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MATERIALS NERDUS FOR COMPACT FUSION REACTORS
Robert A. KRAKOWSKI
Los Alsmos Nstional Laborstory, Los Alawmos, Naw Maxico, 87545

Ths aconomic prospzcts for magnstic fusion energy can be drsmaticslly improved if for ihe assme
total pows: output the fusion neutron first-wall (FW) loading and the eystam powsr density can be
incrsesaad by factors of 3-5 and 10-30, rsspsctively. A nuaber of '"compact" fusion resctor
smbodiments hava been propossd, sll of which would opsrate with incrasssd FW loadings, would use
thin (0.5-0.6 =) blanksts, snd would confins quari-stesdy-stats plssma with rssistivs, watar-
coolad copper or sluminua coila. Incressad system powar denaity (5-15 MWt/m3 varsus J,3-0.5
MW/m?), considersbly raduced physicsl sizs of the fusion power cors (FPC), aeud spprscisbly
raduced sconomic lavarsgs axartad by the FPC and sssocistad physice rssult. The unique matarialms
raquirsments anticipated for thsss compsct rsactors srs outlined agsinst ths well documuntasd
backdrop providead by similar nsads for ths mainlins approaches. Surprisingly, no single
mstarisle nsad that is uwnique to ths compact systams is idantifiad; crucisl uncartasintiss for the
compact approschss must slso be sddrssssd by ths maipline spproschss, psrticularly for in-vacuum
componants (FWs, limiters, divartors, stc.).

1. INTRODUCTION difficult matarisls choices, an axpandasd
Both ths technical and coumercisl succeass matarisls dsts base, considarsbly mors design
of wmagnstic fusion depsnd on advances 1in dateil, end improvad ustimatas of major aub-
snginsaring watsrisls oparsting 1in an systsm psrformancs. Evan at ths concsptusl
anvironment of highly uon-unifora surfacs snd dssign laval, howavar, tha list ,f msterisls
volumstric powsr dsnsitisa. Thsas hast losds performancs rsquirsments prssants s major
will be applisd under conditions whars thes challangs for ths INTOR/DEMO/COMMERCIA,
bssiz enginsering matsrisl propsrtiss of davelopment  ssquenca. Tha wmors compsct,
strassad coOmponants ars being drsmaticslly highar-powar-dansity fusinn spproschss propose
alterad by an intsnss oeutron/gramme— smaller fusion powsr coras (FPC, {.s., firet-
ray/cherged-psrticls irrudistion fisld. The wall/blenkat/shisld/coila) oparating with in-
intsrdepandencs bstwasn plsama physicas/ crsssad puvar dansity and FW nasutron wnd
enginaaring, resctor design, and aaterisles hssting loads. The degree to which materiasls
wcisncs/enginasring nsadad to achiave psrformance rsquirsments ars asltered by the
economic, commercislly sttrsctive fusion power naade of thass compsct fuaion resctors is sd-
hiss been highlighted by s number of axcallant drssaed quslitativaly harsin. The rationale,
overisv paspsre desling with {irst wslls! pathway, and gansric tachnology raquirad fot
(¥¥), blankate? (B), wmatsrisla nseads for the compsct rsactors hsve been dsacribad
spacif{ic davices,d“ and ths worldwida racently, 7+ ®
materisls programs sddrassing thaass needs.  © After summarizing the reasons for con-
Nygran? pointe out that vhsss wmaterisls sidering systams with wmatarisl raqui:ementas
nasds have been identified primarily by con- thet {n some csssa may axceed those pr..jectad
ceptual design studiss, with ths more exscting in Refs. 1-4, thes genaric ne.ds of (-mpect

"designa to counstruct” aevantually requiring davicas ers dsscribed. Specific  c-mpact



resctor dssigns hava been .ugg..ted° for the
Ravarsad-fisld Pinch (RFP), the Ohmically-
Hestad Toroidsl Expsriment (OHTE, an RFP with
suxiliary lielicsl windings), end ths high-
fiald toksmak. Other candidstss for compact
resctors have also been identifiad, 89

Although the wuatsriclse dssues and neads
addressed herein asre generic, specific
quantitstive examples ara rafarred to con-
ceptual dssign results asmerging for the
compsct RFP rasctor (CRFPR).!0 Similarly,
comparisons with the mainline dsvalopment
sequence are made with the STARFIRE!! end
Culham MKI1B!? tokamak rsactor Jssignes.

2, COMPACT FUSION REACTORS

The dominance in wass and cost of ths FPC
for wcat approsches to mgnstic fusion’ has
cracted intersst 4in wmore compsct, highsr-
power—-denaity aystsms. Ths following improved
characteristics srs being pursuad through thes
compsct resctor option.

® FPC wmass and voltma comparsbls to
slternstive nuclssr pover systemr (systam
powar density of 5-15 MWt/m}, wmass
utilization of 0.3-0.5 tonna/MWt), which
ara fac.. s of 10~30 times dettar than
values being projacted for moat magnetic
fusion achsmes.

8 Raduced ssnsitivity of wunit dirsct cost
(UDC, $/kWs) to tl.a cost of ths rasctor
plent aquipment (RPE/TDC € 0.3 rather then
0,5-0,8, whare TDC 48 ths totsl dir.ct
coat),

8 Compotitive aystam cvsts and cost of
slectricity (QUE, w®ille/kWah) using
raslistic uniy watsriele costs, fabri-
cation/conattuction :iwes, and dsvalopment
schedules/cosats.

8 Rapid deployment of wewmall FPCe with ths
potentisl for "block" {installstion and
main anance (i.s., eingle or {fav placs

FPC), using systsms ralying on v minimums

sxtsnsion »f tachnology (a.g., rasistivs
rather than superconducting coils, ohmic
hasting rathar than high-fresquancy rf
heating or neutrsl-beam injactica, ste.).
This prascription for sconomically
competitive fusion 1s mnot without risks or
tr.de—of!.;7'° potanrial for dincreassd ra-
circulating powar, raduced thermal convarasion
sfficiency, and reduced plant factor cculd
laad to raducad plant sfficisncy, incrsasasd
plant cost, and incresassd COE. Minimization
of thesoe risks will depand on the availability
and uss of natarislis sud matarisl asngineering
approachss that diffar somevhat from thoae
baing suggestad and pursusd by ths meinline
progcams. Thsss diffsrencss ars highlightad
hersin.

Altnough hsuristic s gusments can be wmade
to point ths way towsrds impsovad ayatesm
scovomicas through highsr system power dsnsity
or lover FPC mass utilizetion, ultimstsly da-
tailad paremetric studiss on cpscific concspts
must asatallish economically optimum, tachno-
logically fassibls ayatsams.!® For ths prasent
purposss, howsvar, Fig. 1 continuvas with the
hasuristic approach by displaying ths systanm
pover dsnsity vsrsus the inveras of ths FPC
msss utijizstion; linss of unit slope un
Fig. 1 qgive the avarags FPC mass danuity, orpc
(tonne/m?’). Tha ayatam povar dsnsity for wost
of ths ‘"supsrconducting”" fusion gystams din-
plasyad on Fig. 1 srs at lssst one order of
magnituds below othar nuclsar powsr systesms.
In ordsr to gain an ordsr of maguituds in-
craass in thin imports .. parametsr, an in-
cresss in F¥ nsutron currsnt by 3-5, wimul-
tansously with s decresse by -2-3 {n Fv
radius, B/8 thickness, and coil radius eand
aize, 1s raquirsd.’ Tha former changs makes
stsinlsss stssl svan lsss sttractivs from tha
hast-tranafer viawpoint, wheress ths raducad

B/6 thicknsss sliminatee supsrconducting coils



P/ Vepe (MW1/m%)

Pr/Mypc (MW1/10nne)
FIGURE 1

Compsrison of asystsm powar densitiass being
projsctad for conceptual fusion resctors with
a numbar of fission rasctor systems. STARFIRE
tokamak (Ref. 11), Culham MKIIB tokamsk (Ref.
12), Suparconducting Reverssd-field Pinch
Reaactor RFPR (Ref. 13), Modular Stslisrator
Rasctor MSR (Ref. 14), ELMO Bumpy Torus
Rasctor EBTR (Raf. 15), Magnox Gsa-Coolad
Reactor (Ref. 16), Super Phenix Liquid-Metal
Fawt-Brasdsr Fission Reactor SP (Ref. 17),
Advance Gas Resctor ACR (Ref. 18), Compact
Ravarsad-Fisld Pinch Rasctor CRFPR (Ref. 10),
Ohmically-Heat Toroidsl Experment Rssctor OHTE

(Ref. 19), High-Field Toksmak Rsactor,
Riggetron (Raf . 20), Prassurizad-Watar
fission Resctor PWR (Ref. 21), PWR Steasm

Gensrator Su; (Ref. 11).

aince nsutron fluxas and
be kept

Hencs, ths
(CRFPR, OMTE,

coppar-slloy coils

from consideretion,
heaat deposition in ths coild cannot
low in the

space avsilsblas.

compact aystsms thet amarge

Riggatron) use resistive
with ingulstion eud
thin (0.5-0.6 m)

blankat hatween the FW and the high-radistion-

cersmic eslactricel

ganarally provids only =
£lux, resistivs coila. In cartain instancss,
FW (Riggstron) or nesr-FW (OHTE)

driven coils may bs nccasassry.

sctivaly-

The compsct aystsms dspictsd on Fig. 1

would achisve DT ignition by Ohmic dissipstion

of toroidsl plssma currants. Infarred,

tharefore, is some form of 4inductiva currsut

driva, st lesst for startup; sach systams in

principle is capabls of burn extension by non-
inductive maans. For those compact rssctors
with plasma confinement depending in pert
(1.s., OHTE) or totslly (i.s., Riggerron) on
strong toroidsl fislds, the magnet coils may
be highly atresssad as well as prasssnting s
potantially ssrious drsin on ths oversll plent
(1.e.,

powar, reduced thermal

sfficlancy incressed rscirculating

racovery esfficiency,
the high-hest-flux FWs and

other in-vacuun componsnt (IVC) surtsces, thin

stc.) Genasrslly,

high-power-dansity blanksts, and rssistive
sxo-blanket (CRFPR) or nessr-FW (OBTE,
Riggatron) rssistive coils largely define the

d1fferences in matsrials rsquirements between

the compsct and the other magnetic fusion
spprosches.
Genarally, two crucisl quastions must be

answared befors ths sconomic attractivensss of

compact spproachss to fueion powar cen be
fully substantistad.
© can & plssma confinsment achsme bassd

sither on s mainline, altsrnstive, or =
combination thereof be found ttat will
stably confins plesma of ths requirsd
powar denaity while giving some sssursnce
of long-pulsad or
with s racirculsting
€ 0.13-0,207

® givan the plesas physics infarred from the

stsady—-stats oparation

powar fraction

last issue, can sll subclaments of ths FPC
(1.a., IVC, blankat/ahisld, coils) bs mads
to oparate
lifatime,

(1.a.,
(i{.s.,, totsl amount of

with an sccsrtsbls enginasrsd

both 4in terms of resl time

maintsnance psriod) and fluence

sasrgy genarstsd
par mans of FPC consumed)?

The first

this papar, but

tohamaks,

issus ia not within ths scope of
sascond-stabiliry-ragion
RFP/OHTEs, and

configu,stione

spherosaks/f1sld-

ravarsad provide sxciting

pr.entisl on both theoretical and experimentsl



grounds. The sscond qusstion of FPC lifetime

as summarized in Table I, 13 complex, and
theme of this
overvisw. of FPC

lifetize asre identifiad in Table I: 1 -ctor

centers on the materials

Four =ajor detera’nants
operatirg conditions; FPC matsrial propertiass;
component gsometry and constvsints; and design
criteris.

and feilure By applying similar

design and failurs criteria to all fusion
spprosches, and assuming negligible influsnce

of rats on the effacts of radistion {n
chenging matsrisls propsrtiss (i.s., a flusncs
affect) the FPC 11fetime issue becomes one of

rsactor operstions snd component gsometry.

Operating in the compact ragine
significently influances both raactor
opsrstions and gsoustyy (1.e., saizs). The

pa jur changs in rsactor opsrsting conditions
is the 4incrssasd hesat/psrticla fluxss, but

designing t¢ the mame failure critsris should

sliminats thass diffsrencas, slbeit
potantially 2i & higher cost. Ths rsactor

opsrational fluxibility affordsd by smallar
FPCs, particulerly with rsspact

in Tabls 1

to ths last

point listed under componsut

gsonetry, potantially cen offsst the edded
cost of designing for s more highly arrascad
rescior opsrating condition in ordsr to sssure
of FPC dalivers the
scononically necssssry smount of snargy within

ite 1lifstime. Thia issus of totsl ("batch")

that sach unit wmass

varsuus partisl ("pstch") FPC wmairtsnance,
slthough difficult to quantirty, d1s baest

depicted on Fig. 2, which compsres & compact
(thse CRFPR, the OHTE rssctor is of
similar size) with both s PWR and the STARFIRE

tokamak

rssctor
Tesctor. In suamary, tharsfors, ths
(Tabla

to fusion in

key sloments of ths FPC lifetime iasue
s) b

general, or b) have a mutuslly sslf-concssling

1) may efither comaon
impact [1.a., mora sevare rasactor operation in

A more favorsbls rsactor gsometry (sizs)].

TABLE I. SUMMARY OF FPC LIFETIME DETERMINANTS 22

Reactor Opasrating Conditions
FW neutron loading
== Volumetric heating
- damags ratas (dpa/yr, Be appm/yr,
B appu/yr, burnup)

- Plasma asnergy rsjsction

- particle fluxss to IVC (DT, nsutrsls,
He, impuritias)
= heat fluxes (conduction snd radistion)
Duty cycls
Coolant (kind and temperature/prsssurs)
Matarisl Propsrties
thermal (hsat capscity, conductivity,
sxpensivity)
machanical (Young’s msodulus, ultimats and
yisld strsssss, uniform slongation, total
slongstion, fracturs toughnsss, cresp,
fatigus, crack growth, swelling)
siactrical (coanductivity)
nuclesr (slloying constitusnts, ctrans-
mutstions, ges production, dps, rsdio-
nct;vlty. aftarheat).
surfacss (sputtsripg, sdsorption, gas
racycls, cl‘ctron smisaion)
Componsnt Geometry and Constraint
atrass and temparsturs distributions
compongnt intersctions/intarplasy
sizs and dagrss prechack/shskadown sllowad,
QA, rsplacemnt/rapair time
Design and Feilure Criteris
elastic deformation and slsstic instability
plsstic dsformation and plsstic inatsbility
(incrementsl collapss/rstchstting)
brittls fracturs
swtrasa rupturs/crsep daformation
high-ptrein/low-cyrls fetigus and crasp/
fatigus intaracticn
strass corrosion
corrosion fatigus
swelling and diffarantisl volume changw
undesirsbls chs.gss in matsrisl propertiss
(smbrittlsment, DBTT, slectricsl rssistivity).



FIGURE 2

Croas sactional comparison of s compact fu2ion
resctor dsaign (CRFPR) with s fiseicn resctor
prassurs vassel (PWR) and the STARFIRE tokamak
rsactor.

Although the scope of this ovarview does
not sllow s comprashensivs sssssasent of the
"compact' varsus '"conventional" aystawms, Table
11 neverthsless 4e¢ 4included to give =&
quantitativs sxample of the physics,
angineering, and economic diftarsnzas betwaen
two comprehcnsive toksmak rssctor
designe!!+12:23 gny g compact RFP rasctor
design.!? Since the damande on anginse.ing
saterisls pariorance sre primarily generstad
by the tharmal radietion and mechanical
(stvsss, snvironment crastad by high-power-
denaity plssma, FW, and blanket operation, thas
nsutronics resvits?* from s apacific high-
power—deusity FPC is given in Teble 1li. This
design slso uss s 20—wm-thick coppar-slloy Fw,
which allows some infsrencaes to be made for
those compsct rssctors requiring "W resistive
coils. Ac~ain, ths comparisons snd
quantitative fuformation given in Figs. )-2
snd Tables Il-1I1I avre intendad to demonetrats
the "otder-of -magnitude’ d:{fersncea between

the nompact sna more 'conventional" spproschss

to fusion power rather than to emphasize
differences between apecific conceptual

rsactor designs.

3. MATERIALS ISSUES/NEEDS
The kay materisls 1i3sues and needa for
fusion 1in general can be 4ivided according to
the following thise FPC subsystems:
® In-vecuun Components (IVC)!
- first wall
= limi_er
= divertor
- coils
- ancennae
- windows (rf)
¢ Blanket/Shield (B/S)?
= bre>der
= coolant
- structure
- multiplier
- rcflactor/moderstor
= tritium berrier
- ducts (rf, besms, fueling, vscuum,
coolante)
® Magnet Coils (C)
- conductor (wuperconductor versus

rasistivs)

insulstor (orgsnic vereus inorganic)

= structure

woolant (Ha(f) veraus water)
kinde (TF, PF, OH, EF, sctivs tsedback,
passive shell)

In eddition to comprehensive matsrisla
nesdv sssssaments for thsas subaystare, ! ¥
ganeral reviaws of fusion matarisls needs are
available. 2% Tha technology nsads for the
compact aystems have also bean suumarized
recantly.® No sttespt is mads hare to repeat
or to summarize thess reviews and sssessments.
Instsad, based on ths general aystenm
diffarencas and gosls ss outlined in Sec. P

and Teblse 11, ditfearencas in materisls neads



TABLE 11. PLASMA, COSTING AND FPC PARAMETER COMPARISON BETWEFN

FUSJ0N-POMKE-CORE (FPC) PERFORNANCE coranisons(e)

PARNETER starrips !t EuRiBds cayyn)®
Gzose therms) powsr, Pyy (MVc) 4000 3261 3389
Slenket energy sultiplication, Ny 1214 1. 14 110
Thermal convarelom officlency, Wy [ 7% ] 0. 0.3%
Raciteuloting power frection. ¢ 0.16? 0.08 0.1¢
Ples* offlclency. Ny " Sy (1-¢) 0.3 0.34 0,30
Het eloctrical pover, Py(iie) 1200. 4200, 1000,
Noa.nal 8/8 thicknese b(w) 2.% 5.2 0.60
Noalnal coll thickness, &c(m) 1.6 0.43
PPC volume, Vppc(u?) $110(6630)  0000(4401) 242
Piret-well aree, A (u?) 80 Tie 12
PPC volume/eurfoce, Vyyc/A, 10.4(8.%0) 11.2(6.13) 2.1
Syetam minor tedlus, .

ty = (Vppc/20%:11/2 (u) 7.68(4.°0)  1.7.(3.77) 1.0
Plovma chasder voluma, Yyc(a?) 1104(930) 870(836) 42.
Plror-vail rudive, r (uw) .83 an 0.73
PV neutron losding, 1, (MW neutron/ul) 3.6 3.2 19.3
Pover densiny, Pry/Vpyc (Wt/ah) 0.50(0.66)  0.41(0.74) 14,
PPC wats, Wy (tomne) 23174/16498  17330(0) 1160

o /3 1374 4700 223

o Shleld 13360/6482 3430 —

o Colle 8240 (2] 0] ”?
Mase utilitetlon Mppc/Pry (tonne/MWt) 3.7/4.1 3.3 0.40
PIC denalty, Mypc/Vppc (tomne/u) 2.86/20 2,37(3.4) 3.6
Aves donslty, pypclVppc/ipyl(tonne/n?; 29.7 %) 12.1
PPC coer (K3) AAD.1/365.3  T19.11473.0] A3.¢

o /S 2.4 204.3113.%0] 14.8

o Shleld 196.1/109.3  137.2(90.3] =~-

e Colle 1714 377.41248.6] 0.8
PPC untt cost, cppc(8/kg) 19.0/22.0  4L.3121.3] 37,0
PPC volumetrle coot, cppc(Mi/e’) 0.033/0.039  0.18]0.11)  0.20
PPC aces tost, (PPC cost)/A, (Hs/u?) 0.46/0.31 1:0010.48) 0.5
Cort Plguses ol Merit

o ®PL/TDC 0.3 o.n 0.3

e prC/toC 0.26/0.21 0.23 0.0¢

o (P¥/1)/TDC 0.05%0 0.067 0,017

(®)yalurs In () besed on toroidel voluee, sthe
toluen Included, veluse lo right of / 4
ducie ond porte, la || 8/ con o0 In 1977 followed b §

980, othervies converslon/lallotion arder

le reversed.
(”Dou not Inc®ude 33,000 toane iten core.
(potoidsl 11414 o0 plasms sdge.

betwaen the amainline and ths compact
spprosches are highlighted. Each of thas thrae
FPC msjor subsyastams listed sbove 1s trsstad
separstaly. Matarisls needs for subaystyan
outoide che FPC sre sxpected to bs similer for
sll spprosches and, tharafore, sare not

discusased.

PLASHA PEYSICH/ERGINE RING , ARAKTERS

ARAMETERS I M"." M"
Wajor rodive, Ryp(w) T.¢ 6.7 .7
Aspect ratle, A 3.4 3.3 3.3
Plasma olengatlem, « 1.6 1.13 1.0
Plasus triengulerity, d L ) 0. 0.
Avarage plasms miner redive, r'(-) 2.3 .5 0.71
Plasma velme, ¥V (s") ™. a%. sT.7
Avarage bete, <P 0.067 0.092 0,20
Wagestic f1eld at plasma, 3,(1) .9 4.0 0.30(5.2) (¢!
Safety focter ot limiter, q 3.1 2.9 0402
Plastus turcldal carrest, l.(IIA) 10.1 10.2 18.4
Plesms curront dessity, l./n.'(lﬂl") 0.34 0.31 1.3
Averege slectren tampereters, T, (Re¥)  17.3 12.0 20,0
Averege lon tempereture, T,(ReV) U 12.0 20.0
Average slectrem denaltp, u,(103%/a?)  0.81 1.%0 N
Avetege foolen pewer, Py () 310. 992. 3138.
Averege plosms power demalty, "/V' 4.4 3.60 8.2
Averege meutrom PV loadling, 1,(WV/s?) 3.4 5.2 19.3
Bure-time/off~tine - 20. ’

2n.
25.
2e.

”.

FUSION POVER PLANT COST COMPARISON (WORMALIZED TO TDC)

ACCOUNT L I ST cr?
Land ond ond lond righte 0.19 -_— 0.38
Structure uad olte 20.09 12.48 19,33
Bescter plant equipment (XFE) 36,00 72,04 .04
2 1.1 Plret-well/blaskat (PW/s) 4.77 .4 1.7
22.1.2 Whield () 10.78 4.47 -
22.1.3 Cell (C) 9:%0 12,% 3.9
C=Mn/s+8+C 23.48 23.43 .7
Terblene ploal equipment 14.47 10.800 23.49
Tlectric plont equipsent " 3.2 14.02
Riscellanesus plost equlpmest 2.3 1.2 4.84
Speciol weteriole 0.014 - 0.029
Pirect Ceote (TDC) 100. 100. 100.
Tetel ssste 193.2 200.2¢ 173,00
Salt divect cost, UBC (§/kMe) 1439 233811085127 803
Coet of slectriclity, CORB(milla/kie) 6.0 - 4007
Bet olectric pewer, Py(Wie) 1200 1200 1000

3.1. In-Vacuum Components (1VC)

Table 111 givas ths nsutronics rssponss of
s "typicsl" high-hsst-flux IVC (1.a., FW) to s
fusion nsutror FW losding, I,(MW/m?). Since
I, typicslly will be 3-5 times graater for the
compact rssctor (I, = 15-20 MW/a?, and sven
higher for ths Riggstron), ths rsdistive/
conductive/convective energy fluxes emanating
from the ignited DT plssma, IQV < L,/4, will
bs correspondingly incrsscad for sinilsr



TABLE 111. NEUTRONIC RESULTS FROM
A "CANONICAL" COMPACT REACTOR FPC
WITH FW NEUTRON LOADING I, (MW/m?)
o First-wall (copper/ﬂzo)
14.1-MeV neutron current, J, (n/m? s) =
4.43(10) 71,
Neutron flux, ¢,(n/m? a) = 4.43(10) 8L,
Totsl full power year fluence, ¢,71 (n/m2) =
1.40(10) 251,
Radiation dose rate, R(rad/s)
Neutrons, R (reds/s} = 8.2(10)“1w
Gaums rays, RY(rcdnll) = 1.3(10) 51,
dpa/yr = 111,
Helium appm/yr = 311,
Hydrogen appm/yr = B3I,
Average transmutation rates
Nickel (X/yr) = 0.131,
2inc (X/yr) = 0,111,
Heat flux, IQU (MW/m?2) < leé
Average power density, Q, (MW/m3) = 101,
& Blanket (&b = 0.6 m, L1-Pb/B,C/W)
Peak power density, Qp(MW/m3) = 131,
Average power density, <Qp> (MW/m3d) = 1.4,
Aversge dpa/yr = 2.3L,
Average helium sppm/yr = 26.71,
Average hydrogen appm/yr = 7.71,
& Exo-blanket coil (copper/Hy0)
Peak neutron flux, ¢.(n/m? s) = 3.4(10) 361,
Radiation dose rate, R(rad/s)
Neutrons, R (rads/s) = 1.2(10) 2,
Gemma reys, R (rede/s) = 1.10(10) 31,
Peak dpa/yr = 0.0631, ,
Peak helium sppm/yr = 0.0271
Peaic hydrogen sppm/yr = 0.131,
Aversge transmutstion rates
Nickel (X/yr) = 1.1(10)731,
Zine (X¥/yr) = 0.5(10)7 31,
Pesk power density, Qc(m/m3) = 0.11,

plasna conditions (i.s., profilss, edge-plarma
paremetars, ate. ). The power part {on

between particles vereus photons, ss well as

the aplit of euch between FW, limiter, snd/or
divertor, represents & crucial uncertainty for
all fusion devices. The majnr materials
questions for the IVCs are:

¢ Removal of both aurface (< 1,/4 Mi/m?)
and vclumetric (~10I, MW/m3) heat loads
within acceptable temperature, atress,
and critical-heat-flux 1limits, ({i.e.,
need for wmaterials with high therwmal
conductivity and high thermal atress
psrameter, M).

® Sputter erosion and redeposition rates
for FW and limiter surfaces.

8 Long-term (swelling, creep, embrittle-
ment, slloy charges, etc.) and short-term
(thermal conductivity changes, hydrogen
permeation and recycle, etc.) radiation

effects.

Two limiting ceses of uniform heat deporsition
onto IVCs can be envisaged: 8) all eneryy is
incident as radistion from & high~Z.¢¢ plasma
edge or, b) all energy 1s convected to 1VC
surfaces by charge-exchange neutrals and edge-
plarma particles. If all energy shed by the
plesma seppears &8 a uniform heat load, then
IVC structursl slloys with thermal transport
properties that are better then stainless
ateel will be rasquired for the compact reactor
options. Figure 3 gives the thermal stress
parsmetar M = ZOY(I'V)/GE - IQ:G a8 o function
of FW temperature; M measures the heat flux,
IQ:. through & materisl of thickness & that
will casuse yielding by the resulting thermal
strass. For the copper-slloy and stsinless-
stsel materisle "extrema", Fig. 4 gives the
depandencs of IQ" sllowed for s pressurized-
watar-coolad tube of thicknsss 6 1f the aum of
the primary (pressure) and s4econdsry (thermal)
strass is wmsintsined ot the indicated
fraction, o/oy, of the yield etress;

coastraints ralevant to slsstic-plaatic
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FIGURE 3

Thermal stress parameter s 8 function of
temperature for a range of potentiasl IVC
metals,

limits, thermal ratchetting, &nd fetigue-creep
limits, can eimilarly be spplied to Fig. 4.
The copper alloy @achieves a superior
performance at a lower opersting temperature,
which will degrsde somewhat tlie ovarsll
thermes® performance to an extent determined by
the fraction of the fusion energy sppearing in
the IVC coolent circuit, This important
tradeoff between high-hest-flux opsrstion,
decressed FPC cost, and dersted asystem
performance remains to be comprehensively
assessed in terms of & COE figure-of-merit.

Indications are, howevcr, that the rignificant
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FIGURE 4

Dependence of wmaximum heat flux, 1, = L, /4,
sllowed onto & FW coolant tube of thickness &
snd cooled with pressurized wvater for s given
primary plus secondary streas level, o, for
both stainless steel and copper slloy under
the conditions indicated.

reduction in UDC sccompanying the compact
option reduces the COE to aen extent that
exceeds the incresse sswociated with a
potentislly lower aystem performance (1i.e.,
reduced plant efficlency, 4incressed recir-
culating power fraction, ani decressed plant
factor).

If all the ere-gy rsjected by the plasma,
on the other hand, is deposited uniformly as
snergetic particles with an energy, Tg,
characteristic of the plesma edge, & particle
4.2010021 /1514, [~1.4(10)23
particles/m? & for ™ v S MW/m? and

flux of



Tg = 150 eV] would rasult. Por s DT
sputtering yield of ~0.02 and a FV atomic
density of ~8(10)28 gtoms/m3 (etainless
steel), gross erosion rates of > ! w/yr would
result, even 1if aself-sputtering and ion
scceleration through electrostatic shesthe
were neglected., This problem ia worsened 1if
particle and energy fluxes are concentrated
onto the IVC surfacea by limiter and/or
divertor action. The degree to which this
problem will hinder the develupment of fusion
depends on poorly understood edge-plasma
processes that are generic to magnetic fusion
and not uniquely & compact reactor issue,
Potential solutions to this problem are;

e Qperate with edge-plasma temperatures
below the sputtering threshold (< 50 eV).

® Operate with edge-plasma tempersture that
sre wvell asbove the sputtering-yield
max{wum (2> 1000 eV).

» Establish a  high-Z rsdiating plssma
mantle without having the FW supply the
high-2 material through la.ge sputtering
rates.

¢ Design for large gross sputtering rates,
but assure a nil net erosion rate through
careful control of redeposition distri-
bution.

From the viewpoint of FW survivsbility,
these problems &are not unigue to oOr more
severe for the compact reacfors, Aside from
differences in basic plssma procesaes that may
result when differences of ~3-4 in average
plasua density (Tsble 1I11) are taken 1into
sccount, the ratio of perticle flux to neutron
current incident onto 8 FW from an igrnited DT
plasma should be aimiler for both aystems,
thereby decoupling somewhat the FW erosion
problem from the issue of davice compsctnese;
the compact, FPC simply schieves both {ite
neutron (dps) aend ernsion (mm) 1litetime

“fluence” {n an expected shorter chronological
lifetime, but only after generating & similar
totsl quantity of fusion energy for nominally
a aimiler expenditure of FW/B mass. Iasues
that relate specifically to device compactness
and the expec'sd higher erosion rates,
however, are:

s can the compact reactor plasma survive a
potentially Taigher recycle rate and
schieve and/or remain ignited?

® depending on the heat 1load wunder which
any IVC surface must function, the use of
thick-walled “ubes with an erosion margin
designed to extend the sputtering life is
generally less attractive for the compact
systems because of the higher heat fluxes
(Pig. 4).

An estimate of the effects of neutron
irradiation on a copper-elloy FW, and possibly
on inorganic electrical insulation if FW coils
or electrical breaks sre required, has been
summarized in Ref, 8 and more recently for
the FW copper-coil insert proposed for MARS,26
Transnutstion-iaduced resistivity increases in
the FW copper conductor (Table I1I1) and the
dimensional stadility of both the copper alloy
and the proposed Mgl or MgAlzok insulation?’
are key concerns for & FW '"coil", whether
sctively driven (i.e., TF coil in Riggatron,
H-coil in OHTE) or & passive corducting Jihell
needed to stabilized short-wave length plasma
MHD modea. Perkins?® also points out that for
sufficiently high voltages (> 700 V) end
instantaneous radiation dose rates () 104 Gy/s
= 10% rad/s), thermzl runaway through Joule
heating cen be potentially destructive to
electrical insulators; these conditions
generally apply near the FW and for relstively
high-field, actively driven coils.



A increase of the electrical resistivity by
radiation and trsnsmutation effects 1s also
sccompanied by @& decrease 1in the thermal
conductivity in metals, since both current and
heat are carried by electrons. A high-heat-
flux FW, therefore, wmust be designed to
operste with increased thermal stress towards
the end of life, slthough thinning of the ¥W
by sputter erosion, if allowed, will tend to
counteract the effects of decressed thermal
conductivity on the FW stress. If the
initially unirradiated material £fs a solution
strengthened copper allcy, however, the
decreased electrical and thernal
conductivities caused by alloy additions can
mask the efiects of transmutation product (Ni,
Zn) buildup. Although some information on
radiation-induced swelling exists for
candidate 1inorganic insulators, wimilar duta
for copper alloy are not available at present;
fission reactor irradiations of relevant
alloys, however, are ‘'n progreas.79 Age-
hardened copper elloys, such as MZC may over-
age or the alloying element may dissolve under
irradiation; generally,?? dispersion hardened
alloys may exhibit greater radiation stability
in this respect. It is noted that procedures
for radistion hardening against high-energy
neutrons of steering magnecs for the LAMPF30
&nd the quadrupole beam transport magnets for
FMIT3! have developed fabrication methods that
sre directly spplicable to the ccapact fusion
reactors (co-extruded Cu/Mg0 co-axial
conductors with internel water cooling); the
radiation flelds and lifetime fluences for
thege sccelerator spplications fsll short of
fusion FW conditions, however, Lastly, the
requirements of the FW coll proposed for the
MARS design3? will satisfy the needas for most
compact fusion systems. Generslly, the need
and potentially high payoff for high-heat:-flux
alloys in most IVC applications and the role

that ouch alloys may play in shaping the
fusion end product has only recently been
recognized,33 3%

3.2. Blanket/Shield (B/S)

The B/S thicknesa for the compact resctor
approaches is reduced to the ainimum required
for adequate tritium breeding and thermal
energy  recovery. The ainimun-thickness
(optimized) B/S, when coupled with the
increased FW loading, schieves at lesst an
order of magnitude 4incresse in FPC powver
density, snd a considerable reduction in total
cost, a8 well as prbvldlng options for
sppreciably different installation and
maintenance schemes because of reduced FPC
mass (Table Il). Ma~net shielding 4in the
usual sense 18 not envisaged; instead a thin
(0.05-0.10 m) outer region of the 0.5-0.6-m-
thick blanket may contain a mixture of B,C and
a dense, high-Z weterial operated at cihe
blankct temp:rature and cooled by the primary
blanket ccolsnt.

¥Yor FW neutror losdings in the 15-20 MW/m?
range, the local blanket [ower density becomes
comparat’e with tiuat in the core c¢f an LWR
(> 200 MWt/m3), with the average blanket power
density being in the range 36-50 Mwt/ad, At
the peak and average power densities envisaged
for the compact reactors, ceram.c breeders
cooled by pressurizeld helium gas or water
become less sttractive. Because of the 1low
lithium 1inventory, reduced fire hazard, and
unique combination of breeder/coolant/
multiplier functions, the low-melting (235°C)
lead-1lithiun eutectic, Pb83L117 (referred to
hereinefter as PbLi), has become a popular
choice for high-power-density blankcte.? ¢35~37

Confinement sy~ “ems with magnetic
tupologies that require liquid-metsl coolant
to flcw scross magnetic filelds37+38 gay be
forced either to cost cooiant ducts with
electricsl insulstors3® or to reduce the MHD



pressure drop aimply by limiting the coolant
flow valocity snd thareby limit the FW neutron
losding. 36 The high powar dansity for the
PbLi-coolad CRFPR blenket,’:37 howevar, can be
acnievad with minimal pumping power without
racourss to the use of sloctrically insulated
coolant ducts becsuse of the unique, low-field
poloidel magnetic topology that chsracterizes
thet system. The materisls problems rslgted
to corrosion (particularly for caramic
coatings), tritium recovery, end tritium
barrisre for the compsct rsactors repain
similar to thoss fo. other asystems wusing
similser blenksta. The sccelsrstion of stress
corrosion cvecking by ths sddition of amall
amounts of watar t{o these liquid-metsl aystems
remains as a particulsrly critical concern.

Although rf snd neutrsl-beam ducts are« not
anvisegad for the compact aystume 8o far
conaijarad, the task of wmanifolding end
(vacuum) ducting appesrs to bs mo:e sxacting.
Sincs the gsssous (DT, He impurities) and
coolant throughputs will in wagnituds remsain
unchanged for sny fusion powsr plant of
similer power rating, the rsduction of the FPC
volume by at lesst an order of wmagnitude
results in ducting and menifclding to reglons
outsids the FPC becoming & mors dominsnt parc
of tha TFPC ‘'resl estste"; FFC design inte-
gretion for the compsct systems becomes & mors
chellanging axercise.3’

Laatly, sven for tlie topologicslly
favorsble RFP, tha MHD prserurs drop needed to
»~ovide adsqusate cooling by s liquid metsl to
the high-heat-flux, high-power-dunsity FW
rsgion can  sasily raquirs axcsssive WMiD
pumping powsr. Either a csrsmic coating of
ths W coolant channels or & safsrats
prassurized-watar coolsnt circuit will be
requirad. The problems that sttend ths uss of
prassurized-vater cooling, even in conjunction
wvith the chamicelly less rsactive POLLY,

Prasents  some  concern. The need to
irolate/insulate

temperature FW coolant circuit from the

thermally ths lover-

higher-temperature blanket coolsnt circuit in
ordsr to minimize the backflow of Ligh-quality
blanket hest 1into the lower-quality FW heat,
howavsei, naturslly rssults in a doubls, if not
tripls, containment of the pressurizad-watar
coolant circuit from the liquid-metsl circuit.
3.3. Magnet Coils

Most compact rssctor embodiments considered
to dste apecify water-cooled copper coils
located either at or nesr the FW, outside the
thin (0.5-0.6 m) high-power-rdangity blanket,
or both (s.p., main coils outsiie the blanket,
faedback or currant-drive coils within the
blanket or at the FW)., 1In eijther case,
radistion-resigtant 4in: zanic slsctrical in-
sulstion will be rsquired. fither 1insulator
costingn would be plasma-sprayasd onto
praformed coppsr conductors, or a powdared
insulstion (i.s , MgO or MgAl,0,) would bs co-
sxtruded with conductor and coolant tube, the
la%tar method baing usad in thas fabrication of
radistion-hsvduned coils for use in high-
snergy particls srcelerators.30+31 ynder more
ssvers conditions, ths M/ coil ragquirsment
should be asimilar to the rsquirements
snvissged for the MARS  hybrid wagnet
insert,25+32 or for tne lass .uovers “nkemak
conditions enticipstad at the 4in-blanket
squilibriuwm-fiald coils.

The 41assus of coil radistion life 1ias poorly
resolvad by ths axisting data besss, but under
the conditions listsed on Table III, & coil at
the FW locstion sxpossd to & nsutron Jloading
of 1, = 20 Mi/u? would sustein an MgAl,0,
swalling rats of 11 volume parcent par vyasr
and s (pask) copper connductor rasistivity
incraess of 100-200X par ysar. It 48 noted
rhat thas awelling and machanicel degradstion
in cubiec cersmics 1lika Mg0 or MgAl,0,



considerably lass than axissyumstric ceramice
(1.e., haxagonsl A12°3)'27 and thet ths in-
cressed resistivity 4n 300~400 K copper is
relstad to the transmutsd alloy sdditions
rather than intiinsic point-dsfacts. Even
under fresh stertup condirions, a FW coil cen
significently reduce the owrrsll plant
efficiancy for bnth the ORTE!® gnd  the
Rigg.tron’o reuctora; operstional lifstimes of
only a fav months are predicted for I, ~ 20
MW/oZ., A strong incentiva sxists, therefore,
to locats these coila outside ths FW zone and
behind at leasst > 0.I-u of blanket. As shown
in Tsble I11, interposition of & O0.6-m-thick
PbL1i blenkst raduces the rate of insnlator
avelling and conductor rssistivity inctsass bdy
over two orders of wmsqnituds. Such a co'l
could possibly outlive the FW/B and could be
Tecyclad, Ganarelly, howavar, ths incapiive
to move ths coll outside ths bdlankat is not
driven by considsrstions or lifstims and tns
desire to reducs mssw ussge (i.s., opsratirg
cost), but inatssd by ths nead to: a) impvovs
the overall plant tharmsl afficisncy, eince
the FW coil would operate st a thsivme-
dynamically unintarasting tempsrstura, b») to
ssse ths breseding of tritium, slthough a faw
10s of millimetars of coppar has a nat benafit
on tritium braeding bacsuss of nsutron multi-
plicstion., and c) to ralisve ths ovsrall TFPC
~ongastion ralsted to alactricel/hydrasulic/
thermodynanic/tritium-racovery functions. Gen-
srslly, the snginsering dsvaslopmant nasds from
both a systams and s matsrisls viawpoint, avan
for t(he high-fiald FW magnate,!?+20 ghould be
sasier sand lass coatly than for the largs
supsrconducting magnet Assigna. Lastly, & po-
tentis’ly asignificant advantsgs of compsct
systasms 1is the fscilitsted uss of sfficiant
(1.e., reduced stored energy, currents, and
forcas) wmagnatic divartors becsuse of ths

close proximity of magnrt coils to ths plarma,

sn  option availsbls only when thin-blanksted,
coppar-coilsd compact aystems srs considared.

4. SUMMAKY AND CONCLUSIONS

Significent dwprovementa in both tha
operational and economir prospects for fusion
power sc: promised for systems with power
densitiss on order of magnituda sbovs prsasnt
projections. These compact rsactors will
raquire mrtarisls that 1in soms srsas differ
from ths mainline spproachas.

The grastast nesd for matarials davslopment
rests with the high-hmat-flux IVCs (FV,
limitsrs, divartora). GCivan that IVCs can be
dasigned end opsratad with 4=5 MW/E2 heat
fluxes, ths critical arsss raducse to ths
psrtition of radistion versus perticls flux
incident upon IVC surfaces, ths associatad
sputtsr srosion rats, ths rsposition procesans
{locstion end integrity), and ths dmpect on
the ovarsll plasms psrformanca of potuntislly
large tranafars of {dmpuritiss around the
system. Tha prodlams relatsd tu sputtar
srosion, howgver, in magnituds and %ind, =ers
not uniqus to compact rsactors., Although
sputtsring rates ave sxpsctad to bs incrsased
for ths compact systems, givan zimiler plasma
and sdgs-plesms physics, ths amount of FW
sputterad per nautron flusncs [wa/(MW yr/w?))
should be dindapsndent of ths concspt and
simply becomes & mattar of "fluanca'.

Hanca, ths potsntially uniqus wmatarisls
problams for compsct systems are related to
thse nead to understand and control tha bulk
wmechenicsal redistion demags propsrtiss of the
nev TV matarisle (copper, vansdium, molybdenun
slloys) required tn dasl with the {ncrasaasad
heat fluxss. Rvan then, such matarisls may be
ussd in punpsd limiters ind/or divertor platas

for the larger superconducting fusion systems.



The compact rsactor option narrows ths many
B/S choicas listed 1im Ref.

concapts thrt cen operste st local snd svsrage

2 to a favw

powsr dsnsitiss considered sconomically
nacsssary for other nuclser power aystemes
(Pig. 1). The magnst devalopment rsquirad to
producs rslstivaly asmall, radistion-hardsned
rasistive coils appesrs to be wall
ndv.nc.d.”"1 albeit on s reducad scsle.
Hence, for both B/S and wmagnat arsas, the
matarials raquirsmante for the compact options
sppsar no mors difficult, snd in many respscts
ssaiar, than ths mainlins program naads.

In suomery, sll materisls issuss for
compsct rssctors ars being or can be sddrasaad
within the msinlins program. A nav emphasis,
howavar, wust be placad on undarstanding,
cresp. fatigus, fatigue-crasp intarsction,
alloy stability, coolsnt-alloy intasrsction,
stc. for thass naw high-hsat-flux systaxs.
It 4 {r thie classsicsl sies f matarisls and
appliad to 1IVC

surfacas, that major stzidas can be made 1in

syutems  snginsering, as
sdv. .ng fusion as s truly compstitivas snsrgy

sourcs.

ACRONYMS

R/S DBlaakst and Shisld

COE Cost of Elurtricity ‘mills/kWsh)

YPC Fusion Powar Core (FW, B/S, and coils)

IVC In-Vacuum Componants (FW, limiter,
divertora, stc).

FW First Wall

ADC Totsl Dirsct Coat

RPE  Rea:tor Plant Equipment (Account 22) coast

UDC Unit Dirsct Cost ($/kWs)

TFC Toroidsl~-Fisld Coil

¥FU louloidsl-Fisld Coil

OHC Ohmic-Kesting Coil

EFC Equilibrium-Fisld Coil
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