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NEU DIRECTIONS IN PUSION lLACN:rilLS:

RXPORT ON THE WAC PANEL X ON HIGM POUER DENSITY OPTIONS-

Rulon K. Linford
Loo Alamo Naciooml L4bOt~COry

Los AlmBos, N-w ~~xitO 87565

Abmtract: The high emt of fusion ia motivating ●

shift in rammrch intaront toward ●mllar, lower-coot
system. PaIIol X of tho Hagnacic Fusion Advlaory Com-
mictue (HFAC) was charged to ● soans the pocentlal
banefice ●nd probleme associated uiLh mall, high-

power+anoicy ●pproecheo to fusion. The Panel idenci-
fiad figuree of rnric which ●ro useful in ●valuacins
rariae appromchao to reduce the davelopmenc coot- and
capital coate :f funlon ●yoca. Am ● result of their

delibermtione, the PaMl recommended chat “.. .increaoed
●mphmmio ●hould bm given co improving the ucs pwe r

den-icy of fueion ●yatern, ●i8ir@ SC a mlnlMJm target
of 100 kwelconne”, ●nd chac “Incremeed ●mphmls ●hou14
be Olven co COBCQPLO that offer the potential to reduce
●ub~tancially the coot of development ●tepc In phyolca
●nd technology.”

1. INTRODUCTION

1.1 Intereet in New Directions

ma QImele of fusion reacmch in the United
Stat~a hma been moviru toward swller, lwer-cooc aye-
ta bocauee of che high derolopment and capital coete
projeeted for fuoioo s~at- bmeed on the praaent uain-
lim coocepce. ~o ●hifk in ~haeio le ●xemplified by
the Inereaned interest in hi~har hta tokmmmke and
●tellaractire, muller ~ra ●fficient ●nd PIUCS for
mirror-, ●nd c~atc ●lcemace concepcs nuch ● n the
rowraad field ~inch (R~), compscc coroidm (CTS), ●nd

che dense Z-pinch. The Doparcment of Energy (DOE)
requaated that the Mmgnatic ?usim Advisory Conitcee
frlPAC) moeeeo the ?ocential benefite #nd problemo
●ssociated uich chome ●meller aymteme ●nd ulth hi~h-
porrcrdomoity fusion •~otm in Semeral.

1.2 WAC Panel %

The eharqe letter** f r~ A, W. Trivelptoce,

Dirc:tor of the Office of Bnergy Reoaarch (DOI!), Co the
HPAC ~aiNo, R. C. Dawldaon (HIT) wao preoenced

during the HPAc msating on Hay 1-2, 1904. Buring Chmt

meecirrt, tha MPAC organised Panel X, chmired by
?rofeeoor Robert U. Corm (UCIA), to respond Co che
chat~a. Tha ochar 1S membero of the Paoml rtpreeented
●ll facets of cho fuslou prn~reml Bobmrc A. Oroao
(Columbim U.), Hohmmed Abdou (UCLA), Charlee C. Xmher
(ML), Lme A. Berry (OEM), Donald DoLrocc (8AIC),
Uarold P. Purth (???1), James D. Oordm (TRW). Eobmrt
A. Krakouoki (tANL), Nicholas A. Krall (JAYCW, Rulon
K. Llnford (LAKL), B. Grant Lo~n (lML), Pacer H. Roee
(MWU) , Xemy Bhmrny (Cowulcant), Teruo TaMnO (GA

Tech), ●nd Sholchl Yomhikawn (PPPL).

rhe Pen91 -c far them durins che follmi~

year, ● nd Lmvlted ●qertc fra Iratlorml labOr~tOrlee,

Induotcy, and univelaities CO give preooncacionm
covering the br-d mrlecy of toplee ●aaociated wlch

~ork perfnmed under the auap!reo of the U.S. DOB.
●*copioo of th~ char~e l~tcel, Pan@l X Raporc, and the
HFAC trarualttal lccter Ca I obtained frm
R. C. Davidson, Diroecor, PJacw Pu%on Cant@r, K2T,
W16-202, 167 A.lbnj Street, Cembridge, H4 02139.

the charSe to cha Psnel. Subgroup- of the Panel ❑et or
Interacted moro often to reaalve Ismues and write
crmclusione which wera subsequently shared wIcr, and

revi~e~. >y the ●ntire Panel. The flrml Panel Y
Report was preeented to chc WAC during the Hay 6-9,

1985 ❑aecing. The Report wae accepted by HFAC and
cranmmitced Co ●A. W. Tr.velpiece dons wlch I
Crarrsmictml letter which commanle on oevernl polntc
●tcociaced with che Report.

1.3 Charg* ro Panel X

The cherge leccer can M eummrited by CWI= central
q~eatione:

1. What ● re che pocencial beneficn xnd probletna of

high-power-deneicy fueion ●yoceme comparad with
mdiuepwer4eneicv eyrcema?

2. In liihc of thle comrmrimon whet mhould CM
relaclve raeearch mmphmie be on hlgh-power-
denmicy ●yetema in the tutional fuoion program?

The letter ●lso requested Informmtlon on eeveral
●peeific c~pice including che impact of high power
demeity on che coat of ●leccricicy (COl!~, capical
Co#cm, and

L
●ubeequenc •penae~ (operaclr.g,

●vallabilicy, dec =Ieeionlns, Jcc.) aenoclaced with ●

fusion reactor, ● e wail ● s the co-c, path, ● nd
cimeecale for che development of fuelon, Xc asked fcr
● n ● eoeesmmnt of cha impacc of ●afecy, ●nvironmmnral,
●nd ●rrginecrind iooueo on che develomenc of high powar
dermicy remccore, and of the cechnologlcal develo~mencs
chat would ‘be required. Moreover, che euicabllity nf
the wa~ioue confinewnt conctpco to schieve hl~h Dower

demity uaa CO M soeeseed, includln~ *he credible
range of improvewnce chac could be ●apecced and the
Idencificacion of promioin~ confinement concepts not
being developed by DOE.

2. PlGlJRE9 Or }EPIT

2.1 PurDoeo ●nd Limit~Ciono of Flsurea of Merit

The Panel found it neceoe-ry co -elect fl~.res @f
uric CO ●ld in the comperlaon becwemn variaus conflme-
menc concepte ●nd reactor ●pproaches. Theee flgureo at
merlc were found uoeful lf c=ution were ●~ercloed; th?

●ffecte of mmny lmportent docailm ●nd comDlexitir@ arc
noc ●utommrically included In compnrloone besed on
thaoe simple :Iguree of merit. If prop~rly u~ed, cheee
simple paramot~re can Ilelp ldentlfy ~eneral Crc,}dm
which -St be ●ubttontiaced by more de[alled ntudlam.

1.2 Uelocced Pisureo of Horic

Piguree of nrit ware ●sl~cced by lhe Panel co
“meawre” che ayttem mlse, pwrr density, menmecic
field ucili Bation, plaoM goer~r ronflnement, ●nd plant
●fficiency. The choicee mra not unlquo find better
choicwe MY M poscible, buc the Panel fo. n.i Chcm to b~
usaful, tom Cmnca on the resoone for the cholcca
and on the inherent limitnciono follow,



. 2.2.1 Systam Size. Th9 two “mite” parameters

that ●ppear to be ●asily l!nked to ●conmic faccorm ara
thm nac ,lectric power or unit ~ (Pe in We) which
ic nold co the cuacomr, and the u-e of the fusion
p-er core [FtFp

f
in tonne) which is related to cne ca-

pital coet of c ● funion pwer cora (?PC).

Th FPc, ● a ●houn in Fig. 1, w-e defined by the
Panel to ●xcl.4e the auxiliary ●ystoma ● e well ● m the
balanca of plane (BOP). Substantial dltcuetion
occurred over whether to incl~da the ●uxilla~ ●yaceme
in cha FPC. Thfi ●r~memca for includina che ●txllia-
riee ● rm” The auxll:a~ ●yscemo ●re detemlned by the
chmracterisclcs of the Lype of ftinion confiument eye-
tmm being uses, ●nd the capicml eoet of Ch ●mriliariea
can h atibetmrclal, ●v~n larger than the co~r of the

FPC for mm conceptn. The #r@mente for ●xcludina cha
●uxlllariee ●re: The ume ●nd co-r of the muxiliariee
are not ●aoily or cctirately decarmlned frm baolc
characterietlca of ● confinement concept; more dat~
information ●bout che confinement concept ●nd specific
reactor design ● re r.eeda< to ●sci-te the coat of chc
muxlllarlee than ● re needgd to ●oclmete che coot of che

FPC ● s deflnad in ?18. 1. It wae contiderod mre im-
portant co have a rea4ily decarmlned uasura of Che
irreducible Mnm (cent) ●eoociaced with ● uonceDc than
co lncludo more of che maeo (cOet) ●nd lose eimpliclty
●nd, probably, ●ccurmcy in che pracaen. If ●

raanonably ●ccurate mecnod for ●sclmaclng cha meet or
coet of ●uxiliaries could be davlaed, wlthouc havi~ co
romrc ta ● conceptual reaccor design, than ● n improved
figure of mmric wo.ld remult.

2.2.2 P~er Denalty. The raclo of the unit power

(P ) to che Moe of che fuelon pouar core
!

(rlFpC) wee
no ●cted to rnaaor~ the power densi”-, #rid wme nemea
the meet pwer dermlty (Pm In ktiaiconne). Becauee P

deoendo or Ft~C, Cne llmltatlons and fea..rae deecriba !

in che hrevioun eecclon ●pply Co Pm.

-r~ mst ba uced in ●valuacinB snd ual~ boCh

%! ●nd ‘m”
For ●xmmple lf copper me[nece ● rm

rg~ ●cad by aluminum Mgrrets,
vi

#nd Pm are ●fzected

●ubscanttally buc Caplcal Coc ● not. Neverthelemn,

M PC ●nd Pm
R

remmin uoeful in comparlr,~ eoncepco where

t e ●asapclono ● re kapc constant. To make theee

comarl,ons ●nro maanlngf.1 the ?mne’ adopted sOme
Suldelinee am what to include in %Pc.ndpm~ ‘“S” anly
Che ehleldln; needed ta proc~ct the MCnete 1S lncl~ded
● ven Lhmgh ●dditional blolottcal ●hlelding My be

I

“
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—1 *m,, . . . . I

I

?Atm 1. Puslon reactor Cchmatlc

htween che fuelon powrr

oymtemel ●nd the balance

-howlng che relitlm
ore (rPC), ●uxlllary
of plant (BfiP).

located in the same vicinity. %ome crioicen ● re harder

Co wke ●nd remain unresolved; ●a. ●hould the mesa of
● liquid braeder/coolant be included? In summary, n pi
●nd Pm ● rm !useful flg’ures of mrrlt If uoed proper y.
buc lmprovemenca ●nd clarlflcationa can pro%bly be
-de.

2.2.3 Hagfietic Field Uasne. Tha ●fflclencj UiC~
which che ra~net-genaracad field 1P used co auDporc che
plaome praaaurc neceaaa~ for fumlsm la indicated by
the ●nslneerlng “oeca (Be in parcentj, which 14 a~f~qea

ma che raclo of plaama preaaure ●vmraged over the
plaame volume tG che magnetic field grcsmtire averaged
Ov r

?
che inner ourfacae of all the mag.et tol15

<B
1’.

The value of Be - at.otild be Inversely
co;?: ●cad wlch c~e coac 01 Lha megnecs neaa~d co
con?ine che phame.

2.2.L Plaama Enargy Confinement. The P~3ai
●elecLed che ●verage charmal dlfftiaiviry iXE IF m- a]

co quantify che loam of ●nergy from the Dlaama.
Neglaccl..s rmdlation (and ●mlal lomaes ?r~m ~and=m
mlrrora)

where ● l.e che minor radiuh of che Dlasma and IF la tht
●nersy conflnemenc cime. To accGunt far ●xial “loooes,
Ea. (1) cal, k ~sed CO defloe an ●ffective IE for
tandem mrrora. The val~e of Ir le corrrlatad to the

●i~e of the Plaame ch=mber (se@ Fig. 1) requlrad co
COmfine ● n isnlted or fusion-sradr plaa~.

h lmpmtanc ●fflclen~le~ for

•r.~~~~’ay=ii,.l)ar. che the-l con.cr-
● lon ●fficiency

‘th
which 10 the ●fficlemcy~

converclnS the ~he~l power, Pc ,,

i
from c~a FP CG

●lectrlc pouar, and the r~circu •cln~ owmr fract Ion

CrI wt.lch la che fraccion or
— —,

c~e claccrlc powar whlcl.
muec be used to run che raaccor. It 1s obvio..a from
FIR. 1 that che unlc powr or net ●lectrlt pe,er I.
given by

Pa - mrh (l-cr) Pch . f~]

3. IQTHOD!J P(M WDUCIM T?W COS OF FIJSI@

3.1 ?nccert Affecting the Coat of Electrlc.cj (cr~

~ibura ~ shows some of th~ .actoro and relaclan-
ahipa that de?ermlne che CO*. qafccy ●nd ●nvlronmemtal
factors ●ffecc ●ll of the dir~cf comtrlbutlono to c~c
Cor. The owerall root lmparc of safety .M
●nvlronmemtal factora 1. dl!flculc ro quantify, b.,t
a-e trendc w!ll be daacrlbed d~~ln~ the dttcga~lon of
r he direct contrlbuclona. Furl coa e for fualon
ayattma ohould noc w algnlflcartl , unllhe th~,. for
foacil ●d flcel>r! ●yateme, ODrratlng coat~ cc!.,ld he

aiwlflcanc but not dominant. Th~ comple=icv of fus112n
ayateme wlil tend to lncreato the operaclng com!m, b,t

the impac: nf ●afaty m thee? <nato ●hguld b-

comparable co or less than fiealon,

d A feflmlc= for Se haa been recently prhpoaed by
B. ~. Lt.c~~ (a member of the ?analj which mi~bt lmprcwe
thle correlation, i.e. the r~tlo of tho total pla~mm
●nergy cn thm !Otal fteld ●ner~v euonlied by tl,a
Msneta.



Fig. 2. Relstlonshlps %tween come of the figures of
merit ●nd ocher fmctorr that affect the cost
of electricity (COE).

Availability 1s ● major factor In determining COF.
Ik+weve r. we mac wmit for the ●ngineering development
phaea for fueion before we can generate the data needed
to ●otimate the ●vailability of ● given reactor desi~n.
Neverchelees, certain trends ● re obvious. Complexity
●nd hluh ● tremes will tend to decraaoe the mean-time-

to-failure; ●impllcity ●nd ●all ● ize tend co
facilitate rapid replacement. Although come ettempt is
w ‘e in reactor ●tudles to quantify these kinde -f

●ffecte, the models are ntit very ●atlcfylng becauee of
the lack of rehvant data.

Ths Wjor costing wffort of reactor studieo la
focuced on capital cceta. Next to avallribillty,
capital cooce. along with the coot of borrowing r>r.ey,
COS, for the caplral, ● re the major contrlhtore to the
COE. The ramainder of this Section 3.1 is devoted to
the factore which ●ffect theee ca~ltal and financing
CO-LO.

3.1.1 Efficiency ●nd Complexity. The level of
technolow ●nd complexity is ● major factor in the La-
pltal co;ce of th@ ?PC •n~ ●uxilia~ ●y,temo. Neutral-
beam mnd rf h~atere ●nd current-drive ●yeteme are
●xamplee of hlih-technol~gy cost drivara in the ●uxi 1-
laty syntem categor). Decreulrq th~ complexity of
itama such me megnet and divertor ●ytceu can decreaee
rne coet of the FPC.

Thd Mplcml coot of the ●uxiliarlee le alno
●ffected by the reclrculacing-power fraction, Cr (oee

?ica. 1 ●nd 2). The lese power required for ●uxllla-
riee (es., for current drive or for loeeem irr
rtelecive -flneto) the meller the coat of the ●uxllia-
rtea. In ●ddition. ● decreaee in Cr decrea~ee th,
thermal power. Pth, handled by the balance of plan,
(BOPj fOr ● Slven unit power, Pe (ace Eq. (2) ● nd
rl~. 2). Tho result 10 ● decreeaed capital cost far
the BOP.

The flOP coet can ●lso be red.iced by increaolng the
themal convetelon ●fficiency, -th. Usually the con-

varalon lnvolveo conventional themel cycles. If a
large fraction of the fusion power could be conv~rc~d
Ly more ●fficient nonthermal procenaet, ●lBnlficant BQP
cost savi~e mi~ht rga~.’:.

3.1.2 14As9 ?OWer D. Nit
-—--%”

Increaelnt Pm for
● $lven P● ●~raa.ce the apl ●l coot of the ?PC.
Ilouewr, r-actor @tudlee indicate that ● Chreahold
value of P- ●xlecs, beyond which vQry little reduc: ion
in COE 1s realiled with further increaoe in Pm. Tbie

effect le clearly shown in Fig. 3. This thresh.>ld
correspond to the value of P beyond which the capical
co-t of the FPC (eee Fig. ~) becomes inaigrilflcii~c
compared with the capital coste of the auxiiiary sys-
tems and BOP. In fact, large Increaees of P
the threshold can cauee cr. ●nd hence COE, to ?nc~gj~!
This ●ffect is ●violent for the S@C-We curve in Fi3. 3.
Thue pr-sent models for ●stimating COE do motivate t!i.-
incrmaee of Pm to the threshold value, btit rrctioucl,
beyond.

Other factors motivate the ●chievement -: D
values higher than the chreehold. So=e increase =Ggla
provide ● safety mergin to accommodate uncertainties In
premenr ●mrimetione of reactor characteristics afid
coecing. The potential fur fectory fabrication and
assembly of the HCm deecribed next, provides ariother
motivation for hiEher Pm.

3.1.3 Pactory Fabrlcaclon of the FPC. The Panel
heard from members of the fle~ion community about the
potential benefits of having the reactor core fabri-
cated and ●eaemblcd in ● factory. Slmilsr benefits fcr
fusion could occur if the aase of the FPC could be
reduced ●fficiently (to ●bout 1CW3 tonne) to allow
factory ●eaembly mid ●hlpment to the rite. The stan-
dardization ●nd quality control provided by the factor::
would not only rcducc fabrication cosca b~c c~ijid
eubmtantlally raduce the liceneinp time ●nd, theref~re.
the financing coecs. llor~over, che improved quality
control ●hould increase tb-i●vailability of the plant.

Sln:e the eaee of the FPC in meet reactor

projectlonm for the 10W-MUe clam. is more than 10,C3C
tonne, ●ubetant lal reductions would be required.
However, come concepts have the potential of ●chieving
●mall sizes, ●nd the benefit-
These factors ● re not

c=ild be stibstanti~l.
included in present coscing

modele.

3.1.6 Unit PowerJ P . ~ha economy of mial L,
●violent in Fig. 3, mot~vates the use of large PA.
However, increaeee of Pe much beyond 1000 WC do nsr

result in much reduction of COl!. For tltie redsan maec
reactor ●tudies ● re done for Pe - 10GC We.
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. ?bweve r, the Panel lesrned from the fieeion
induotrj- reasone for reduci~ P below 1!300 me.
Smeller Pe (200 to 600 HUe) unit. w!th high Pm may be
the only way to ●chieve ●men ●nvugh PPC meeo co allow
facrory ●ssembly ●nd shipment to the cite. The
previously described cost ●avioge ●csociated with fac-
toty fabrication v.wld mitigate the ●conomy of ●cale.
Some of the benefite of ●cele could be retained ~j
buildins up a 1200 PfMe-xlanc, for ●xample, vict- b fac-
toly-fabricated 25C+tWe unite. By phaehg th..
installation of the unite, the utility could minimize
the initial capital inveecmenc, reduce the time delay
between investment and return-on-investment, and match

the grcxing plant capacity with the deaend for ●lectric
power. A31 of these ●dvancegee WOU14 greatly reduce if
not overcome the ●conomy of ●eels for the Pe rense of s
few hundrad We.

~he ~~~~~:n ‘afety ●nd ~nvironment.
The members of

commnity that ●dvocated factory febrice-

tiom aleo ●creeeed the importance of ● passively safe

deeign, i.e., no ●ctive safety ●yecem or procedure lo
needed to prevent radiation releeee ceuced by
radioect!--e ●fterheet induced core damage (e.g., melt

dcxn) in the case of a loea_nf-coolant ●ccident. In
●ddition to the obvious potential ●dvancege of improved
public ●cceptance, psealvely cafe unite offer potential
•~vi=gs in :epital ●nd operating coste. The ●avingo
● ccrue from eliminating the ●efety ●yeteme. ●uch m

●mmrge ncy cooling ●yeteme, and from reducing the

fraction of the plant under the nuclear ●cmmp, thereby
reducing conecructlon coets. Theme ●avinge need to be

compared with poeeible increaeee in the coet of the
unit to make it paaeively cafe. In the came of
fiseion, ●ubctential net eevinge ● re preiicted.

Corm-red wtth fieaion, the damage or melt down of
● fueion blanket la likely to be much lest of ● public
●afety hazard. Nevercheleoe, pae~ively cafe fusion
●yotema should be ctudied for r~asone of ●af~ty ●nd
public ●cceptance *e well ee for potential coat
●aving8. A ●implm way to ●chiave paeoivc ●afety in ●

fuelon blanket ie to limit the neutron wall loading.
Thic restriction in turn lmpoeec :oncept-dependent
limite on the maximumPm that can be achieved. Ihuo
paoeive ●afety ie one of the consideration in
datansining optimm veluee for wall loading ●nd Pm.

Tritium handling ●nd remote maintenemca are two
faccore the: will have ● significant Impact on cfpitel
coete ●m .*ell am coats ●nd ●veilebllity. If the YX
were ● mall !ectory fabriceced unit. the moec
pra.ticel maintenance DrOCedure might b~ to replace che
cmtire FPL rether than replacing FPC component.
Sutotential ~epital could be caved by not requiring
●ech plant to have che cample. rmmocm handling
capability Gf replacing ● variety of componGnte. A
ciogle factory could ●upply ●nd repair the omen
8tandardire@ FPCS for many plento.

Anoth*r facfor which mUbC be considered 10 radio-
active vaeta dioposcl. Environmental ●nd kconomic
fmctors ● re important !n ●eleccing metarielo. Nua.
■urface burial wculd be desirable.

3.2 Fa:tore AffectIns the De”:elopment Cootc—.

mm “<wvtlopment” pfiaae for ftinion wee defined by
th. Pmnel am tha ●tepn in tnc program batween ● n
igaition ●xperiment ●,ld a mmmerciel plant. The
●ccnonic impact of ●veilabllity on the development

proceeo will incr~age ●ubl,tencielly from the Ignttion
●xperiment to the comm4rciel plant. Moreover,
importent date will be colietted that will ●now thio
impart to be bet:er understood ●nd predicted.

In contract, capital coets ● re of ~jor importance
● t ●Vmry ●tep of the development phase. Thue
●fficiency, complexity, Pm, ●afety. ●nd ●nvironment ● re
●leo important ●conomic facsore for tho ●~tire G:velop-
ment pheee ●e they ● re far comercial cyeteme . In
addit inn, the economy of ●cale for unit pawer, Pe (or
the eecocieted thmmel pmer, pth). ie cnlmporcant in
the development pheee ●xcept for the lant ctep(e)
before the co~rcial plant. Thue concepts wnich ●now
low P

f ‘ptP) ‘ithlergepm
could reduce the mass and

coet o the ~eicn power core (FPC]. auxiliary systems,
●nd balance of plant (BOP). The correepomil~g
reduction in development coat, schedule, and risk co~ie
substantially facilitate the development of fusisii.

The next two ●ubeections ●xamine the ❑ethotis for
●chieving high Pm ●nd low Pe withit, the constraints
associated with ●fficiency, complexity, technology,
●afety, ●nd environment.

3.3 Apprxches for IncreaeinB .4ees Power Density, P .

S-mple Geometrical ●rguments indicate that tw~

independent mpproechee for incressin: Pm ● re co either
Increaaa the sverege ~ell loedir.g, or to decrease the
radial tbickneae of the fueion power core (first well.
blanket ●hield, and magnet ● ? ●nown in Fig. 1) while
holdinb Cr conetamt.

3.3.1 Increeee the Averape Neutron Wall Loading,
~). Incre=ng <2/ not only Increacee Pm, but ●lso
increaoee cooling requirements, themel streso, ne,,tron
damage retee, ●nd ●fterheat power deneity in che

blenkct. Thee technological ●nd ●efety icsuee tend to
impose praccicel limits to the magnitude of CIw>. The
Panel found that 5-10 t4V:m2 wae likely to be the
Opt imum rar.ge for <Iw> in reaccora with ●tandard
structural walla.

It can bc chovn that

<Xw> = 8: :B:011>2 ● , (3]

wnete Be ●nd B ● re deff.wd in Seccinn 2.2.;, ●nd a
lo the radius o~”~?a plaame. Eqtiation (j) indicatea
that increaein~ @e la ●lwaya beneficial. If <1 > is
leas than the optimum range, then increasing E
Pm to incr~aae. Onc9 the optimum range o! <;~;”;~
rrached, ● further increame in B would ●now BcGil tc
bi Rdecreaaed which decreaaea t e FPC thickneaa. T~io
is rha ●econd way of Increasing Pm.

3.3.2 Decreasing the F?C Thickwn@, d. one me-
thod of decmeaairtg h haa jutt hen described. Other
●xamplee include better megnat deoigna that would mllow
●ither thlnnar mmgnete (hiihar current denaitv) or less
a}ieldimd. Blanket thickness might be reduce-~ by more
● ! ficienc bremding techniques. Howevar, ● very
cLRnificafit decraao- in c occurs when E

f
la

oufficien!ly high to ●now tha ●uperconduccing co la tc.
IQ replacad by raeietive (as.. copuer~ cailII of
Jimilar thicj neaa, without a oigni~icant ln~..aae in
. . This change to reoiatiwa coils ●llowa the .)ircual
‘f -● lD.nAtion Gf the shield with a curreopondt!,g decrecae

thema~ pouer ie mot conv~rted to ●lee!
●ffettive Pm can be calculated by u-ins l!q
●ffectiva Lr, ●t.d ●n asoumed ~th (-li31.

whare the
ricity, ●n

(2). the
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TABLE I

U3NCEPT CLASSIFICATION

Dominant confiniog
field

Supported mainly
by cur:ents ir.:

Exmples

Naturally ●xcels in:

H-D—

Toroldal
(mid)

Y4agnets

Tokamek
Stellara:or
EBT
(Tandem Hirror!

Low Xr
(acro;n field)

PFD—

Poloi6al

Plame

RFP
Spheromek
Fr.c
Dense Z Pinch

High Ee

The high values of B- that ● re required for this
change to reaistiv- ;Gilr and the corrarponding
incraaaa in Pm do not appear to be equally ●c.eraible
by ●ll confinement concepts. Table I compares charac-
taristica of toroidal-field-domineced (TFD) and
poloidal-field-dominated (PFD) sysceme. The externally
imposed megmetic field in TFD concepcn providet good
confinement (low XE) for ●ven modekt ●xparimenta.
Howevar, this strong reliance on magneto maker the
achiavmenc of high Be more difficult. In fact all TFD
concapta rely on nautral beam or rf auxiliary haatere
to incrmxmm Be and co raach ignition.

In contract, the ralianca on intamal plaema
currence to provide the confinina fimlde In P?D con-
cepts results in comparatively poor confinement for
modeet (1-currant) ●xparimente, but the Be 10 high.
Rtor*orer, the high plaome currents ara ●xpectad to
●now ●ll known PFD concapte, ●xceFt for the (FRC), to
reach ignition by ohmic heating alone. Since ●uxiliarv
hcatero ●re not waded. the complexity ●nd the capital
Coct of tha auxiliariae ● re reduced. The high Ba ●nd
Aower c make high Pm more ●ccaoeibla becatine tha
traneic~on from ●uperconductinp to resistive coils at R
Biven Pa la more ●ccaocible. Tha raalizacion of thie
natural potantial for hi~h Pm depands on ●chieving
lmprovad confinement (dacreaeed XE).

These obaermtime about TFD and P?D col,cepte
raaulcad in one af the findinge In che Panel X Rapo:c.

Pindiag 31 Concepce chat confane hish+ plammae (B
> 10Z) with magnetic fielde p-oduc-d mainly by
currenca within tha plaema arc mora naturally
conelecenc with high meao power density. This
genaral principle 10 moo t auanticatively
demonstrated for the Revereed Field Pinch (RFP).
The Spherarmak, FRC, ●nd Dance Z-Pinch have t}ie
●ppropriate characterletlce.

3.4 Approached for Decraagin& che fJnic p~er }

The benefice derived from reduction in Pe ● ra
dependent on ●imultaneouelv achieving or maintaining
high P . Two imdepandenc pacho for decraaatns Pa ● re

?Cn ●i her decreaom <Iw>, or :u decracte the p!aeme
-1*O.

1 . . .1 DecrGasa Avara~e treucron tiall L?.adin
Thie ●pproe~ nvc ●llowed becauea ic r~:4’!7?l;”
decreaaed Pm (se@ 8actlon 3.3.1).

3.4.2 Decrease Plasma SlzeAr . The plama s:ze

Ycan be decreased in cwo ways =1 fiodc decreasiwi P..
The plamma length or aapect raiio could be reduce~ ~f
other phyaice ●nd cechr-oiogy conscralncs would alle=
it, or the plame radius r cctild be reduced if Be
could be correspondingly igcreated to maintain cmstant
<Z/ (eee Ea. (3)) and hence conetanc Pm. Note tlia[
increasing Bco ~ is not allowed because it wnild causs
anincr=aee inl(eee Sectiom 3.3.2 )andhen.e in F=.
The decreaee in r ●lso requi-ee improved confinement,
i.e., a decreaae i~ ZE. Thus, in order cc have the
flexibility CO both increase Pm and decresse Pe. the
cwo key goals for plasma conflnecent researcn are higk
Be and low XE.

L. CENTML RECOPDENDATICNS OF PANEL x

G.1 Tine Target of High Power Kienaicy.

The mathode des:ribed ●bove for reducing the cost
of fueion are coupled in ● com~lrx fashion tbro~jgfi
conacraintc impomed by phyaicc. cechnoloav. rafet+. and

●nvironmencal iactors; ‘Thaae ‘complexit~eo, add~~ tc.
che lack of data in ●averal important ●reas, lead cc
●ubacancial uncarcaincias in ●atimeting deval~pment
coete or che COE for reaccorti. In opite of these
uncercaintiae, cartain trande are ncill ●pparent, and
come of chene crende have beer mentioned in chia paper.
Cognizant of both trands ●nd uncercainciee, the Panel
●greed on 27 findings, 13 rmcommendacione, and 2
central reco~ndaciono. The fir~c cenLral recom-
mendation ● catw:

Central Raco-niation tl

In ●ecting fusion propram prloritiee, increased
●mrhaeie should be given co improving che maas
power deneity of ‘mlon ●yeceme, aimln~ ac a

minimum carg~c of lGO kUa!conne. Tine incrcaeed
tmphas~e uhc.uld be ●pplied co all ●specca of the
fusion program, includiag confinement raeearch,
fveion raaccor daaipn ●nd ●ystem ●cudied. and tech-
nology raeaarch ●nd devalopwnc.

Tha minimum cargec of Pm = 100 bUe’ccnne waa
ohcained from axam.ining ● number of both D.ra=zcrlc and
point reactor ●cuilee for ● varfecy of concepre. The
chreehold value of Pm wat found CO be l% kiJe,tonne,
‘.. e. , below Lhie -ralue che COE :ieec eharply while
●bove it ‘.ictla cilknga in Cf)l! im obcerved. Thie ●ffect
hae been confirms.1 ●gain in a more recenc reaccor
scudy[2] ● c ●helm in Fig. 3. The uncercaintlee II
●atime:ing COE rnocivace the ●chievement of P valuen
●ven higher than lhie chreehold value.

❑

A comparison of Pm valuae for ● varl~cy of r~ncc~r
dteigno lo onown In Fig. taker from che Panel x

Report. tJoce che progrees’cowsrd the threshold of high
meee power dendicy that hae been made by che tokamak
aesi~nn. Hightr Be (correepondins co <6> > 10%1 19
●xpeccet ‘o raeulc in cokamak ieei@e chat reach or
moderaca~y ●xceed the targ~c Pm. Recant camdem mirrcr
d~eigmo with mellar sndpluge have reached the tarscc
value. Th~ Pz..Y1 ●sraed rhit credible improvement~
could allow all n! che canfinamant conceptn co~n. dered
co ac least reac.. che tarstt Pm.

The tendency for P?D concaptm co achieve higher P
than TfO concaptm (eme Tabla I) is ●lsc ●violent 1:
Pigute 4. In fact tha PFP concepcs mra c-mpetitiv~
wlch the pm fiaeion core. The octly “’exception- which
prcvaa CW Nla.’ ie che RiSBatran. Thie tokamalt de0i8.
● e,tums ● very hiCh 6 (- 25X) for ● tokamak ●nd qccepcn
a very hi~h neutron WO1l Ioedins (30-65 HU’m’1, nnd
hish recirculating Dover frectio. (C -l:!. L). In

conlrreC the CRFPR[S) deeisn ● esumee s p~loldel P = 20%
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Conr~~rioon of ptwer densitie6 projected by
reactor 8tudien. Diagonal lines are
COnt Ctira Of COn8tant ●vera~e MC6 density Of
the f-,pion pawer core. Several confinement
concept6 are repreaenred. Tokamak: UWiAK-1,
UhWnt-tq , STARFIR2 , EIXIIB, NU’Wt, ●nd
RIGGATRc3N. Tandem mirror: MM. l!B1: EBTR.
;tellarator: HSR. General toroidal

●uparco~ducting ●cudy: GIZNEROHAK. LIKE :
ORTE . RWKr60d field pinch (RFP): CRFPR.
Sphercmuk: CSR. Pre6s.rized water reactor
(fiasionJ: Pm.

which hes ●lready been ●ch ●ved in RFP6, a mode’t
1

neutron welt loading of 5 ?W~m . and reasonable Cr -
0.22. Tha hlgit vsluae of P projected for PFKi concept6
not only FrOvidO ● !cube ●ntiei ●afety factar to
●ccomodate uncerzalntiea in projecting COE co6ts, out

alao offer the potential ef factory fabrication, single
piece maintenance, ●nd the a660clated benefice.

4.2 Development Path

No generally ●ccepted model or framewcrk ●xists
for planning the development phase, i.e. tha 6tepo
between the i~nicion ●xperiment ●nd a commercial plant.
The number of steps, the ochedule. ●nd the CS*C depend
on the level of risk that is deemed ●cceptable. In
thie uncertain ●itl.ation, ●6timatee of total coat ●nd
timeacale ●or development ● re not very u-eful.
HowW6r, eh? facto:~ which affect the capital C06E af
●ach 6tep in the development proc@s6 can provide u6eful
guidance, ● e diecueeed in Section 3.2. The6e
observations contributed to the 6econd central ricom-
mendacion.

Central Recmme~dati.n $2

Increa6ed aMpha61e 6hould be given to concept6 that
offer the potential to reduce 61 b6tantially the
C06L of development 6cepe in phyeic6 ●nd technolo-
gy. Th06e Step* include pltyeic6 devalopmenc in
ignitian and reector-ro]evanc burn condition, ●nd

technology development ● t react cr-relevant neutron

wall loading. The feature af a concept that is
●xpected to re6ulc in r~d.ced cost for de.elop-

sentel StOp6 in ● low fu6ion power coupled to ● low
funion-power-core aaeo. The Panel recommand6
●stablishing ● methodology to ●valuate pathways ●nd

co6tm frr fueion power dp.elopmenc.

5. OBSERVATIONS nF THE AUTHOR

5.: ~nificanc. sf F-.iwsl % Rep~rt

Host rmactor ●tudie6 asseaa the potential benefits
●nd problmms of a particular fusion concePtm or a
fairly marrow claee of concepte, by analYzin8 rbe
integrated set of factors ●oaociaced with physiee,

technology, ●conomice, ●nvirormant, ●nd safety. The6e
etudies have proved “~aluable hy identifying problems

●nd sol.ltions, ●nd by providinp in fcrmacion which is

important in cetting priori:iee and re6=arc!i
direcci@n6. The Panel X Repnrt ie ● n analysis of the
information collected and inte~rated from s number of
reactor ●tudiea covering a wide spectrum of cencepts.

The Report identified technique for -king comparisons
batween concepts ●nd ●pp-oachee. Theee techniques ● re
important in ●ssessing potential benefica ●nd prableme
●nd in identifying those which were concept specific

and thoee which appear co be generic for magnetic
fueion. I believe that thn heport ie important f=r the
entire fueion progrnm for c’: ~ame reaeona chat reactor
●L~diee are important for the c.mcept6 being studied.

The is6ues in the Repxt are numeroue and the in-
terrela~ionsk:pe are complicated. I ha.-e ofilj bee n
●ble ts deal with ● ●all fraction of them in this
brie? ~aper. Nevertheless it i6 important for the
❑embzre of the fueion communlt y to under6cand the
iesuea and arguments daecrihd throughout the Panel
Report (not juot che finding6 ●nd recommendations), 60
th8t they can not only form their own conclusions. bii t
can ●160 improve che comparative cechnique6 that could
provide guitiance for the dtroction of the fu6ion
program.

5.2 Research Directioa&

In epite of the compl.--ir,-, the .Ieport stigge6ts

generic reeearch directi-rs chat can be deecrlced
fairly ●imply.

5.2.1 physic6. The Report indicates that high @e
●nd low XE ● re the appropriate Fr}nics dlrection~ to
maximize the ●cono~c potentlll for fusion. succe6s
will ●now the production of W=.IJ oading9 which reeult
in both a phyeic6 ●nd ● techG.L-Zical chall{-nge. Th ●

physics challange is to learn how to control the ~laema
●dge condition 60 Lhat ● technological solution 1s
practical.

5.2.2 Technology. Economic con6ideratlon6 mcci-
va:e the utilization of higher thermal ●nd neutron wali
loadlng6. ●n4 high power denOitie6 in the blan~cc.
Integrated de6i&ns ●nd E6ateriale for the blsnket6,

firbt w-11, and ●dge control components naed to be
developed CO With6tand thOSe big:. power den61ty fuelon
condltione.

5.3 V,e Potential of !lagnetic Fu6ion—

Achieving he minimum target of P - lM k~etem~e
would cotreepond approximately !0 6imulta.eous~v

■ lCM, XL =
;~~~~~~~8 ‘?he6e

0.5, ●nd <Iw> . 5 ~m=.
condltione p?OVlde6 q ●ignlficant

phY61CC ●nd technological Chellenge to the plogram.

Theoe new reauiremant6 Lmpoced by ●conomics may csuse
6ome diac~uragement if the sore familiar rn= an+
temperature r*quirLaente fo: ipnition were ●Il on-
thouaht was required for the cucce6e of fu6ion. !qy OWE

view i6 that there ● ra ● wld~ variety of potcntlal
ec]utions ●nd, considering the remarkable progre6m in
fu6ion in the paot, the probat,ilicy i. good thtt the6@

target value- can be ●chieved and probably by mere than
one ●ppru6Ch.
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Uhtie meeting the minimum target for P 18 pro-
~cted to result in ●n economically competitive CnE, it
My not be sufficient to encourage the support ●nd
funding for the development phsne of fueion. The
capital coats ●nd t.mscale for development etepn may
appear unacceptably large, partic~larly if the present
governmental vie. persists that there is no urgency to
develop fusion. Concepts which have the potential for
substantially exceeding the 100 kWe!tonne threshold are
lees well develeped scientifically at the present time,
but may provide the only -conomicallv viable develop-
ment path. Because of this ponnibility, I believe t~at
an increaaed emphasis needs to oa placed on those
conce~ts that have tt.e potential to ●ubncantially
●xceed the threshold, ●nd that the major effort for ●ll
fusion concepts should be to ● t least meet rh~
threchold conditions.
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