heating dominates gamma~ray heating by an
order of magnitude. Energy deposition near the
{nner liner surface {ncreas~s the liner
temperature and electrical resistivity, thus
enhancing magnetic flux diffusion.® Energy
deposition times are comparable to the liner
dwell time at maximum compression (~ | us) and
terminate well hefore the liner has reexpanded
and t'inned, {ndicating that the reactor
structure should he adequately shielded for the
critical period at peak compression. Axflal
neatron streaming to an unprotected endwall or to
the plasma  preparation devicr, however, coald
puse a4 problem. A surme f liquild metal Yas been
prnpnnedb as a4 means of protectiog the eadwall
for systems In  which the plasmold contracts
axtally.

. FEconomics

Several factors combine to sugpest that the
LINUS reactor will be economically competitive
withh other fusion approvaches. The rencewable

l{quid=metal “flrat-vall" allows higher wall
londings and hipher cuglneerine power Jensitics
than are possihle with solild structaral walls.
This characteristic tranglates {nto lower
naterinl and Wpace requlrements fur o (ixed Lfevel
of power output; hence, lower costs result.
Alson, the combination of several functions into
the Iiner (tself (e.g., rconfinement mechanism,
plasma heater and primary heat-transfer medium),
each requfring separate wystems Lo other fusion
systems, should lead to cconomles that are unisjue

to  the LINUS approach. The conpact  noeclear
{atand may allow sharter construction times than
the vominal 1D years asmaunel hore.

Preliminary cost waticates tor the LINUS

wde %132 Construction time and
KOP  comtw  are detwormined by scallag laws whileh
Are lodependent of the ume of o LINUS nuclear
Laland, Table Il <ummarizen the remunlt of one
Rucly patimate for 1he LAY denign polnt of Table

reactnr have bhooa

1 It is comphasized that abwolute cost values
are lutvaded only far the {utercamparison of
{nterim LLINUS reactor doeslgue awl  are  aot

Intended for absolute comparisons with oxisting



TABLE II
TYPICAL LINUS FUSION REACTOR ECONOMIC SUMMARY

ACCOUNT TITLE MILLION DOLLARS

Land and land rights 2.5
Structures and site
facilities 90.0
Reactor plant equipment 460.0
Plasma preparation 12.0
Reactor mechanism 15.0
Reactor structure and
support 13.0
Reactor vacuum system 10.0
Power supply and switching 67.0
Main heat transport
system 212.0
Auxiliary cooling system 2.0

Radwaste treatment and

disposal 3.0

Fuel handling and storage 2.0

Other reactor plant equip-

ment 13.0
Instrumentation and control 16.0

Spare parts allowance 16.0
Contingency allowance 92.0
Turbine plant equipment 180.0
Flectric plant equipment 140.0
Miscellaneous plant equipment 18.0
Special materials 30.0
Total reactor direct capftal

cost 918.0
Construction facllittes,

equipment and services (15%) £38.n
Engincering and constructfon

management services (15%) 138.0
(Other costs (5%} 46.0
Interest: |0-year

cunstruction (64.4%) 798.0
Escalation: 10-year

construction (33.8%) 4i9.0
fotul reactor cupital cost 2455.0
Agsumed plant avallability factor 0.85
Direct investment cost ($/kWe) 982.0
Total investment cost ($/kWe) 2627.0
Copital return: 15% (mills/kWeh) 53,0
Operating: 2% (mills/kWeh) 6,0
Cost of electricity (mills/kWeh) 59.0

wunergy technolugles on the basis of present
(‘I)Htu.33

IV.  SUMMARY AND CONCLUSIONS

The | INUS fusion reactor cancept results in
A vompact, high~power density device with unique
solutfons to wuseveral technolcgical problems and
potentlally favornble economics. Furthermare,
LINNS (s an attractive optlon for ntilizing the
Campact Toruid plasma ronfiguration.
S{mul tanevusly, weveral physice and engineering

issues have yet to be fully explored; iasues
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 material (Li or LiPb), the
choice and performance of plasma preparation
technique, the ability to achieve reversible
compression/expansion cycles 1in the presence of
nonlinear flux diffusiun into the liner material,
the ability to recondense and evacuate evaporated
liner meterial and the spent plasmoid in the time
interval (~ 1 s) betwcen pulses, and the detailed
design/compatibility of the liner-drive mechanism
with the liquid-metal liner.
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