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'T'hc usc oflilnitcr pumps as the principle'plasma cxhni~st systcm.of a magnetic co~~fincn~clit fi~sion dcvicc 

p~.on.iiscs sig~;iliccint simplificalio~~, \tllikn compared to previously itlvesrigating divcrLor basccl. systcnis..Furtlier 

simpIifici~:ions. 1;11cl1 as rlic integration of thc exliai~st systcm with a radio frcqiiency heating s).:s[crn.and with 

tLhc 1;;;li11 sc;;cti);. ::l;icld F ; I ; ~  r3tructi1rc nrc invcstigntcd bclow. 

.- , I hc in  tcgrily of lil~iters in a rcactor cn\;risonmcn t, is tSircatcned by ninny mechanisms, tile most severe 

of \vhicli may bc crosion by sputtering. Two llovcl tc.)pc-,logics arc sugl;cstctl which allow high cro?ion without 

li~nitcr failure. 



Now1 Idinliter l'unlp 'I'opologies 

by ,loci 1.1. Scllultz 

R.l.l.'I'. I'lasma 1;usion Ccntcr 

I:.E.I). Iksign Ccntcr 

'l"hc av;~ilability of tokarni~k fusion rcactors will bc a strong fi~nction of tlic integrity of tlic li~nitcr or other 

first ~natcrial surfaccs in dircct contact with tlic plnsma. 'I'lic lifctinic limitations of thc first surface arc due 

to physical and clicmical spiittcring, arcing, thcnnal cycling and clcctron.lagnctic lo;~ds ant1 arc accclcratcd by 

\:cry frcqi~clitly occi~ring fnillt modes of operation. including disruptions, clcctron runaway, ion ripple losses . 

and plasma posicion offsct, especially during hcating. The fi~~ldamcntal limitations oti any material exposed 

to all of tlicse fi~iliirc rnccIi:rnisr~is simultalleoi?sly nppcar to be morc ~ c \ ~ c r c  tlii~n those on any othcr single sub- 

system of h e  reactor. including tlic blanket and sliicld walls. Various :clicmcs such as magnctic divertors or 

,crgociic ficld coils havc bccn proposcd to alleviate some of thc failure rnocles. Howcvcr. a11 of these tcchniques 

add a cc~.tnin alnoi~nt of ;~dclition;.~l co1np1cxir.y ro thc toknniak rcactc~r. C.lrifo~~t~ln;~tcly, tlicrc is also a widely 

Iicltl bclicf that tbkamnk reactors arc nlrcndy too,cornplcx nnd ccstly to bc cc!mpetiti,~c with otlier filrnls of 

clcctric Rccclit cxpcri~ncntal succcsscs rcliding to confirm the validity of thc suggestion that limiter 

pimiping be uscd as Llic dominant plirsnia cxliaust mechanism could lead to a si.gnific:lnt reduction in reactor 

complcx.ity and cost Howevcr, limitcr pumps may then become the weak link in reactor availability. We 

will ilivcstigatc wlicthcr fi~rthcr topological silnplifications can be achieved with limiter pumps of reasonable 

structural integrity, while retaining tl1c perceived benetitsof a limiter pumping system. 

' 'I'hc novcl conccpts reported hcrc arc conccntratcd in thdarca of integration of the pumping system and 

an rf launchng systcm includilig a slow-wave limiter pump, a Faraday cage limitcr pump and a resonant cavity 
. 

limitcr pump, and integration of the pumping systcm and the magnet support system, including a I3rambilla 

grill torque frame. The more fitnda~ncn~al problem of limitcr rcliahility is addrcsscd by a single cigarette 

limitcr concept and, to a lcsscr dcgrec, by the slow-wnvc limitcr. F:inally, a long-life, control rod limiter will'be 

introduced as an adjunct to an ICRF wavcguidc launcher. 

(A) Integration of Limiter Pumping and RF Launching 

Almost all of tlic radio frcqucncy wave launching structures tliat havc hccn proposcd for use in a 
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tokatiiak rcactor ciln also be ilscd for vacuum purnping. 1.owcr hybrid launching wavc gilidcs havc bccn iiscd 

as vacuum ports on JFr-2 [NA80]. while an ECRH ca\iity on EKT-I scrvcd ns an ovcrall vacuum plcnum. If 

rf launching ducts and \lacuilni pirlnpilig ducts arc cntircly common, thcn tlicrc will bc no large liolcs in the 

systcln, other than tlie vacui~ni ducts. 'This will bc a significiint aid to ~~umping  tlcsign, increasing tlic dcsigncr's 

knowlcdgc of wlicrc thc gas is, ia cr.ell as limiting iriucr~to~.ics of recycling tritium and hcliutn. 'l'lic clilnination 

of scpal':!tc r f  1ic;lting di~crs will also makc nciltron arid radiiition sliiclding co~~sitlcrably casicr by ni;~king the 

torus less porous. Pcrliaps an improvement on the ordcr of 2 could be cxpcctcd. *l'lic elimination of separate 

ducts sliot~ld also pcrmit bcttcr covcragc of availiiblc spacc with blarikcc niodtllcs. Whilc this might havc a 

significc.lut, but only sccond ordcr (< 10 ?'L ) cffcct on tlic total electrical output of tlic rcactor, it niiglit rnakc the 

critical diffcrcncc in whctllcr tlic reactor can achieve net tritium breeding. 

'To makc tlic rflaunc1iin.g structurc common with tile lilnitcr has ncvcr been done s~~cccssfi~lly to thc bcst 

of our knowlcdgc, bccausc of ~.hc problems associi:~tctl with  rf bic~tkdow~i arid gas cvcllutiori from thc ceralnic 

stri!rtir!.es i!ssoclatcd with sf la~~!ic!icrs. lhrcc  ;!l!c~.!!r![i~r topolugics 1:;ln be s!!gg~~tcd !1.1at h i i \ ' ~  110 cera1r.i~ 

striicrirre in contact with tlic plasma iind rio ino1.c S C V C I . ~  ~ I c c t r i ~ i ~ l  ficld Iu.cakclowri problerns tli;~n tlir: o~'igi1ial 

rf launching concept wiilioi~t a limitcr. 

'Tllc NIJM'kli\I<. dcll~onstci'~tiol.i reactor desigli [SC78]'suggcstcd tlic possiblc use .of a rcsollant ciivity an- 

tenna, as shown in Figure 1. If  the cavity were puslicd out from tic wall townsd tlic plasma and wcre protected 

by carbon armor, the resonant cavity box would also bc a limiter. If somcwliat sniallcr holes were clrilled in 

thc rear of thc box, separate from the coaxial input fccds, the box could also bc part of the vacuum pumping 

system. This system, having about 1/3 of its liolcs along ficld lines, with consiclcrable fi-ccdom- in sclccting 

tlic aspcct ratio of thc holcs, col.rld ptobably acliicvc tJic high ncutral gas concentrations dcrnor~stratcd in the 

plrisma prohe cxpcl.irnents of 'I'aylor [1'/\80] and Jacobson [JA80]. I.Iowevcr, bccausc ol' the dc)ublc iaycr of 

lcakagc liolcs in box and the armor, 21s wcll as tlic rf sliicld uacuum pi!mping liolcs in rear oEtlic box, Ilie slnlc- 

turc \voirld probably liot bc ;a cmcccclivc an rf lounchcr as tlic origin:~l NUCVM;\K conccpt. I3cctromagnctic 

forccs during disruption would be high, cspccially on the front, top and botto~n filccs of tlic box, i~lthot~gh 

intcrllal bracing could makc tlic box considcrably strrsngcr. ag;~inst clcctromccllarnical folrcs tliali con\~cntional 

linii tcr concepts. 

A variant 011 a11 ICRF iiiltcnna collccpt, proposcd rcccntly by Colcstock [Cog01 Ibr EI'F, is sllown in 



Figurc 2. 111 this case, tlic majority of thc charged p;irticlcs arc intercepted by a graphite Faraday cage. The 

g~.ound bladc of tlic limitcr/antcnna is C L I ~ \ T ~  ill the fi~~iiili;ir Sclii\!cll shovel topology to cnhancc pumping of 

the significant remaining fraction of cliargcd particles. Overall limiter pumping pcrformancc in this concept 

sIioi11d bc \rcr)l si~nilar to that of thc' STAI1FII1E dcsign. ?'he bottom of the bladc is activcly cooled, but 

suliicicnt protection i:; provided by ~ h c  Faraday limitcr to prcvcnt rapid crosion of tlie scar surfi~ce or sclf- 

sputtering avalanche. 

'l'lic Faraclay cage limiter consists of two grades of grapliitc: AI'J or I'OCO for i~ltcraction with the 

plus~na and pyrolytic graphitc for bcttcr licat conduction to the base. This conccpt originates with Colcstock 

and [nay or nliiy not bc ;I fi~vorablc trade vs. using /\TJ alone and limiting dil'fcrc~ltial expansion stresses. 

T'hc cllgc picccs are attacl~cd 10 thc sliicldcd ccr;unic base by pins, in order to allow n high dcgrec of thcrmal. 

anti Ilclltron swclling expllnsion. witliout gcncmting high stresses. Tlic pins might bc prcvcnrcd frun escaping, 

tlic cagc by ceramic snap-rings on thc ends. As can be sccn fro~n Figurc 2, a high dcgrec of clci~~ancc from 

t l~c  Ii~r~itc~. sl.~p!?ort post can bc plavidcd by mncliinablc glass !,~.lshit!gs. Elcctric Ec!cls i t?  this rcgion can be 

drttiigncd LO \n?cll i~ntler 1 kV/cnl. ICRF antclula cxpcrinlc~~ts 011 ''I'F11 [/\1:)81] ha\.c ~rccntly reported no 

brc;ikduwii with .17 kV iipplicd to ;1 6 ililn V ~ C L I ~ I I I I  gap. !\Inlost a11 ( i f  tlie tokijmak heating shots, using this 

antcnna ~ ~ 7 1 - c  ~o~nl?lctc(l \viil~ot~t i~ltcrn~ptio~i [ill-1811. Izor tlic above topology, I bclicvc tlirlt arcing is more 

liticly bctwccn the I:'amday cagc and the plasma, irrcspcclivc uf whcther [lie duct is i~scd as a vacilum pump. 

'The antenna limiter pump conccpt has sevcral disadvantages which arc coniinon to the antcnna itself. 

'I'hcre arc sevcral ccramic-metal, ccramic-gmphitcinterfaccs and t l ~ c  ccramic is a stn~ctural mcmbcr with 

rcsl~cct to th'c grapliite limitcr. Tlie~~cforc, cvcnt~al  life lilni~~tion due to neutron ccr;lrnic s~i~clling induced 

crack g~.owth can bc cxpccted. Also, thc broad ground blade of ~l ic  limitcr is not well suited to support eddy 

C L I I . ~ C I I ~  loads (luring disruption. 

'I'lic most uniquc concept for a conlbincd rf launcher and limitcr ~l~i rnp,  called a "slow-wave lilnitcr", 

is shown in 17igure 3. 'I'his conccpt is ilttractivc bccausc of thc f~lvori~blc spncrgistic clfccts of thc topology. 

'I"he li~nitcr bladcs cnlinncc launching of thc lvwcr hybrid wavcs into t l~c  plasma a ~ i d  cr~linncc pumping of the 

plas~na by thc I;luncIiing grill. 'l'hc lin~itcr bladcs tlicnisclvcs :II-c tall cnough to provic!~ significant protccrion to 

tlic rest of  the first w;111 and cvcn have a liniitcd dcgrcc of redundancy, so that a ~ncchal.~ic;~l failure of  ;I single 

li~nitcr docs not ncccssarily dictatc a systcln sliutdown. 
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'I'he idcal Iicight of :I slow-wave strircturc bordering a loruer llyhrid wave launching grill is a half 

wavclcngth at a distance of n/b from tlic moilth of tlic wavcguiclc. This can have a significant ctfcct on the 

hnl~nonic content of thc wave I:~unclicd into thc plas~ii:l, as shown by Slicllcrbinin [SI.179] illid Schi~ss [S.C79]. 

For thc fscqi~cncics typical of lower I~yhricl wavc l:~unching, this itical height is usually also a rcasonable hcight 

for ii passi\:cly coolcd limiter bladc. For cx:unplc, for {hc I-El) plasma with a ccntral clcctson dcrisity of 1.1 

X 10") and central clcctron and ion tc~npcralurcs of 15 kc\', ;I good lowcr hybrid laiinching frcqucncy 

(ratlii~ns/s) for cc11tra1 absorption is 

whcrc a-1- is ;I thcnnal corrcction factor givcn by 

w,i, S?,i and i'l,, arc tlic ion p1asn;a frcqucncy a r ~ d  rhc ion and clcctron c!xlotron frcqi~cncics, respectively 

(rai:lia:\s/s). 'I'hc parallcl wa\,c indcx 11, clr tlic ccntcr is dcti.r~nincti self-consistently hy co~~sitlcring scattcring 

effects at the plasma edgc 11ntl is typicfllly on thc ordcr of 5. 

'I'hc nbovc valucs of FEI) p:u.amctcrs give ii dcsired launching frcqucncy of 1.56 GtIz and ;11i itical vane 

Iicight of 9.6 cm. This scrape-off st~-uctu~.al disrancc is typical of what has bccn proposcd for tokamilk reactors. 

Furthcrmosc, since thc vane will bc rclntivcly cffcctivc as part of a slow-wavc stnlcturc down to a hcighe of 114 

wavc Icngth, about 5 cm of erosion is pcmissiblc, which is considerably highcr tlii~n what has bccn permitted 

in prcvious designs. 'I'he cfT'cctivcncss of tlie vancs down to a quarter wa\lclcngth is itidicatcd by Motlcy's 

expcrimcnts on tlic 1-1-1 plasma, which sllowcd a tlirec-fold reduction in the fi~st-\~il\le colnponcnt, adding four 

~~assivc quurtcr-wave vanes to n' two wavcgilidc systc~ii [M0801. 

Sincc cach grill s t r i ~ c t u ~ . ~  might bc'somctliing like a G x G array wit11 10 launcliing ports, as shown in 

I'igurc 4; thcrc would bc a 120-fold redundancy in casc of tllc fnilurc of a singlc vane. Sincc cach vane is 

passively coolcd, even a gross failusc, such 11s cracking and I:,~llilig to thc bottom of the vacuum vcsscl might bc 

tolc~tble. 'l'hc current limiter dcsign for FEL) [CRSI] shows an attractive topology in wli ikl l  U!c bottom sul.facc 

of  thc reactor might includc a scrics of casily extracted horizontal tsays that coulcl catch fililccl picccs i~nd be 

pcrii>(lic;llly clen~lcd or rcplaccd. 
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Pumping cxpcrimcnts on Alcator A [OV80] demonstratcd that a liniitcr pump docs not Iii~ve to liave 

anything rcmotcly rcsenibling iln idcal Sclii\lcll or ST/\RI' lRE topology is1 ordcr to bat a significant fraction of 

tlic chnrgcd particlcs in a plasma into il pillnping duct. 7 1 ' l i ~  slow-W~IVC liniitcr pillnp ; I C ~ S  ;IS ;I bilck-stop that 

knocks charged particlcs into a pumping duct on one side. A critical tratic-off rcquires more ;lnalysis, in\lolving 

thc cffcctivcncss of thc limiters as a p;lsticIc bat, which f;jvors a snli~ll number of limitcr vanes, onc layer on 

cach side of cnch gsill being tlic ideal, and ~ h c  cffccti~cncss of the litnir.cr-s as a slo\\l-wnvc structilrc. / I n  infinite 

scrics of li~riitcr vilncs at 1/2 wave intervals is the idcill for tlic slow-wavc st~.ucture, and limitci vanes across 

tlic cntire poloidal and toroiclal cxtcnt of thc vilcL1Ltm vcsscl arc thc ideal for sharing the plasma llcat along a 

high surfi~cc-area structure. 

'Tllc slow-wave limitcr. is also very well suited for hi:lldling tkemi;~l and c~cctroma~nctic loads. 'rhc broad 

face of  tlie \;ant links only thc p;lraniagnctic.o~* dii~magnctic flux from tlic' pli151~9 poloidal currc~its. rTl~c valic 

is frcc to dcflcct, ullconstraincd. in thc toroi;lal dirccI.ion, allowing stress-free ~.csponsc to tllc tlvliiinant minor 

r;::lia! tctr,pcrcltu:c gradients. '!'he tl:cr.mal gradi~iits in thc vanc 1in;itcr ;ICC similar to tliox in the‘ cigarcttc 

liniitcr, discilsscd in more detail bclow. 

,2 possiblc pumping system contiguration is shown in E;igure 5. 'I'lie bcnds in the wi~\icguide are 

staggered, so.that thc orificcs of tlic microwave scrccn can conduct gas into a conlrnon high spccd vacuum 

pumping plcnutn. A possible problcm with this pumping systcm is that thc gils conductivity of tlic lower 

hybrid dycts is low, compared with p rc~ io i~s  ~ilnitdi pilm.ping concepts. Using thc same FE;lS exalnplc as 

abovc, a conservative specification of sf power transmissibn of 0.7 kw/cm2 of absorbcd. powcr, as many as 

810 waveguides would be rcquirccl by tile lowcr hybrid Inunclling system. This largc nillnber of wavcgilides 

would bc t'~vorablc Ibr window and wavegilidc inlcgsity, as irlcll as tiw tlic vacuum pi~niping spccd. If  50 m" 

~f ~:ryocondctiscr/cryosorbcr panels arc used, thc liclium prcssurfe at tlic pump, tlic ~nicrowave scrccll orifices 

and the wavcguitlc mouth arc listed in I-igurc 6. l'hc hcliilm prcssurc ofO.5 Pa at the wavcguidc tnoiith is too 

high. 'rhc high prcssurc drop along thc ducts is ;~ttributnblc tlic gas c~~tcring tlic viscoi~s ~.cgimr: bctwccn 

tllc orifices and thc wavcguidc ~nouth. In this ieginic, thc fourth-ordcr dcpcl:ilcncc of gas contlucti~ncc on 

thc ~ ~ ~ ~ c t i v c  diameter 'of the wavegitide ducts imposes il large pcnalty on r.lic lung a l~d  niIr!,uw lirwcr Iiybrid 
. . 

launching t;tr~.~ctul.c. ~lowc\;cr, no credit was takcn for gas pl~sgging by suprarhonni~l i~ilrticlc flow, which 

appc;u.s to bc tlic dolninnrit flow plicnon~cnon in thc abo\lclncl,tiol~~(l recent cxpcrimcnts i l l  linlitcr p~lrnping. 



I f  thc outcr two colunins of wavcguidcs arc rcplaccd by cmpty ducts, with appropriate tnpcrs from 

thc moutli of thc wavcguidc to tlic open scction, such that the mouth scgion is still an open-circuit passive 

resonalor, the gas conductance of tlie grill can bc greatly incrcascd. For tlic above cxamplc, tlic Iicliu~n 

prcssurc at tlic mouth of thc wavcguidc dccrcuscs to G x Pa, with tlic outer two wavcguidc columns 

rep1;lccil by p:~ssi\~c resonators. 

(6) Combined Limiter Pumping and Warm Coil Structure 

It has gcncrally bccn recognizcd that the \ l o l ~ ~ ~ i i ~  i~bo i~ t  tlie oi~tcr legs of tlic toroidal field coils is the 

most el'ficient for placc~nent of structure to support out-of-plane loads on tliosc coils. Of tlie most rccent 

gcncration of largc toka~naks, PL'I'. PIIX and:[)oublct 111 all utilize diagonal bracing in this vulumc ils intcgral . . 
pa1.t~ of t l~c  rorquc franics for their toroidal field magllct spstcms. Riccnt dcsign stildics by the EI'F Dcsign 

Ccnter. t~cportcd ac thc Suly Intcrim 13csign Review, rcportcd that supparti~ig thc coils tllrot~gh cryogenically 

;l~roadcd :;l;cr;~ pancls, c~;closcd within a largc common dcwai far t.hc ti)rciid;il SclJ coil syStCill, l ~ i l  to case 

tliick~lcss rcquircmcnts around ~ h c  outcr coil lcgs wliicli strctcliccl thc ma~~uf:;cturing capability of dorricstic 

stccl cotnpnnics :1ni1 dictated low operating stresses, bccai~sc of tile largc platc tIiicknct;ses.rcqi~ired. 

A rccent 1'F system structural srlpport study by l'racey (unpublisllcd wc.)rk by I\:lI'I' for tlic E.'l'E7 llcsign 

Centcr) indicated that a 150 MN load could could bc taken out to warm. stnlcturc through a column of G- 

10 pads.witli a heat leak of only 12.5 W. Convcrscly, tlic severe problcms cncountcrcd by thc 'PETII group in 

installing tlic last 'l'F coil sheur panel, in thc facc of acciunulatcd tolcra~ice errors could only be compounded 
, . 

by attcrnpting to pcrfosn~. t l~c  salne task within a cryogenic dcwar. 'Tlicrcforc, i t  may bc a good idca to &kc a 

f~.csh look at the ilsc of torquc frames or. more specifically, wnrm structure diagonal bracing, in tlic 'l'P outer 

Icg arca. 

.Even if thc rcfrigcration load docs not prccludc the i~sc  of warm shear pnncls or torque frames, it lias 

gcucrally bccn pcrcciucd tli:~t sllcar pancls on thc top and bottoni of tlic coils a~~c~prefcrrccl, bccause of the 

nccd to provide acccss for auxilirlry licating, diagnostics and sllicld and blanket rclnoval. I-lowcvci-, it lias 

always bccn rccognizcd that auxiliary licating structures would linvc tc! bc removed, bcforc bla~iket and sliield 

modules could bc rcmc;vcd. If thc auxiliary 1ic;lting and vacuum pi~nipilig support stri~ch~rcs wcre idcnti- 

cal with tlic warm torque I.r;lnic and coi~ld  bc asscml~lcd with simple, unweldcd conncctions, ll~crc would 
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bc a decrcasc in reactor cornplcxity, \vitliout an increi~sc in reactor assc~nbly/disassc~iibly time. A possiblc 

configuration of this nature is shown in Figures 7 and 8. 

'l'hc lo\4:cr hybrid wave grid is unique among auxiliary licatcrs, in th;~t it is able to contain a substantial 

amount of internal stnlcture. In Figure 7.  he horizontal shclvcs of tlie grid structurc are portrayed as being 

~nodcratcly tliick. Thc vertical scpta arc Inorc rcstrictcd. bccausc of tlic c k c t  OF i ~ i t c r \ ~ ~ ; ~ \ ~ c g t ~ i c l ~  spacing on the. 

spcctruln ol'thc Ii~irnchcd wave. Howcvcr, clcpcnding on thc dcgrcc of r i~ idu~ l l i~ ; r t i o~ l  of w a \ ~  ~)h;ising C ~ I L I S C ~  

by sc;~ttcring at tlic plasma cdgc, it niight bc i~nhai.rnfi~l to ovcrall coupling cllicicncy to Iiavc, for exaniplc, a 

thick vertical piccc in the center of thc grill. An internal Intticc S ~ I ' L I C ~ L I ~ C  is evcn less constrained in vacuum 

pu~iiping ducts that do not havc to tr:~nsmit rf power and coi~ld bctter optiniizc otlicr rcquircnicnts of strcngth 

\IS. \\icight and accessibility. 

For .ICI<F launelling structt~rcs, \\~hethcr thcy ii1.c antcnnac, coaxial ci~blcs or wavcguidcs, there c o u ~ d  not 

bc ;1i1!1 internal structure, but thcy could still liavc a strcngthcncd cnsc as ~ l i c  linch-pi11 of thc tliagoui~l briicing 

stri~ctu!.~. Sincc all rF s!!.LIc~~I!.~s i-!~!:! Y;icil!!ln pt.!rts V , J O L I I ~  rcquirc a modc~.atel!l tliii? gravita!io~icll support 

stnlctl.lre i~nd  a niodcr;~tely t1;ic.k ncutro~r shicld, t l~c  toi.quc-ci~rrying cnsc iiiight riot cvcn acld any adclicio~ial 

s t ~ c l  to tliat.;iIscady rc(1tiircd. [.'or cxa~iiplc, if a11 avcl;lgc ~ u n ~ l i n g  lonil of 10 XlI'N/in on t l ~ c  outside legs of the 

coil MICI.C ti~kcn oi!t across a n  8 In spa11 [I-10801, cntir-el!] tlirougl a warrn torquc structurc, and thc momcnt- 

frcc bcarns ;lboi~t the case wcrc limitctl to comp.rcssivc i ~ n d  tcnsilc stress of 150 hllPa, cilch of thc ciglit beams 

bctwccil n puir of coils would rcquirc i\ cmss-scrli13nnl area of 0.13 m2. If it is dcsircd to kccp tllc tliickncss 

of ,rl l  structural plates below 3 inchcs, tlie compression clcnicnts, which can not be fincly divided into rods 

or  ci~bles bcca~lsc of buckling, could bc c u ~ ~ s t n ~ c t c d  of tubcs or  I-bcan~s. For cxamplc, a 3 inch Lhick tube 

would rcquirc all inner di'i~nctcr of 10 inclics and an I-beam with tlircc equal ~ncmbcrs would rcquirc a length 

of 20 inches. 'The samplc'drawings, taken with EI:F dimensions, allow spacc for cithcr altcr~iarivc. Neither 

din~cnsion is as thick as the clia~actcristic thickness of an auxi1i:u.y shield, \vhicIi would be about 70 cnl or  30 

inches. 

(C) Cigarette Limiters for Higher Reliability 

Activcly coolcd first surfaccs liavc fi~~idnmc~iral limitations on thcir lifcti~ncs, bcc;lusc they havc an op- 

tirlium wall tliick~rcss for any ~n;~tcrial. I f  thc miltei~inl is too tliin, its life will bc li~iiitcd by sputtering and 
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arcing crosion. I f  it is too thick, it will be limited by therlnal stresses luid crack growth. Anothcr problem 

wit11 actively cooled first walls is [hat a single virtual leak of cvcn the most innocuous coolant, c.g. Ilclium, is 

sutiicicnt to require reactor shutdown for a substantial period of time. I'assivcly coolcd first sl~rfaccs liavc the 

disadvantages tliat they must tun very hot, perhaps enhancing sputtering losses, h a t  dcsign against thctlnal 

stresscs is vcry dificult. ilnd tliat rndiativc heat losses must ultimi~tcly be. transferred and rclnovcti to ac~iucly 

coolcd. ;~lbcit bettcr protcctccl. walls. 

liacliativcly cooled systems such as graphite iil.tnor over a fraction of the first wall surlhce havc bccn 

proposed for several conceptual dcsigns, including carly versions of E'I'F. 'l'liis concept Ilas tlic acl\lilntagc that 

:I single disruption or uni~bsorbcd ncutral bean will not destroy the continuous firs1 wall supporting the armor. 

For long lifc operation, it Iias tlic disadvantagc that only a small amount of erosion is pcrnlitted and [hat 

if, for exnniple. 3 out of 4 sides of thc \lncuilm \lessel arc protcctcd by nrnior, tlic radiative heat loild is all 

conccntratccl on the fo~lrth side. I\ radiativcly coolcd, cigarette liniitcr systcni that pcrmits a Iligh amount of 

crusicn, n low conccntration f:tlctor for rcmoval of r;~(!il!lt !le;!t and t!!c possi!)ility of gross failure uf several 

lilnitcrs ~\;itliout nccding to shut down thc systclrl is shown in I-igi~r~s 9 and 10. A simililr conccpt, involving 

small muslirocirn-sliapcd buttons, w:a 'rcccntly inclcpcndcntly proposcd for the Zcphyr cxperinlcnt [1<080]. 

'Thc liigll aspect ratio cigarette shape has advi~ritagcs over the sn~all musliroom shape for a rntlintivcly 

cooled system because of its higher erosion tolerance, its sitpcrior vicwing angle of coolcd surface and its 

Iligllcr radialing surface arcil. 'l'hc musliroom concept sharcs a possiblc Iligh dcgrcc of icdundancy and pcrmits 

ru~~ning  at lower temperatures tllrorlgh inore effective conduction cooling. If most of the vacuum vessel 

surfacc is covcrcd with cigarettes, the scrape-off distance should be very low, no more than onc poloidal 

gyroradius. ?'his permits a wry high amount of erosion, scvcral centimeters, before tlic linlitcr systcm must 

I)c i.cpl;~ccd. A unique advantage of the cigarette limiter concept is tliat it is partially self-correcting against 

conccntration oF tlie plasma heat load. Those cigarettes that liavc higlicr hcal !()ads will crodc niorc rapidly, 

until their heat loads havc bccn rcduccd to the Icvcl of those o f  thcir ncighbours. 

A calculation of the tip tcmpcri~turcs of 1.00 mm cigarette limiters of'molybclcnuln and A'TJ and pyrolytic 

grapliitc is shown in Figurc 1 I. 'I'hc vi~wing factor of far parts of the rcactor for radiatiic cooling is ass~~tncd to 

cqilal0.2, wliilc the viewing factor For tlic coolcd surface in tlic inimcdi;ltc vicinity of tlic bast of ~ l i c  cigarette 

is c:~lculntcd to cqml 



where II is tlic height of tlic cigarette and D is twicc tlic distancc between cigarettes. 'Tlic vicwing factors 

for radiati\c cooling are perhaps ovcrly conscrvati\~c. Ilowcvcr, thc curvcs indicate tliat radiative cooling is 

rcl,~li\/cly incfl-'ccti\lc, dcspitc tlic largc surfilcc arca of tlic cignrcttcs. l'lic curvcs also suggcst tliat conductive 

cooling sliould bc adcclilatc if tlic liciglit of the cigarettes wcrc rcduccd by n fcw centimeters. 

(D) Like-of-the-Reactor Control Rod Limiters 

IF-a li~niter rod. sucli,as tlic cigarctte lilniter, could be continuously fed into the plasma, it would have 

no tlicorclical lifcti~nc lilnit;itic,ns. 'This iVo11ld bc similar to the .mechanism used succcssfi~lly in cal.bon arc 

lamps for over a ccntury. 12 scrics o f  rods, driven in a mnnncr similar to control rods in a fission rcactor, might 

!>crrij:rr; thi:; fi~n!:tion. A !x.)ssihlc config~lratioti is sliow~i in F;igt~rc 12. In this figul'c, tlie rods s ~ ~ r r o a n d  a large, . 

rcc~a!igulirr wa\,cgnidc i~scd for I;~ul~cIiing ICRF wavcs iliro tlic plrrstna, such as tlic 2 ni u In wavcgi~ide 

rcco~~~imc~irlcd by General Electric at tlie E'fF Intcrini Ilcsign Itc\.ic.w. 'l'lie rods also knock particles into the 

wavcgiiidc, enhancing its pclmpilig spccd. 'l'lic rod lravcl is cffcctcd by a Iiydrat~lically Jrivcn pistoll, rcstrainetl 

by tlic spring forccs of a liollow, flexible shaft with a stationary end which is the. vacuum sea1 of tlic co~ltrol 

meclianism, An slsvasioli vicw of the system, as sccn from thc plasma. is sliown in Figure 13. 

'I'lic principal problcni in designing a life-of-the-reactor control rod limitcr will bc Ihc filial slecvc bearing 

bcforc thc lilnitcr rod critcrs thc scrape-off rcgion of tlic plaslua. This must maintain adcqiiatc contact for con- 

duction coding of tllc roc! tliroi~gli t l ~ c  water jackcts, wliilc not irnpcding thc travcl of thc rod, dcspitc ncutron 

and tlicrmal intluccd swcllillg. Onc possibility would bc t l ~ c  i ~ s c  of'coppcr mullilnms, as shown in Flgure 13. 

'I'hesc wcrc lifctcstcd by Westinglioi~sc (.ilnpublisIicd) in an cirrly stage of tlic 1'VTlt program for possiblc use 

in intc1.11al equilibrium ficld coil joints irnd survi\lcd 400,000 cycles without fnilurc, wliilc miiintnini~ig good 

clcctrical contact at tlic joint. Sincc copper can cndurc a liiglicr ncutron flt~cncc than stninlcss stccl before 

cmbritclcmcnt, the rnultilnnis slinlllrl rctain tJ1cir spri~lgincss for thc life of ~ h c  first wall. Phosphor bronze 

multilams migl!t bc used to prcvcnt loss ofspringincss ;it liiglicr tc~npcraturcs. 



(E) Evaluation of Limiters as RF Launchers 

None of tlic limitcr pump conccpts abovc should havc a signilkant ctrcct on thc cfficicncy of rf 

launching. 'Thc dipole antcnna lilnitcr is csscntially identical to tlic topology of a nonpumping antcnna. The 

Irsonant cavity antenna lnay bc har~nctl by tlic doi~blc lrhyer of liulcs through tlic armor and case, but is 

probably the Icast interesting of tlic four liniitcr-1a1.11lclicr cotiibinations. l'lic rccta~igulitr ICItF: c\zavcguide 

shoi~ltl bc ulialfcctcd by thc conrrol rod lilnitcrs. which could only support very liigh osdcr nlodcs of rf clcctric 

ficlds. O n l y  tlic lower hybrid wave vanes coultl conceivably Iiovc a significant clFcct of tlic slow-wavc vanes 011 

wavc-coilpling to ~ h c  plasma. O;I rcflcction, however, I do not expcct that cffcct to bc vcry high. One way to 

look at it, is that thcl-c is littlc rcason to cxpcct tlii~t additional viulcs \+~ould 1)c mosc liclpfi~l than itdditional 

wavcguidcs in clilnirlating itiiliclpfill I ~ ~ \ ~ I T ~ O I ; C S  in tlie wave spectrum. 'Thc Alcator A wavcgilidcs whcn at 

ihcis c!ptililu~n ri:clial position dcmot~stratcd only 13 % global rcflecti\~ity, with on!y ? wavcguidcs. Coupling 

cfficicnc): was a l n ~ ~ c h  srrongcr function of tlic plasma cdgc density grsdicnt than of anything clsc. In theory, 

CI::: car1 ;~I::'ily~ positioli.;~ wa:.cgi~idc ;it tl:t ~ I ~ I C C  uf  o p ~ i i ~ ~ l ~ l  dcii~ity g~ . i l i l i~~~t .  b ; ~ t  t l ; ~  coni!~iti;t(io~i cf a:liiglicr 

, . gradient o f  the dcnsity gluclicnt, cansccl by hcing in ~l?c lirnitcr sliaclow, along with some expcctctl differential 

crosion of h c  witvcgt~ide cxits in u rcactor, ~nakc it unclear wlicC\icr significant improvcrrrcnts in cfficiencv 

can bc acllicvcd \vich additional slow-wavc clcnlcnts. /\lso, thc largc rcactor posts will probably havc at Icast 

6 clcmcnts in a grill, so tlie launching spstcin will bc that ~nuch closcr to Ihc rhcorctical idcal pcrformancc 

.. .nf thc itifinire grill, withaut the aid of additional passive clcments. If the forthcoming PL'I' cxperimcnts with 

a 6 clement grill achicvc cfficiencics of greater than 90 % , the11 if slioi~ld not be possible to'achieve big 

improvcmcnts using a slow-wave liiniter. 

'i'hc crcct of p ~ ~ r n p i ~ ~ g  on lhc waveguide or rf cavity, liowcvcr, should bc beneficial. 71'licrc has bee11 some 

conSic;ion on this point, bccause sf diclcctrjc brcakdown Iias a pscssurc at which thc breakdown electric ficld 

.is. h minimum, so it is not always clcar at tirst sight wlicthcr nnc wants ii liiglicr 01' a lowcr vacuuln. I'l~is 

p=ssilnum prcssurc is certainly an cvacui~tccl statc, but it is not totally clcar whcthcr it will bc above or.bclow 

Ihc prcssurc in tlic wavcguiclcs if nothing active is donc to control that prcssurc. 13clow about 4 >< loe3 torr, 

brcakdr.)wn is clorninntctl by sccondiisy clcctron rcsonnncc: hl-c;~krlown, or mi.~ltipactor, i\;lultipi~ctor brcitkdown 
, . 

is indcpcndcnt ofgas prcssurc. Above 10 -2 torr, brcakdown is dominated by difri~sion-ionizi~tion ilvnlancllc, 

01. Pasclicn brcakdown. Pascllcn brcakdown is a strong filnclion of pscssitrc and has a pronouncctl clcctric 
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field minimum. 'rhc electric ficld breakdown values rncasurcd for thcse two rncclinnisrns in air at different 

pressures always turns out to be morc than idcqi~a tc  for tlic nccds of rf launching, e.g. 9 kV;cm for multi- 

pactor brcakdown at 1 GHz at low prcssurc. Unfortunatcly, rcal life waveguides fccding tokamaks llavc had 

M lower breakdown fields. l'hcsc wcrc presumably C ~ L I S C ~  by tlic secding of gas in thc limitcr by ions, pcrhaps 

by thc use of hydrogcn, instcad of air, and probably bdca~~sc  Iiigh \'SWRs duri~lg off-normal conditions 

caused clcctric ficlds in rhc wavcguidcs that wcrc considcr;~bly liig!icr t l i i ~ l i  tlic rioniinal valucs. 'I'hc Alcator 

A wiivcguidcs have acliicvcd powcr densities of 4.5 kw/cm2 with thc rf window0l)chi~id the t:CI<I-' surface 

[SC81]. On shots with global rcflcctivities of 0.3 or liiglicr, brcakdown was obser\icd at 4.5 kw/cm2. With 

thc two windows 2 inches removed from thc plasma cdge arid tlic ECI1F surfacc prcssurizcd. an arc occurcd 

during n plasrnn disruption at a transrni~ted POWCI. dcnsity of 4.5 kw/cm2 and onc window was clamaged . 

by tlic migration of braze matcrial. [I p;)stmortcm lit Varian indicittcd no rrncki~lg or sput~crilrg onto the 

windo\\( surface. Since tliat t i~nc  tlic ~ ~ n d a ~ n a g c d  win.cIo~~ 1i;is tr;~nsniittcd 8 kN'/cm2 ~\~i t l i  no I)rcilkdown and 

tlic danlagcd window h;is I>ccli sircccssfirlly rcrurnecl to servicc at 4 kw/cm2. 'l'hc. Alcator- c;il)crimcnts indicate 

some superiority for operating witli ~ l l c  ECI11.;' surfacc prcss~~rizc~il. I-lo~vcvcr, tlic ab:;cncc ol'sl)r.lttc~.cd particle 

ilcposition in thc Alcator A window docs not pl.oile [hut window fogging will not occur in commcrcial.rcactors 

with i~itcgratcd particlc flucnccs tliat arc at  least 10" times as grcat ;IS ttiosc in  the :Aicator cxpcrirncnt. For 

cxamplc, assume that a skin depth of iron would render a window opaque. If thc coating is fcrror~iagnctic, 

this co~lld he as liltlc as ,001 prn at 1 GMr, coiiesponditig to orlly 10 monolayen. In 10,000 liours or 1 ycar of 

operation, this would be deposited by a partial prcssure of iron at the window of only lo-'' Pa, whicli could 

only bc achieved by rcnioving tlic window from the vicinity of the plasma. 

Ohkubo [01.I77] has rcportcd tlic most realistic tcsts on a simulation of rf brcakdown in a wavcguitle 

with a window'that I havc discover-cd, ilicluding tcsts on brcakdown at about QUO k11-Iz in a I.csonallt cavity, 

with and witlioi~t a ccramic platc, with and witliout ion sccding by an ionization gaugc, ovcr a broiid rangc 

of pressures. Unfortunatcly, I bclicvc Lliat thcrc arc at lcast onc, possibly t,wo, typogriipllicnl.crrors at critical 

points in tlic papcr, so I am not surc that I havc corrcclly i~itcrprctcd the rcsults, nor havc I bccn ablc to find 

anyonc in tlic Unitcd Sra~cs who who is familiar will1 tllis cxpcritncnt. F[owcvcr, my intcrprctation of the 

rcsults arc Lh'lt brcakdo~vn i t 1  sccdcd gas is csscnti,llly constant frorii thc h~glicst vaci!um to 4 X lorr, 

and that tlic lowcst rcportcd brciikclo\vri liclil ilcross a ccrnmic is 2.2 kV/cm. 'l'lic /\lcator A brcakdown at 4.5 



kw/cm2 with the window bcliind the ECIW layer correspo~ids to a ficld of 3 kV/cm. 'I'herc appears to be a 

deterioration of the I~reakdown ficld in Olikubo's results at the transition to mcdium vacuum (w 10-%.err): 

A.ly interpretation of all this is tliat tlie tokamak experimental cviclence provcs nothing citlicr way about 

the favored prcssurc rangc. especially siricc 4 kw/cm2 is morc tlian adcquatc for plasma hcating. I-lowever, 

basic principles indicate tliat it is I~ettcr to opcratc in tlie secondary clcctron brei~kd~wli  rarigc, wliicli is 

insensitive to irtr:bicnt pressurc allti sliows'ndcquatc bcliaviour ill both laboratory expcrirncnts and tokalnak 

hcating expcrirncnts, rirtlrcr tlian to bc in tlie avalanclic breakdown range, wlicre Mur-pliy's law dictates that 

tlie window will always bc at thc ficld minimum of the I'aschen curve. Furthcrmorc, if the vacuum pump is 

pl;rcetl bct\occn tlic plasma and the window, it should be very easy to ensure rliat rlre window will be in the 

secondary clcctron breakdown range, while it will be difficult to dcsiglr to a dcsircd pressure at tlie window, if 

tlic pumping duct is in a co~nplctely scp;lrate 'am1 of the torus. 

(F) Evsluatior, cf EF Guides as Pum;)s 

.'l'he vncl.r1.lrn ~ n n i p i n g  sj~ccd of sonlc of thc IZF guidcs is limited by their other rcquircmcnts. 'I'hc lowcr 

Iiybrid wavc grills and the slrallow and lcaky plena behind tlic cigarette pumps appear.to bc particulirrly 

limitcrl in tlicir ptrrnpi~~g spccd. 'l'lie other concepts :we riot part i~t~l i~rly litnitcd in spccd, and the dipole an- 

tcnnn pilrnp in particular s l i o~~ ld  have the same characteristics as tlie S'I'ARI:II<E design. 'l'hcre is a11 optimum 

pumping spccd for thc acliicvcmcnt of a tokaniak tnissinn and ;.In optimiun particle capture probability at the 

interface betwec~i the pump illid plasma. High spccd is desired to ncliicve low ash build up during pt~lses 

and fast pump dowri bctwccn pulses.' Low spccd is dcsire? to ncliicve liigli fractional burnup, low tritium 

invcntory arrd low fircling costs. Until tlic boundary conditions at tlic plasma-limiter-pump are considerably 

bct.ter understood than cllcy are todi~y, it is not clear which of tlie abovc concepts is sitperior from tlic point of  . 

view ot'puml)ing speed. t-lowcvcr, si)rne.lirrriL~L.ior~s call bc Jcgi~ccd, or1 wl.licli I will colnrncnt. 

A very sirnplcmindcd argi~tnclit can bc "lade, i f  thc vaciluln ports arc tlie only significant' liolcs in thc 

wall, as may the bc case with a common licnting and evacuation systcm, [lint almost any pl~rsrna-pump inter- 

fdce wil! have a11 :~dcqil;\tc p i~r t ic l~  cap t1.11-CI prohahili t,y. 'I'oday, in 1'11X. i l o t r i ~ l ~ t  I I I iu~d ISX-13 scrccning 

f t ~ t o r s  for both lipdrogcn and impi~ritics on the ordcr oF 10 1i;rl~c bccn I-cportcd. Sincc scrccning is prin~arily 

a f~rnction orily of tlic integral of density with respect to din'i~sion length, it is certainly likcly that scrcorririg 
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at lcast this good will also bc achicvcd i l l  reactor grndc plasmas. If tlic alpha creation time of a rcactor- 

gradc pli~slna is 50 times tlic particlc confincmcnt timc and tlic holcs in tlic wall covcr 1 % of thc vacuum 

vesscl surfacc, and the scrccnilig cffcctivelicss of tlic plasrna is 10, tlicn.tlic probability of a particlc lcaving 

thc j)lasma rccntcring would bc 0.9 and tlic stcady-state Iiclium conccntrarion of tlic plnsmii woilld be 20 % . 

This is approximately thc idcal compro~nisc Iiclium conccntration. 'I'lic ;ibove nrgumcnt suggcsts tlliit it is not 

obviously iliipossihlc that adcqiintc ash rcmuvnl can bc i~cliic\:cd witholtt. any cnlianccmcnt of tlic probability 

of ii  particlc cutcring thc pilmping sysrcm, such as is cffcclcd by divcrtol's or limitcr pumps. 'l'li~ls, it is uaclcar 

wlictlicr onc wants a Iiiglicr speed SYS~CITI ,  S L I C ~  ;IS the S~liivcll S I ~ O V C I  antenna or a lowcr specd system, such as 

tile S I O W - M ~ ~ V C  liniiter. 

II'liclii~m LISII rcnioval..spccd is cnhanccd during burn by plaslna plugging ilicn tlic 1nost.lilniting factor 

on pumping spccd bccomcs gas pampdown betwccn pulscs, particul;u.ly of Ilclium, Since plasma initiation 

is typically n l  a dcnsity of aboi11 1/10 thc tlcnsity dur.ing burn, 1 woillcl think t h t  the Iiclium conccntration 

s!iould bc rccluc4d by at least a factor of 10. and rJiat this must bc consiclcred a lowcr bound 011 thc rcquired 

p u ~ ~ ~ p i n g  spced, sincc otlicr gas spccics will. bc prcscnt. If 20 scconds is allortcd to pump clown a 250 1n3 

vi~lumc ir, 20 scconds, t'icn a pumping specd of 

or JO "7"s is rcquircd. 'This is no problcm for the cryop;~ncls; the 1ill-g~ ducts co~lnectcd to thcm or the 

largc ducts associated with the resonant-cavity box. dic dipole nntcnva limitcr, the unblocked pilliiping ducts 

associi~tcd with Llic cigarette limitcr plumps or thc ICRF rectangular wa\:cguidc. However, it is a very sevcrc 

problcni for the lowcr hybrid wa\lcguide grills tind it can bc nontl.ivial for the microwave scrccns, .as calculated 

(6) Col~ciusions 

e 'l'he clcvcr idca of making Lhc rf launclicr and thc lilnitcr pump common probably adds nothing 

significantly worthwliilc to thc pcrforrnat~ce of citllsr tlic lnuncllcr or thc pump, wliilc i~dding solnc constraints 

to both. 

o I-lowcvcr, tlic banal idca of making tlic rf guide and tlic vaciruln p~.rrllpirig duct comlnon appears to 



have many important benefits, including more space for the blanket, better personnel and magnet shiclding, 

higher rf breakdown ficld and si~npler pump dcsign. 

0 Using rf heating and making heating and pumpit~g ducts common also allows a partial returt! to a warm 

struct~trc torque frame, significantly easing rlic TF magnet systenl structural dcsign. 

The use of long or rencwablc lilnitcr clemcnts may allow reactor operation with high integrated erosion 

rates. 
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FIGURE 1 
CAVITY-APERTURE ANTENNA, PUMP AND LIMITER 
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FIGURF.2 
A FARADAY-CAGE LIMITER, DIPOLE ANTENNA AND A GROUND PLANE PUMP 



' F I G U R E  3 
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FIGURE 4 
A POSSIBLE LOWER HYBRID WAVE LAUNCHING 
G R I L L  STRUCTURE AND COOLING CHANNELS 
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F I G U R E  5 
A LOWER H Y B R I D  WAVE G R I L L  VACUUM PUMPING SYSTEM 



Figure 6 
Speed of Lower I-Iybrid Limiter Pump - FED 

* All active waveguides - 810 x 13.5 crn x 6.74 cm 

Helium pressure at pumps - 3 x 10 * *  -4 Pa 

Helium pressure at orifices - 4.5 x 10 * *  -4 Pa 

Helium pressure at waveguide exit - 0.5 Pa 

* 2 passive waveguides -each side 

- immediate taper to large plena 

- only 6 x 10 * *  -3 Pa at waveguide exit 



FIGURE 7 
ELEVATION VIEW OF A LOWER HYBRID WAVE LAUNCHING G R I L L  VACUUM PUMP 
L A T T I C E  FRAMEWORK SUPPORTED B Y  A NEUTRON S H I  EU) PINNED DIAGONAL 
BRACING STRUCTURE FOR 3UT-OF-PLANE FORCES ON TWO TOROIDAL F I E U )  C O I L S  



FIGURE 8 
PLAN VIEW OF A LOWER HYBRID LAUIdCHING, VACUUM PUMPING., . 
NEUTRON SHIELDING, OUT-OF-PLANE FORCE SUPPORT STRUCTURE 



FIGURE 9 
CIGARETTE LIMITER-PUMP 
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FIGURE '10 
A PACK OF CIGARETTE LIMITER-.PUMPS 



Temperature of 100mm Cigarette Tip 

FIGURE 11 
HOT-SPOT TEMPERATURE OF CIGARETTE T I P  (C) 
VS.  HEAT LOADING ON TIP ( M W / M ~ )  
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FIGURE 12 
LIFE-OF-THE-REACTOR CONTROL ROD LIMITERS. 
SURROUND I NG A RECTANGlliJ.? I CSF WAVEGU IDE 
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FIGURE 13 
ELEVATION VIEWS OF SUPPORT AND 
COOLING . . .OF CONTROL ROD LIMITERS 
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