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NEV DIRECTIONS IN FUSION MACHINES:

REPORT ON THE MFAC PANEL X ON HIGH POWER DENSITY OPTIONS™

Rulon X. Linford
Loa Alemos Netional Laborstory

Los Alemos, New Mexico

Abstrect:
shift {n
eyestens.

The high co.t of fuaion is motivating e
ressarch intereset towerd emaller, lower—coast
Peual X of the Magnetic Fueion Advisory Com—

mittue (MFAC) wee chergad to ssssse the potentisl
banafite end problems eesocisted with emall, high-
powar=-denaity aepproachee to fusion. The Penel identi-
fied figures of merit which sre ueeful in aeveluesting

various epproaches to reduce the development coste and
ceapital coete - f fusion syetems, As e result of their
delibsretions, the Panel recoamended thet "...incressed
emphasie should be given to i{mproving the maess pover
denaity of fusion systems, siming et e minimur terget
of 100 kWe/tonns', end that "Incressed emaplesis ehould
be given to concepte thet offer the potentisl to reduce
aubatantially the cost of development ateps in physice
snd technology."

1. INTTODUCTION

l.1 Interest in New Dirsctions

The emphasie of fusion resesrch in the United
Stetes has Leen moving towerd emaller, loweT=coat eye-
tems beceuss of the high development end cepital coats
projertad for fusion eyetems based on the present wain-
line concepte. The shif. in emphasis is exemplified by
the incressed interset im highar bete tokamaks end
stelleretira, emaller wore efficient end pluge for
mirrors, end compect esltermete concepte euch as ths
reveraed field pinch (RFP), compact toroide (CTe), end
the denee Z-pinch. The Departwent of Enargy (DOE)
requested thet the Magnetic Fueion Advisory Committas
(MFAC) Aasssss ths potentisl benefite end probleme
sesocieted with thees emaller systeme end with high-
powcrdensity fusion systems in genersl.

1.2 MFAC Panel X

The cherse lacter"® from A, W, Trivelpiecs,
Direzior of the Office of Enargy Resserch (DOE), to the
MFAC Cheirman, R, C. Davideon (MIT) wes presented
during tha MFAC mesting on May 1-2, 1984, During thet
mesting, the MFAC orgenissd Penel X, cheaired by
Professor Robert W, Conn (UCLA), to respond to the
cherge:, The other 13 wembars of the Penel represented
sll fecete of the fusiou program: HRobert A. Grose
(Columbie U,), Mohamed Abdou (UCLA), Cherles C. Baker
(ANL), Laee A. Berry (ORNL), Doneld Dotrott (8AIC),
Herold P. Purth (PPPL), James D, Gorden (TRW), Robert
A, Krekoweki (LANL), Nicholee A. Krell (JAYCOR), Rulon
K. Linford (LANL), B, Grent Logan (LLNL), Pater H. Rose
(MSNW), Ramy Bhenny (Consultent), Taruo Temano (GA
Tech), end 8hoichi Yoehikewa (PPPL),

The Panel met four times during the following
year, end invited exparte from netionel laboretorise,
{industry, and univeieities to give presantetions
covering the broad veriaty of topice sssocisted with

*Work porforlna under Lhe suspiree of the U.8. DOK.
8e%Copigs of the charge latter, Penal X Report, and the
MFPAC  trensmittel letter ce:1 bs obteined from
R. C. Devideon, Director, Pleema TFuaion Center, NKIT,
NW16-202, 167 Albany Street, Cambridge, MA 02139,

87545

the cherge to the Panel.
interected more often to

Subgrouprs of the Penel met or

Ieadlve igaues end write
conclusions which were subsequently ehared wvitr and
revissgd 1y the entire Panal. The finel Penel ¥
Report vee presented to the MPAC during the May 6-9,
1985 meating. The Report wee accepted by MFAC and
transmitted to _4. W. Tr.velpiece elong with )
tranenittel letter which commenie on esveral pofnte
sasocieted with the Report.

1.3 Cherge to Pensl X

The cherge leatter can be summarized by tw~ central
queations:

1. Whet ers ths potentisl benafite and problems of
high~-powar~density fusion aysteme compered with
sadium~power~denaitv syetemas?

2, In 1light of this comparieon whet nmhould the
reletive resssrch emphssie be on high-power-
density eysteme in the national fuesion program?

The letter eleo requestsd information on eaveral
epecific topice 4ncluding the {impsct of high power
density on the ¢oet of welectricity (COE), capitel
coate, end aubsaquent expaneas (operetirg,

aveilebility, decommiseioning, itc.) sssocieted witn @
fueion resctor, ee weil ee the cost, path, and
timeeacele for the development of fueion. It easked for
en eesscement of the impect of eefety, environmentel,
and enginecring iessuss on the devalopment of high power
denaity resctors, end of the technologicel developments
the~ would ve required. Moraover, the aeuitebility nf
tha verious confinement conceptes to echieve high powar
deaeity was to be eessseed, including rhe <credible
renge of {mprovements that could bs expacted end tne
identificetion of promieing confinement concapts not
being developed by DOE.

2, FIGURES OF MERIT

2,1 Purpose and Limitetions of Figures of Marit

The Penel found it necesssry to sslect figures of
merit to eid {n the comparieon between veridues confing-
mant concepte end reector epproaches. Thaee figures of
marit vere found uesful if caution vere enarcised; the
affects of many important deteile end complexitiea are
not eutomaticelly included In comperisons based on
thess eimple igures of werit, 1f propsrly uaed, thass
eimple paremetera cen lielp identify generel ctreuds
which suet ba substentieted by wore detailed etudies.

2,2 Balacted Figuras of Merit

Figures of wmarit wera ealected by Lhs Panal to
"measurs' the eystem efss, powcr density, magnetic
field utilisetion, plasma enargy confinement, end plent
afficiency, The choicee ere not unique end batter
choicus may be poseibles, but the Fenal found then to be
vesful, 8Some comments on thes ressona for ths choices
and on the {nherent limitations follow.



- 2.2.1 System Size. Ths two “efrze™ persnstare
thet eppear to be sseily linked to economic fectors ere
the net electric power or unit power (P. in MWe) which
i¢ eold to the customer, end the mase of the fueion
pover core (H in tonne) wnich 1s releted to the ce-~
pital cost of tgn fusion power cors (FPC).

The FPC, ee ehown in Pig. 1, wee defined by the
Panel to exclude the suxiliery systeme es wall ea tha
balence of plent (BOP). Subatentiel dliacuesion
occurrad over vhether to include the suxilisry aeyetems
in tha FPC. The ergumants for including the suxilie-
ries are: The suxil.ary eystems sra determined by the
charecteristics of the typs of fusion confinenent aye-
tem being ueea, end the cepitel cost of the suxilisries
cen be eubatentiesl, aven lerger then the coat of the
FPC for aome concepte. The srgumente for excluding the
suxilieries ers: The mase and cost of the auxilieries
are not eeeily or ccuretely determined
cherscteristice of e confinement concapt; mors deteilad
information ebout the confinsmant concapt end specific
resctor design aere reedec to estiwate the cost of the
suxiliseries then ars neadad to sstimates the cost of the
FPC ee defined in Pig, 1. It wvee conaidered more io-
portant to heve @ readily determined wessure of the
irreducible wmase (cost) sesocietad with s concapt then
to include mores of the mase (coet) end lose eimplicity
end, probably, sccurecy in tha proceass. 1f o
reasongbly eccurate metnod for estimating the mass or
coat of esuxilieries could bs devised, without heving to
reeart ¢o & conceptual reactor design, then an improved
figurs of merit would rasulc.

2,2.2 Powsr Denaity. The retio of the unit power
(P_) to the mase of tha fueion powar cors (M ) wae
ll!lc!ld to maesure the power denei*", end wesa nanea
the Basse power denaity (P in kWe/tonns). Baceues P
depende or M , the lluttltionn and fea.ures dllurlbl:
in the previcus eaction epply to P-.

Care must be ueed n

avelueting end wusing both

H ~ end P.. For example {f copper wmagnste ars
rq;&lcnd by elusinum magnats, H{’ end P_ are of ‘scted
lubltlntlllly but cepitel coc in nol. Nevertheless,

and P remain uveeful in comparisg concepte wvhaere
tFl lnluﬂpttonl ere kept conatant. To wmake thees
cotperisona mnre wmeeningful the Pene' edopted some

guidelinae on what to include in end P_; o.8. only

the shislding needed to protect the magnets ie included
though

avan additionsl Dbiologlcel aehielding may be

A
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Fig. 1. Tuslon resctor echamatic showing tha raletion
batveen the fueion power .ore (YPC), auxiliery

aystems, end the balence of plent (BaP).

from basic

loceted in the eame vicinity. Some cr.oicea are harder
to make end remain unreeolved; s.g., should tha mass of
8 liquid breeder/coolant be included? In esuwmary,

end P, are useful figures of merit 1f used propergy.
but lnprovnnentl and probably be
made.

clerificetions cean

2.2.) Magnatic Fiald Ussge. The efficiency; with
vhich the ragnet-ganareted field ie uged to suppo;t the
plesma pressurc necesssry for fuesion ie indiceted by
the engineering oete (B_ in percentj, which 1s dcefined
as the retio of plesms pressurs averseged over tre
plllnl volume tG the magnetic fleld oressure averagea
ov the inner eurfeces of aell the wmegnet <coils
<B4+ The value of B atoild be invergely
corraleted with tgl coat of the magnats neede¢d to
confina the plaena.

2.2.4 Pleena Energy Confinawent. Tre quei
salected the averege thermal diffueivity n,_ 1n m*:g)
to quentify the loss of enargy from tre viesme.

Neglactl.y, radistion (end aexiel losees frcm tanden
uirrore)
1
g " .’.{51:! , ill

vhers e 1s the minor redius of the plasma ard 1p 1s the
snargy confinemant time. To scccunt for axial logsees,
Eqa. (1) cen be used to define en effective g for
tendea warrore, The velus of xy, i{e correletad to tre
saize of the pleema chimber (eee Pig. 1) required to
confins en ignited or fusion-grece plesna.

2,2.5 PRfficiency. Tvo fopartent efficiencies for
e reactor aystsms (sses Fig. 1) ere the therwal con-sr-
sion efficiency Ney  Which  ta the efficlency of

convarting the \herual power, P, ., from tra FP to
ealectric pover,

end the recirculating powar freccior,
L which 1 the frection of tha electric power whicl

muet be used to run the reector, It fe obvio-e from
Fig. ] thet the unit power or net aelectric p-rer 1g
given by

Pg ™ Ny, (l-:r) Pen * 21

3. METHODS POR REDUCING THF COS OF FuSlon

J.1 Pecteors Affecting the Cost of Elactric.ty {cn g

.actore end reletinn=-
Sefcty end environmentsl

Tigure 2 ghowe aome of the
akips that determine the COY,

fectors effact ell of the direcl contributions to the
COE, The overall rcoat impact of eefery .nd
snvironmental fectore 1. difficult to quantify, b.t

scvme trendc w'll be described during the discussion of
the direct contributionas, Furl cos & for fumion
syitens should not be eignificant, wunlike tross for
foeefl end fieeidn eyateme. Operating costs co.id be
significent but not dominant. The complaxity of fusion
eyetema wiil tend to increese the opsrating coate, byt
the impec: of aesfety Jn thase coate ehould be
comparable to or lese then fieaion.

T A dafinition for B, hes besr recently prnpossd by
B. i Legen (o wember of the Penal) which might 1mptove
thie correletion, {.s. the ratio of the totsl plesna
anergy tn the total fleld enargy eupriied by tune
magnets.
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Fig. 2. Relstionshipe betwvean aome of the figures of

merit end other fectora that affect the coat
of electricity (COE),

Aveilebility ie s major fector in determining COE.
Howaver, we muet weit for the sngineering development
phases for fueion before wa cen genarete tha dete neaded
to astimate the eveilebility of e given resctor desijn.
Nevartheless, certein trende srs obvious. Complexity
end high etresses will tend to decresss the mesn=-time-

to~feilure; eimplicity end emall eize tend to
fecilitate repid replecemsnt. Although aome attempt ia
® ‘e in reector atudies to quentify thees kinde ~f

effacta, the modela ere nut very estiefying beceuse of
the leck of relevent daets.

The ma jor coeting «ffort of reactor etudies 1{a
focused on cepitsl cceta. Next to evellabilicy,
capitel costs, slong with the coat of borrowing roreyv,
CO08, for the cepital, are the major contributors to thes
COE. The remsainder of thie Section 3.1 ia devoted to
the fectore which effect these ceritel end finencing
coalts.

J.1.1 [Efficiency snd Complexity. The level of
tachnology end complexity is e major fector in ths .e-
pital coste of the FPC and euxiliery systems. Neutresl-
beam end rf hestere end current~drive aeyetems ers
axanples of high-technolugy coet drivare in ths euxil-
i1y eyetam category. Decresaing the complaexity of
itews auch ee magnet end divertor eyatems cen decresss
tne coat of the FPC.

The capitel coet of the auxilisries {a
effacted by che recirculating-powar fraction, €y
Fige. 1 aend 2). The leee powsr required for suxilie-
rise (e.g., for current drive or for lossss {n
rasistive mapnats) the emaller the cost of the suxilie-
ries. 1In eddition, ¢ decresee in ¢ decresves th.
theraal power, Pth. handled by the bealence of plen
(BOP) for e given unit power, P (ess Eq. (2) and
Fig. 2). Tha reeult 1e @ decressed capitsl cost for
the BOP.

aleo
(eee

The BOP coat cen eleo be reduced by incressing the
thermal converaion efficiency, "ehe Ususlly tha con-
verejon involves conventionsl tharmal cycles. If o
lerge frection of the fueion power could bs converted
Ly mors efficient nontharmal proceseess, significent BOP
coat savinge aight reev':,

3.1.2 Maes Pover Density, P . Increseing P_ for
e given P. ehould reduce the clpl?ll cost of the "PPC.
Rowavar, reactor etudies indicete thet e thrashold

velus of P_ exiete, bayond which very little reduc:ion
in COE 1e reslimed with further incresss in P'. Tr1s

effect ia clearly aehown in Fig. 3. This threshksld
corresponds t> the value of P_ beyond which the capical
coat of the FPC (ame2 Fig. !) becomes insignificant

compered with the cepitel costa of the auxiilary svs-
tems end BOP. In fact, lerge incresses of P_  bHeyo-~d
the threshold can ceuse €p and hence COE, to Increase.
Thie effect is avident for the 500~MWe curve in Fig. 3.
Thus present wmodels for sstimating COE dc motivate th-
increase of Py to the threshold value, but net auch
beyond.

Other factors motivate the
velues higher then the threshold.
provide e sefety margin to sccomcdate uncertainties in
present eafrimations of reactor cheracteristics ard
coeting. The potentisal fur fectory fabricatizn and

echievement -+ ©
Some increase wzyld

sasembly of the FzC, described next, provides another
motivetion for higher Pn.
3.1.3 Pactory Pebricetion of the FPC. The Panel

heard from members of the fission community abcut the
potential benefite of heving the resctor core fabri-
ceted end ssssmbled in ¢ fectory. Similer benefits for
fusion could occur 1f the ases of the PPC could be
reduced aufficiently (to sbout 1CG02 tonne) to aellow
fectory aesesembly and ehipment tc the site. Thne aten-
derdizetion end quality control provided by the factor:
would not only reduce fabricetion coste but couid
substentielly reduce tha liceneing time and, therefore,
the financing cosce. Moraover, the {mproved quality
control should incresse ths eveilebility of the plant.

Since the mase of the FPC {n most rasctor
projections for the 1000-MWe clees is more thar 13,70
tonne, aeubstentisl reductions would be required.
Howavar, eome concepte have the potentisl of echieving
epall eizes, end the benefite cculd bas substanti:l.
These faectors ere not included {in present costing
modele.

3.1.4 Unit Powvar, P_. Tne economy of scal.,
avident {n Fig. 3, not!vltln the use of large P_.
Howaver, incressss of P_ much dbeyond 1000 MuWc do nst
result {n much reduction of COE. For this reason mast
reector etudies ere dons for P. ~ 1000 Mws-
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‘ However, the Panel lesrned from the fiesion
induetry reessons for reducing P_ below 1000 Mug.
Ssaller P, (200 to 600 MWe) unite with high P_ may be

the only wey to schieve emall enough FPC lll‘ to ellow
fectory essembly and aehipment to the aite. The
previously described coat savings sssocieted with fac-
tory febricetion vould mitigete the sconomy of acele.
Some of the benefite of aecale could be reteined by
building up @ 1200 MWe-xlent, for example, with & fac~-
tory-fabricated 250~MWe  unite. By phesing th.
instelletion of the unite, the utility could nminimize
the 1initisl cepitel investment, reduce the time deley
between investment end return—on—i{investment, end match
the growing plant capacity with the deaand for electric
power. All of these sdventeges would greatly raduce if
not overcome the economy of acels for the P. rengs of e
few hundrsd Mue.

3.1.5. Sefety end Environment. The wepbers of
the fiesion community thet edvccated fectory fabrice-
tion aleo etreassed the importence of a passivaly aefe
design, {.e., no active sefety eyscem or procedure {a
neaded tc prevent redietion relssgse caused Dby
radioecti e efterhset induced core demage (e.3., melt
down) {n the case of a loss-of-coolant aeccident. In
addition to the obvious potentisl edvencege of i{mprovaed
public ecceptence, psesively ezfs unite offer potentiel
savings in <zepital end opereting coate. The sevings

sccrue from eliminating the aeefety eyatemsa. euch &e
amergency cooling eyetens, end {rom reducing the
fraction of the plent under the nucleer etamp, tharaby

reducing conetruction costs. These savings need to be
compered with posaible increessse in the coet of the
unit to make i1t pessively eafe. In the cases of
fiesion, subatentiel net sevinge ere predicted.

Compared with fiseion, the demage or melt down of
s fueion blenket ia likely to be much less of & public
safety hezerd. Neverthealess, pessively aeefe fusion
aystems ehould be etudied for reseons of ssfaty end
public ecceptance ee well es for potential coat
savinge. A eimple way to achisve pseaive safety in @
fueion blenkst ie to limit the neutron well loeding.
This reetriction in turn imposes :oncept-dependent
lim{te on the maximun P_ thet can be aechisvad. Thus
pesaiva aafety ie ona of the coneideretions in
determining optimua velues for well loeding and P‘.

Tritium hendling end remote wmaintenance ers two
fectore the: will heve e significent ampect on cspitel
coste es -vall ae coste end aveilaebility. If the FPC
warte [} amall ‘ectory febriceted unit, the most
prartical atintenance procedure might be to replecs the
antire FP(L raether then replecing FPC componanta.
Suretentiel cepitel could be eaved by not requiring
sech plent to have the comple~ remota hendling
cepability of replecing & variety of componants. A
single fectory could supply end repeir the emall
e tenderdized FPCe for many plants.

Anothar {ector which must be coneidered is redio~
active weeta dispossl. Environmentel aend economic
fectore ere 1mportent {n eelecting materiele. Nes.
aurface burisl vculd he desiraebls.

3.2 Fe:tors Affecting the Ds-elopmant Costc

The "“cevelopment” phese f-r fusion wes defined by
the Penel ea the eteps {n tne progrem between en
igaition experiment aud s crmmerciel plent. The
sccnomic impect of eveilebility on the develspment
process will increesse subntentielly from the ignition
axperiment to the compsrcial plent. Moreovar,
{mportent dets wi'l be colliectad thet will sllovw thie
impart to be betier understood end predicted.

In contreat, cepitel coste are of major importence
et avery atep of the development phase. Thue
efficiency, complexity, P.. safety, and snvironment ere
elso {mportent sconomic fectcrs for the ertire cgvelop-
ment phase ee they ere Ior commercial syestemes . In
addition, the economy of acele for unit power, P, (or
the sessocieted thermal power, P.,), is unimportent {n
the development phass except for the last step(ea)
before the commercisl plent. Thus concepts wnich sllow
low P (Pt ) with large P, could reduce the mass end
coet og the Pullon power core {PPC), euxiilery eystems,
and bslance of plent (BOP). The corresponding
reduction in develcpment coet, achkedule, and riek couid
substentielly fecilitete the development cof fusi:n.

The next two subssctions exemine the methods for
achieving high Pm and 10w Pe within the constraints
associeted with efficiency, complexity, technclogy,

safety, and environment.

3.3 Approaches for Incressing 4aes Power Denmsity, P .

$-mple geometrical ergucents indicete that two
independant epproaches for incressing P, ere to efther
increase the gversge wall loesdirg, or tc decraase the
rediel thickness of the fusion power core (firet wall,
blenket ahield, end magnet == ghown {in Fig. 1) while
holdin, e  coneteat.

3.3.1 1Increese tha Aversge Neutron Wall Loading,
£L,>. Incressing <I,> not only incresses Pm. but els>

incressss cooling requirements, thermal etreess, nentron
damage retee, end efterheat pover density in the
blenket. These technological and safety issues tand to
impose precticel limite to the magnitude of <1 >. The

Panel found thet 5-10 MW/m® wes likely tc be the
optimum rerge for <I,> 1in reactors witn etendard
structursl velles.

It cen be ehown that

a,> =82 < Pt (33

viere B, end B, ., ere def{.ed {n Section 2.2.3, end a
fe the rediue of é%n plesma. Equerion (J) {ndicates
thet {ncreseing B 10 elveys beneficiel. 1f <1 > 1

lees than the optimum rengs, then i{ncressing £ allovs
F to 4incraeees. Once the optimum range of <I,> s
reachead, @ further increees in B_ would sllow B te

bt decresaed which decressse tﬂe FPC thicknaess.
iy rthe sscond way of increseing P'.

Tnis

3.3.2 Dscressing the FPC Thickness, 4. One me-
thod of dec'esseing 4% hee juet been described. Other
axenplee include better magnet designe thet would allow
sither thinner magnete (higher current deneity) or less

st {elding. Blenket thicknees might be reduce! by more
e ficient breeding tachniquas. Howvever, e very
elgnificeat decresss in & occurs when ie

g
sufficiently high to ellow the supsrconducting cefln te
e repleced by resietive (e.,g., copperd coils of
iimiler chicineee, without e eignificent inc..ase 1n
¢ _. Thie chenge to resistive coils ellove the =~irtusl
nfl-;nntion of the shield with e corresponding decracae
in a.

* For :ho--‘?E:;- in the devalooment
thetass: power 4e not convertad to electricity, en
affective P_ cen be celculeted by wueing Eq. (2%, the
affactive te erd en sesumed n (~173).

phese vwhere the



TABLE 1

CONCEPT CLASSIFICATION

TFD PPD
Dominant confiniag Toroidel Poloidel
field (Ax1al)
Supported mainly
by cur.sents in: Magnets Plegma
Exanples Tokamak RFP
Stellsrazor Spheromak
EBT FI.C

(Tandem Mirror! Dense Z Pinch

Neturelly excels in: Low y

High Be
(eacross field)

The high velues of B_ thet ere required for this
chenge to reeistive coils end the correrponding
incresse in Pn 40 not appesr o be equally ec.esaidle
by ell confinement concepts. Teble I compares charec-
teriatice of toroidel-field-dominated (TFD) and
poloidel-field-doumineted (PFD) eystems. The externally
impossd magnetic field in TFD concepts provides good
confinement (low yxp) for evon modeut expariments.
Howevar, thie atrong relience on magnets makes the
achievement of high B, wore difficult. 1In fect ell TFD
concapte rely on neutrel besm or rf euxilisry heestaere
to increies B. end to reech ignition.

In contrest, the relience on internsl plesnma
currente to provide the confining fielde iIn P7D con~-
cepte Tresulte 3in comperetivaly poor confinement for
modest (low—currant) experiments, but tha By 1 high,
Moreover, ths high pleema currents ers expected to
allow all known PFD concepte, except for tha (FRC), to
reach ignition by ohmic hesting elons, Since euxiliery
heetare ere not aueded, the complexity aend the capitel
coat of tha suxilierise ers reduced. The high B. and
lower ¢ _ make high P, wore accessible baceuss thae
trnnnttIon from superconducting to resistive cofle et a
given P. ie wore accessibla. Tha reelizetion of chis
naturel potentiel for high Pu depande on echieving
{mproved confinement (decressed 1p).

Thesa observatinne aedbout TFD end PFD coucapte
resulted in one of the findinge in the Panal X Rapo-t.

Pinding 3: Concepts thet confine high-8 plasmes (B

> 10%) with magnetic fielde p-oduced wmainly by
crrrantes  within the plesma are wmors naturelly
coneaietent with high wmase powar density, Thie
genarel principle 1 moet quentitetively

(RFP).
Z=Pinch have tlie

demonetrated for the Reversed Field Pinch
The Spheromak, FRC, end Danse
eppropriste charecteriatice.

3.4 Approaches for Decressing the Unit Power, ¥

The benefite darived trox reductions in P_ aras
dependent on eimultensously achieving or mainteining
high P_. Two indepandent pathe for decreseing Py, are
to el?her decreass (1'). or v decregese the plesxa
rize.

3.+.1 Decresse Aversge Neutron wWall Lreding, <1 >.
Thie epproach is not ellovad baceuse it rezuite In
decresssd P (ass Saction 3.3.1),

3.4.2 Decrease Plasma Size, r . The plasma slze
can be decreased in two veys witrcut decreasing P_,
The plasma lenpth or aspect retio could be reduced Tf
other physics end techrology constraints would allew
it, or the piesma radius r_ cculd be reduced 1if Be
could be correspondingly tgcreased to maintain constant
<> (see Eq. (3)) and hence constant P, . Note that
increasing Bco 1 1s not eallowed because it would caute
en {increase in t (see Section 3.3.2) end hence in ¥_.
The decrease in r_elso requi-es improved ccnflnemenf.
i.e., a decresse tg yps» Thus, in order tec have tre
flexibility to both increase Pm and decresse P_, the
two key goals for plesma confinecent researcr are higr
B, and low 1g-

e
4. CENTRAL RECOMMENLATICNS OF PANEL X

e.] The Target of High Power Density.

The methods des-ribed sbove for reducing the cost
of fusion are coupled in e complex fashicn through
constrainte imposed by physics, technology, eafety, and
snvironmental fectore. These complexities, edded to
the lack of dete in eeveral importent areas, lead to
substantial uncerteinties ir estimating devel-pment
costs or the COE for resectors. In epite of these
uncerteinties, certein trends are still aepparent, and
some of these trende heve beer mentioned in thia pajer.

Cognizent of both trende end uncertainties, the Panel
egreed on 22 findings, 13 recommendations, end 2
central recommendetiones. The first cenctral recom-

mendation atetes:
Centrel Recommeniation #]

In aeetting fuelos propren priorities, increased
em heeie should be given to {mproving the mass
power denaity of “ieion eyetems, eiming at a
sinimun terget of 100 kWe/tonne. The increased
ampheeis whculd be epplied to cll sepects of the
fueion progrem, including confinement rasearch,
freion rasctor desipn end ayetem etudies., and tech-
nology resssrch end developient.

The minimum terget of Pn = 100 VWa'tcnne was
ohteined from exeanining & numter of both p.rerztric and
point reector stuiiee for e veriety of conceprs. Tte
threshold velue of Py vae found to be 1 kWe: tonne,
‘.e., balovw _his 7elus the CO%Y ., iees eherply while
above {t 'f{ttle cilange in COE {e observed. This effect
hae besn confirmed egein in e more recent reactor
study[2] ee ehovm in Fig. 3. The uncertainties 1-
estima:ing COE mosivete the eachiavemsnt of Pm veluen
aven higher then cthis threshold velus.

A comperison of P
deeigne ie enowm in Fig,

valuse for @ variety of resctar
, tekerr from the Paenel X

Report. Note tha progress towerd the thrashold of high
ma08 power denaity that hee deen made by the tokemsk
assijne,  Higher B, (corresponding to <B> > 18%) 1s
axpactad -~o result in tokemek depigne cthat resch or

aodereteLry exceed the terget P_. Recent tendem mirrosr
deaigre with emaller andpluge have resched tne ctarget
velue. The Pi-4l egread thet credible improvemants
could ellow all of the confinemant concapte cons.dered
to at lesat reac- ths tergat P‘.

The tendexacy for PPFD concepte to achieve higher P
then TFD concepte (eme Teble I) e elsc evident {n
Figusre 4. In fact the PFI concepts ers crmpetitive
wath the PWR fission core, The only “exceptio» which
prcves tha rule™ ie the Riggatron. Thie tokemek deeign
es:umee @ very high g (~ 25%) for e tokemak and gccepts
e vary high neutron wall loeding (10-45 MU/mi, ang
high recirculeting pover frection (¢_. ~0.4), In
conircat tha CRFPR(S5) deeign sasumes o pgloldll p = 20%
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Fig. 4. Com arison of power denaities nrojectad by
reacLor etudies. Diagonal lines ere
contours of constent average mase density of
the f-;rion power core. Several confinement
concepts are repreaenred. Tokamak: UWMAK-1,
UWTGR-M, STARFIRE, MKIIB, NUMAK, and
RIGGATRON. Teadem mirror: MARS. EBT: EBTR.
Stellarstor: MSR. General toroidal
superconducting etudy: GENEROMAK. CHTE:
ORTE. Revcreed field pinch (RFP): CRFPR.
Spheromak: CSR. Pressurized water reactor
(fiesion): PUK.

vhich has already been echjeved
neutron wel! loading of 5 MW/n®, end reseonatle ¢ =-
0.22. The high valuee of P_ projectesd for PFU concepts
not only provide @ lubl%lntlll aafaty fector to
accomodete uncerteinties 1in projecting COE coats, ovut
sleo offer the potentiel of fectory fabricetion, eingle
pisce maintenanca, and the sssociated benefitae.

in RFPs, @ modest

4.2 Developmant Path

No gensrally aeccepted wmodel or fremework exiete
for plenning tha developmen: phess, {.a. the aetespe
betveen ths ignition expsriment end @ commerciel plent.
The numbar of eteps, the achedule, end the c2at depend
on the level of riek %het is desmed acceptable, In
this uncertein eitration, estimates of totel coet aend
timeacela for development sre not vary vuseful.
However, the fectols which affect the cepitel cost of
sach etep i{n tha development process cen provide useful
guldence, ee diecuseed in Section 3.2. These
obsarvat ions contributed to the sscond central rscom-
mendation,

Centrel Recommendet. n #2

Incressad amphesis should ba given to concepts that
offer the potantisl to raduce e batentislly tha
cos. of development ataps in phyeice and taechnclo-
gY. These eteps include phyeice development in
ignitisn end resctor-relevent burn conditions, and
technology development et reect-r-relevent neutron
wvell loading. Tha feature 7f e concept that {a
expectad to result in ruduced cost for develop-
santel etepe 18 @ lov fueion power coupled to e low
funion-powar-core adse, The Pansl recommends
asteblighing e methodology to sveluste pethwaye end
coete frt fuaion power dr.elopment.

5. OBSERVATIONS NF THE AUTHOR

5.1 SZgnificanc. of P-nel X Report

Most resctor studiss assess the potencial benefits
end problems of & perticuler fueion concept, or &
fairly carrow class of concepts, by enalyziag the
integrated set of fectore eesocieted with physics,
technology, economics, envirorment, end esfety. These
studies have proved 'ralusble hy identifying probleas
end eolutions, end by providing infcrmation which is
importent in setting priori:ies and rescarch
direccicns. The Panel X Repnrt iea en analysis of the
information collected and integreted from &8 number of
reactor etudies covering a wide epecirum of corcepts.
The Report identifies techniquees for making comparissns
batveen concepts end epprosches. Theae teachniques are
important in sseessing potential banefite end problems
and 4in 1identifying those vhich were concept specific
and those vhich appeer to be pgeneric for magnetic
fuasfon. I believe that th-: keport is important f-r the
entire fusion program for t>: same reesons that reactor
atudiea are importeant for tke concepcs being atudied,

The 1esues in the Report are numerous and the in-
terrelationstips ere compliceted. I heve only been
able ts deel with e small frection of them in this
brief _eper. Naverthelees it i{s I{mportent for the
members of the fuelon community to understand the
iesues ond arguments described throughout the Panel
Report (not juat the findings end recommendaticns). so
that they cen not only form their own conclusions, but
con eleo improve the comperetive techniques that could
provide guidence for cthe direction of the fusion
progrem.

5.2 Research Directions

In aepite of the compl--1iry, the eport suggests
generic regesrch directi--s that can be described
feirly eimply.

5.2.1 Physica. The Report indicates that high B
and lov xp ere the eppropriste fryeice directione to

maximize the aeconomic potentiil for fueion.
vill ellow the production of wai; oadinge wkich result
in both e phyeice end e techn -t~ficel challi-nge. The
phyeice chellenge ia to lesrn how to control the plesma
adge conditions @0 Lhet @ tecknologicel sclution 1s
precticel.

Success

2.2.2 Teshnology. Economic considerstions moti-
vate the utilizetion of hignir thermal end reutron wali

losdinge, end high powser densaitiea in the blaeniet.
Integrated desighe end materiels for tne blankets,
firet vell, end edge control componenta nead to be

developed
conditione.

to withatend theee hig. powar density fueion

5.1 The Potantiel of Megnetic PFusion

Achiteving he minimum tsrget of P_ = 100 Kle tonne
would correspond epproximately o eimultensously
etteining B =« 10, xyp = 0.3, end <1> = 5 MW-m*,
Reeching ghel‘ conditiona provides - aeignificant
phyeics end technologicel chellange tc the piogrem.
Thess nev recuirenzents imposed by economice may csuse
soms diecuuregement 1f the Jaore femilier nt, and
tempereture raquircaents fo- ipnition were all one
thought wae required for the enccese of fusion. My own

viav {e thet thers ere e wide variety of potentisl
aclutions and, conasidering the remarkable progress {in
fusion in the peset, ths probalility is good that thase
target values cen bea schiaved and probably by more than
one apprvech.



Whide meeting the minimum target for is pro-
jecred to result in en economically conpcttt?ve ChE, 1t
may not be sufficient to encourege the eupport end
funding for the development phese of fusion. The
cepital costa end t.aescale for development sgteps may
sppear unacceptably large, particularly if the present
governmental vie- persists that there is no urgency to
develop fusion. Concepts which have the potential for
substentially exceeding the 100 kWe/tonne threshold are
less well develcoped scientifically at the pregent time,
but may provide the only .conomically viable develecp-
ment path. BRecause of thia posaibility, I believe tlat
an increased emphasis needs to oe placed on those
concerts that have the potential to eubstantially
exceed the threshold, end that the major effort for ell
fusior. concepts should be to et least meet the
threshold conditions.
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