
COAJF-25(M?M-”3

LA-UR--85-1035

DE85 009622

~LE: ALTERNATIVE WSION CONCEPTS AND THE PROSPECTS FOR IMPROVED REAC’L?ORS

AuTMORfS) R. A. Krakowski

SUOMITTEDTO 2flth Intgrsociety Energy Conversion Engineering Conference (IECEC)

t44ami Beach, Florida

August 18-23, 1985

DEKLMMER

~’s~[a~~~ b.Al~...,NewMex08754~4~
LosAlamosNationalLaborator

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



MSTIALT
Pa-t trand.. prasanc status, md future

direcclcma in the saarch for an lmprovad fusion
reactor ● re rovl-ed, ●nd prcdci~ optltmo
avaiimble to bch che principle cokwk ●nd
other supporting concept ●re •~ri~:d.

IN TDACIW THE EVOLI.!TIONof COrlC*pCU~l fuclon
reaccor doaigns, the reduction of the dominance
of the fumlon power cora (FPC, i.c , plasu
ct,amber, flrot wall, bl~IIkeC, .Iiieid, coil, ●nd
rciacod acructuraj ●nd ●asociatad maccor phnt

●q.-lmnc o-ertes ●s ● central thame. hductlon
of trie FPC ●iza ●nd incraasa in tha pomr
generated Far unit FPC MSS are the most visible
biir not sole ●lamanta of an imprm-d fumiori
reacc.or. however. A s~ry of pa-t progreos,
present status, ●nd fuiure dlroctlons for
raacccr improvements is firnc givan. An
ovcrviaw of mjcr Opt Ions for Iqrovod

confirmment #yotau i- than pramantad, with
poloidai-fiald-drminatad (FFCI~ ryotau appaaring
particularly wall muicad irl meatin~ grmla for
imprmmd ftinim ruattora. Tne ●xparimntal
● ta[um ●nd romctor prusnocas for ujor PFD
●y~tamx--the ravcrsad-fitid pincri (RFPj and the
•piier~k compact tGroid (Ln] --la than glvmn.
TFe spherical torun (ST] tokamxk 1- ●laG

iriciudrd ao ● PFL!-lika variant of tha tnkamak.
Br~cf conclualcfis noco tho rich mnd int9r-
rglmtgd ●momblo of fumion options that proaimm
m dacraamacl FFC r~la in tlm ovarall coat
●quatlon wnlla ●imiltananunly rllowing ● mora
f!ax!him -m< .-r.a:-s?fer-r ~v- &.-~g-~r nmrt==.—. ~.-
5yDtamx chat ● ro amwbi- to fmttory-conntrucccd
FFC. Cf m,d,raL@ ●lza ●n.1 capacity wt,lit
Oparaclrig Wlclil?i ● rodticed .,.Jcl@~r ●nvelc.pe
ewrga ●n sfi attrmcclvd go~~ fer fuml.an power.

DIRECTIONS FOR LHPBOVEMENT

fin ~arb9ral ~rccption thxt Mgn*Cically
confimd fualon projects a Cantrml 91*ctric
p-r ●tscion that MY h tm larsa. cmlax,
●nd coscly, whilo roqulrlq m dcv,lo~nt path

that is t w. 10COLUIVO of t- and budgat, has
lad to ● ras=ustiorr of foala and the ctmrtirq
of Mu dirmction for both thm principal
tokammk(l)” ●s wall ●s othar fusion

concap.a.i2,3] Cantinuad protiraan cowards ●n
optimal ●rid-product for fueion 1s mot directly

illu-tr~tad in Fig. 1.. which for a rang~ oi
concopcual fusion raactor dasi~s givoc the FPC

Umm utilization (useful tharul pmr divided
by tho FPC msc) ●nd tho FPC po-r daruity,
linas of ●varaga FPC daaxity ●nd %hc •n~imari~
pcwar daruity for a ranga of fissilc sod fossil
cmr~v SOUI-C*S ●rt also Sjven. Progr..c towards
an opCIMl fu-10n ●naru ●ourc~ is r~flOCtOd by
the ralatlvo positlcm.a Lf conccpcual doaign for
tha ●arly UUNAK-I tokauk,(~) tha htcr ST+RFIU
tohm,xk,(5j ●nd chc GKNEMHAX, which 10 an
●conouc tarsot raconcly ●q8macmd:26] for

fumion in garural. ChmoirU r~cmrution[ij of



ad ~mtd aPitml i-tmnt , with
EM p%tuibility of dtiplam.iq a -f
>f ullar P?Cx to driv4 ● lar~r total
clca mm~ity.

● l@wio sod/or ●tincmnc of pm, aivo
Safaty (ag41Mt ● 1000 of enobnt )
chmmgh inhrant ?Pc 4m81gn
*ractor:stlco. (30j

. Strnso loq-puh~d or ●tmady-stmca pkma
operation whil~ ●ddraoming ralstod ioouao

of pb8m currant drlvo, hmmtlc.g,
fueling, ●nd i~urlcy/at, control.

● 9iapllfy tha ~C tis~gn in carw of
rmducad fialds, scramsac, ●nd ●torad
\-gn4tic) ●mrgy whilo using advamcad
Mtarial@ ●ndlor Iabrlcacion tmchni<uaa
only uh-ra c~e~r-c~[ advmntagas ●rc
pmrcaivad.

● Hmintain m high ovarall plant ●fflclency
by utilizing dlract ●MrAy convc~-sion
(uhan ponmlble), hL~h cooianc fluid
temporac~lros, ●nd mlniw power
rocirculacod to che FPC and asmociatad
●uppo.-c sycc- (1.-., coils currenc
driva, plasu haatmrm, coolant ptmps).

● hph40iZ~ physicellr small u.odular ?PCC
t“Mc ●soura ● floxibla dai-mlopmnt pinch
●nd Ultiutaly factory [Off-aita)
fabrication, full !mn-nuci.ar FPi pre-
tmatiq, ●d single- or faw-pl~ce FPC
-Intenmnca ●nd r-pair.

Although ~ny of tho C,chrm~oSiam tt!ac
detmmine tha implounLacion of tlias* goaim,
●nd, hancm, the ●chl.vmunc of tha GENEROW.
thrmohold targat. ●ra ganaric to wgnatic
fusion, datmila of tha plasma confl.mmmnc
physlcm play an important rola in dotarminlng
b~ch tha interaction ●nd raquirod •dvmncau~c of
thaoo tachnologlao. Cmntral to this coupling of
technology vich phyaico is cho plaou pram.ur~
ralativa tri th~ magnmtlc-fiald praomura
●valuatad ●ithar mc tha pLAau \physica bmts, ~~
rir ● t tha wgn4t CO.1 (snglnaaring
Althou~h mO@L modala usad %t:~sl%:coati~
fusion prompocta pradlcc ● wreak zoot-c!f-
-lJCtrlCiLy (coI!) dapendanca on ~rnta for
q > ~.05, tha .Ubtla but lmpcrtanc lWACL of
thim parm.ucar on -Snat tachnolGSy (atroaa,
s,,~rconducciq vc rsua tasiacivo conductors ,
●~rurtural raquircentm (scorad ●nargy, .LL9s~.
fercaa). and blankat choica. (hiSh-pmar-darulty
liquidmatal braadariroolanca vorofim OLh@r

Sapmrata-function tombimmcionaj la ●l~nificanc.
lilShar baca valuas, chmrafora, can opmn damlgn
ulndowm and options thaL Incraasa tha ●r,d–
produit cradiblllty, Whila noc nacaanarliy
stron~ly Iwpa.zing cha COE. mm praaanciy
Computa Q.

TIW Wanm by -“hi. “h @ mna
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cmn “M
lficrdaa~d ●nd tho ●sscwlatd lmpac Ofi FPc-
~a~cry ●nd tacl ,O1OUY, tharoform. 10 CailLral

Lc thm Ioals for ●n i~rovcd fuaiun rmacLc.r.
For ● tok~”k of ml.,c,, plauu rmdI.~c r MIcr~. -
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eactiom ●lso i=reaa-(32) I - ~ W
!lMMA phm cumat, WW9 , My -a -re

difficult $ti Startup, -~+i-, &/or
dlarupciom control, - bata—a~
och~ hd on p--sbap (inbrd
indantatlon) ●nd currant-profile control in
lar~r-aspect-ratio, louer-IC t~ are almo
rocaitinq attancion(33). By pti lnldanci~
scd profila centrol, belleonlq imtabiliclam
C“M- MU limlc the t~ boca (thr~h plesm
disruption) can Lh~OrQt ically be r.rtwad, ●nd m
cocoad mtmbillty rqion (SS1) of hi~-bta
(> O.IS) Cprmtion !.0prodictod. The indantl~
or “push@r” COI1 ●s -11 ●m tiie fmaibility of
●nd dogr,e to which current profilao mot b9
con Lrollcd, -aver, prosont concarne for the
6SR Lokamak8.

While SSR Koktis WY ●now stability
●gmllut Id-al lNlloonins ●nd lnterml klti
mden, poaaibly requiring an ●lectrically
conducting firfic-uall ●hell to stabilize
●xt4rrui cr ●urfaee kinks, the UP admits a
large nubrr of lnte-1 kink modes into tha
plmnx by decreamiog the ●afety fmctor q to
belcm unlcy on the plaom ●tiin ●nd allowing ●ven
lower Vaiu,a near [ha plasma ●dge, where q
revermas sign. The remulting high cdge-plamm-
a.egmtic shmr pomalbly coupl~d with c- fern
ef anorc-term firac+all ctabiiismtlon of
●xtertil (Surface) kink mode- givam ● high-beta
plasma confipraciou that reside ●cmbly in a
❑ear-mlnlmum-.ner~y ocacc.

The spherm~k In te- of q-profile ●nd
numhr of mode- ●dmittad into the toruc realdeo
betwaen the RFP and conv~~tlon.el Cokmk, wlcii
Kyplcmlly LRe on-axle q lxlng -~.l ●nd
decrtacln~ CD beiow - 0.5 ● t the geomtrlc ●xis.
l%ls q profiia 10 staepened wh.n currant la
drlvan .0n Gpafi pole.idal fiux surfrcaa, hK
nevercheiams oniy rnlatlvaiy iong waveiefigch
m>dea ●rc ●dmitted co tha ●ptierouk compared co
[no RFP. Unilk@ tha lFP or tokamek, the higti-
imta ●pherm”k tiaa no ●xcernxl conductor or
Gt-her ● tructdra linking the toruo, and a
uniquely attrLctlve pimmme ~emtry reaultm.

Tha poicidal-fleid-domlneced (PFDj plasum
cffar uniqtia routam to ●chlevlng the
af.oremmnrioned g~ala for significantly improved
f~mlm raaccorm. Uhlle chm RFP *rid spherou~.
are t rbiy PFiI ●yscsu, che :okemek Ii: che form
,:f a law-tspect-r=clc (c 9 Q.b--Q.7j ●pherlr 11
..=r..lll. -1.O psg = ‘*-0-- r~:=i+i ●.-:d . .------ . -- .- - -

[he ouc”bard ●quiterizl piane, and co s .O*
da~r@~ my s!mro S- of tha SLtrlbtiLas nf clicsa

t!Ip.t,-kta pFLI myrtm L.hll@ opar~~lrig wILFilr. Lh~

~~: –3 Ld}.~U”k CCnSLrSlfit-.

of tha P* p--~ & Accerul P-
currentn, *- rc&ad rqkiwmato for
Gxcarnally X94 MUMKIC fidds, ad co
mryiug dagrsQ18 cm operato with afficlant
rsslttivo (copper or altim ●lloyc) Coils;
thaae PPD comccpt- requlra o.in-l b2ati@t/shell
require9anta c~arad to 8up9rcoaduccitq
●ystm. ●nd ● cmsiderabla ?oduttion in ths ?PC
M88, sise, and coqdoxlty ia ●nviaqod.(Z,3)

0WON8 Fm ~

u’

Y
,

&J.,S&,

Flu. 2. 3ptlonn f Or Mgnectc ftioion. l%@
fiSlier-beta option= for [ha tok&mm inc .dc Lha
●Dherlcal coma, S1(31!; cho ●:ongatad LOruiG,

ET(32); and oparacicm in the ●etond s mblllcy
region, 6sR(33J. The ●te?.larmtoricc, natron
heliocron im groupad ●m s/Tili.13,3cl. b f~r
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stmm, (43) houa-r, to rwr=9aac ● 9nr-mi~
●MW Staca, ad pa rolasmtic= thrash ●n
incorml pm m Aetlm -mte.im a mtt
poloidal plsau currant mud usociatd corottil
Siald, USin# cho Poloidal-fiald cirduc as ●n
●oaru MITnly. knco, a- ●lmly fed, tha
~ COEfi~.rati~ tin b -intalrnd SS 10~ SS
toroidsl Voltmga 18 ●ppllad. Purthorm-wo,

c~ctai~nc thrcwgh the ~ ●ffocc can k
ucod to rsq slowly tho toroidal current ●nd

crcato inc~rnal toroidal flux; tba d~ action
co data has morm tlkn tripled the toroid.alflux
during such S1OU curraot rampa. (41)

Civmt the ●bility to form ●louly UUJ them
tG cu-tain tha lFP coofi~ration, tho tranaport
proparcios III tha~c high-bats, ohmIcally haatcd
diaclurgas and the SCSIIU to cha raaccor ra~ima
bacm of paramount ~ntmraot. Worn R.FP

claoaical ●caling- of
c~arature :m - Z~f,iT$%-aa’@’l:ti’~2tss2
●x~riuntally), t ● aoaumpclcm of contccnt 13c,
●nd che constra~nt
srraaming ‘bt lYR~nt!an;~SSrYvaiocicy) is
Shows Cke axt,:nalon of this ●xperl-nrally
varifiad ●c.allag towarda the naxt ●tap in the
XFP progrxm, ZT-H,(Gl~ DT lgnicion, and raaccor
conditiano. ‘Pacifically. tha obaarvad ●caiing
pradlcta for the bwcan paramcmr,

●el-cc plasma size Gnl~ to Mer. ●nglnaaring
haat-craoalar ●nd piaaw-uall-incoraccion
CLMUCraiGL~ (i.e., nq - 14Z@ff), chose
appr~chaa gan@rally fmvGr laaa-axpanafva, low-
tcchnolo~v, ●~llar, and -~re flaxlbia ●yatama
aloha th@ d~valopwnt pact, to co~rclal fusion.

PlOan parforwnca and tho technology of

chc plaama-wail Lntarkctimt ●oon hcoma not-c!
for che QFP. Contrrii of local flald ●rrora r,
chena ●ullur ●xparinnta bc- crucial Cii

nccaining il[h currgnt ●nd ~ood confinement •~
high c~arac.ra in ●All ●yat~. Iha rola oi
gmm racycle from tha vacu.JM wall la importmnc.
L-–Z llmitara ara only kgl.nning to ba .aad.
and the Sbilicy tn -intain cb? dlachar~a
dmnalcy (i.a., Collcrcl plasma ““pump Out””] Ily

propar prm-dlactarge wall c?ndlLfonirIg la birrg

dyuxm occur-, ● ma- to in~cc -t M8ML1c
Mlicity into tha plau ●s lc i- raalctivaly
[-ona~d provides for ● lou-technology nthod to
Custairl tho pl8- curront indmfinlt~ly.
Partial teat. of this oscillating field or “’P-EJ
p.mins” currant drivm how. bmn successful,
but full toot. ust awalc ho:tar, lono-rasisriva
plaam. Current drivs by ●lactrwtacic (1.0.,
3c) injection of Mgnocic halicity, rachar t“~n
Zt.? l--froqu*ncy ●loccr6ugtmtic -lM
daucrlbd ●liovc,MY ●lso ba poouible by propar
arlangomnt of ●locLrodea III th~ plasma
●crnpeoff, this mchod Mig ●qgoatd for Cha
gun--sustai~d spbaromak.(19.*2)

flphor~k Gmpact ToruG (ml -A~laan
axiay-crl.c torus tlut h4m no -gnat colla.
conducclng walla, or vacuum surfaca? llnki~ the
torum. Ulth only polcidal fiald ●nd in ●n
●longacad (prolac*) form raquir~d for ●tabilicy,
tho high-hta (G.8-l.0) YRC ro~ulta. T~G

●pharomk la a CT with both Be and B
1

fialda ,
●nd, like th$ EFP, both ● ra ctmp rabla in
-~nitude ●nd #anarally configured ●a dotcribad

combined faac-pulmad Z- ●nd ~pinch tochniquea
{PS-l),f~9j ●nd ●lmctrodolaaa flux-cGra
fGrmcioF tackolquoa {f+l),(5Uj]. Xaaccor
projactlona h.xva boon rnda fGr sphar~ko fomd

by flut-cora(51) ●nd rngnlcizad-sun[ ig)

cachniquai .
In ●ddition to thm ●ttribucaa of ●crcmg

ohmic haa:l~. histi plasu and ●van higher
●nglnaari~ bat-, and tha ●ffici*nt usa rf
raalati~a (~quilibrium) coils tc. glva a hi~h-
maaa-utlllz.lcion FPC , tha ●iriply connactad CT
=cg!=rf_ :~;~~~” .4”-. *AA-.4 .4-..l*f4>-> 4m~. :r.f.- -- --- --—.. -. --------.-

rmducaa ●van furthar tha impact of Lha FPC and
tha ovorall .-oat ●q.ustlon for fuaicm. ‘.nrw:l,on
tar!iniquoa baad on m wSnacixmd c.3-axl~l
●l-ctroda sla> givaa tha addad promlaa for ●a
●xc--rmaccor {Iivartnr f. , lmpurlcy contrc.i aa
wali aa cha propar arrangamnt of ●iactrodas tn

lrij@Lc ma~nct tc hal{.rlty with ●n ●xtarriiiy
Sppllad dc voltaga, dc currant drive tfiroug~,
●lai<rkaa i~raaJ only in the plaa~ ●.:rmpecff
becox~ poaalbla. Hanco, toraidal flux ●mrwlni
fr.m tha ma~natlc~il gur ●laccroda~ links a small
fract~on of polo dal flux at th- oucar flux
●urfmcaa arid hsliritv 1* injmcced ●t ● racr
raquired co ●uataln Lha plaama sgslnat r-s’-aLlv-



rntal-t -r tins tMt ● ra ton tk8 th

-t-w &cay tin. (A2) Qxmxrally,

~ea+.xy mlmctrm&_eustaiwd spharmkm have
● M-r %mrity -tent ad poorer

ro8march.(47) G9narally. tbt ●pbaromak
roproscnts ● logical ●nd highly ●trraccive
●xtofuion frm Cile alre4dy prauiaing raactor
l~ro~nt prOJOCL f ( tha LYP.

Splmri-1 Torus (S1) T~ - Tba plink
parformnca for tho tob.uk~-acurod by ~,
~, ●nd current driva, d~pandm mtrongly on plasma
8“Mpa [a~FGICt ratio (11 c), ●longSt Ion (rj,
triatcgulsrily (dj, ●nd indentation (aJj and
currant prof 110. For ● ~ivan value of q > Z-3,
cricical MUD bta limit- iocraasa with c or 1,,
~ tends ●lso to Increaso wicb I , but htgh-
frequency curr~nt drive ●xpectedly #comm. more
pouar intecuiwa ●t high values of 1.. Criupied
wit”n tha goal co roducc FPC size , maa;. and cost
by r.duci~ the pla-ma u jor radius, the ST
concopt ham eurgad(3i 1 with l:C - 1.5-2.Q,

I - 15-20 U, q = 2.3, ●nd B > Q.2.
1

rne s~
r ●ctm •mtmdi~nt roquirec ●ll ● tructur- ●xcept
tha toroidal-f iald-coil return conduction to “be
r~vad fr~ the ragioo inboard O* the pia-ma.
Conventional tCkamsk cquillbrlum causee ●

natural piasma ●longation of r * 1 .5-2.0 frir
thema lou-a-pect-ratio ●YSC-. and. ●lcnough
q . 2.5 an ●varaga, Lh@ pololdal fiald can br
compmrabla ~g cl,a coroidal field ●c tne plasma
outboard ●ida, hi~n-bsca FISSUS with raducad
toroidel fimldo rasul L.

8ignifiont par-mabnetimw 1. mi-o prmdicteif
for tha ST configuratlm , uhercin the on-axin
coroidel flaid can •xcae~ t;-,a vncuum field by a
faccor of 2-3. A curioum t&mmxk con flwraticm
T,oultm thnc in sI_tapa outwardly raaemblen that
of ● ●pher-k With ● hard-core conduct cr.
●xhl L.ta ● para-snaticm lika that more mtrmrtl?
opeLat~-’c in MI-PO ●nd sghermk. , ht Lr
●tabllmad mccordlns tc craditiotul COk~”k lar.
(q > 2-3]. TRe dag..a ●o whlcti the ST. RFP. ●nd

-t b fulfilled: a) ~ 9 &iB2 in nearly
Comcmnt .a umure of the mln~nmrgy
state), ●nd b) ● relatively quimcent rolaxaclon
procacs lU ●vaibblo tO provfd~ the plaBu a
cbmoel(m) for rmlaming to Lha ~ar+nlm-
●nmrgy ctate aftar ●xternelly i~oacd
perturbations ulchouc disrupting. AlchouUh che
conmtancy of v cmn ba raadily tomcad with ●n
●ppropriate equilibria code, the availability
of non-dimruptiwa relaxation channels fGr ●

q > 2-3 c~ that <n richness ●ppzoecnea the
q<<l UP ●nd the q < 1 spher~k ramain xa
open qummciom9. A pmrtial indication 1S Riven
by che ●phermk, Uhicti la capable of noc-
dimruptive rolaxxcion tnrough ● SU1l mumkr of
1OU-O (toroidal) modem . -We ra to theoe
que~tlona are activmly being developed fGr the
ST am one of ● numbr of Signlficanc tokauk
i~rovement (Fig. 2.J that uy lead co Q-her
reacrors not unlike chose muggemted for PFil
System.

CONCNJSiONS
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