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ABSTRACT 

Computational models have b e e i-onatruct pd :'or the Pr ince ton Large Torus 
.-LT), t he Poloidal Diver to r iAit-rrimeut. 'PDX), and the Tokamak Fusion Test 

• rac tor (TFTR). These models have- o—-a . al inr.it -a by •jomparison wi th c u r r e n t 
xperiments and used to p r e d : : - . lana parante;era and d e l i n e a t e favourab le 

r.odes of o p e r a t i o n for fu ture .'X". ' i i t -nut . Tlie r.odels for PLT emphasize 
plasma t r a n s p o r t and n e u t r a l :••'.- id.uv r • • •-, r-.--.itng. Th- models for PDX 
•=:nphasize t h e c a p a b i l i t y of d iver- tar :'.-r imiy-irny and recyc l ing c o n t r o l in 
in tense neu t ra l -beam-hea ted tokamakp . as wel l as op t imiza t i on of the KHD 
p r o p e r t i e s of d ive r to r - equ ipped toka-naks. The TFTP c a l c u l a t i o n s s t r e s s t he 
fusion a s p e c t s of a l a r g e , c i r c u l a r c r o s s - s e c t i c n D-T tokaraak wi th i n t e n s e 
n e u t r a l beam i n j e c t i o n . 

The c a l c u l a t i o n s i n d i c a t e t h a t tin; h ighes t neu t ron y i e l d s on PDX and PLT 
w i l l be ob ta ined by c o - and c o u n t e r - i n j e c t i o n of deuterium beams I n t o a 
d i scha rge whose dens i ty i s kept low by reduc ing the plasma r e c y c l i n g by 
g e t t e r i n g o r a d i v e r t o r . The h ighes t ion t empe ra tu r e s can a l so be ob ta ined by 
i n j e c t i o n i n t o low dens i ty p lasmas . High d e n s i t y plasmas have h i g h e r n x E ' s , 
but a r e c o l d e r , and have lower neutron y i e l d s . For TFTR, the fus ion y i e l d can 
be maximized by a warm-electron, ho t - ion mode c h a r a c t e r i z e d by an i n t e r m e d i a t e 
plasma d e n s i t y (5 x 1 0 1 3 / c m 3 ) and high power i n j e c t i o n (32-15 MW). 
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from f'LT and ATC r e s u l t s . it. i a i n s e n s i t i v e t o i m p u r i t i e s in t h a t o n e an 
c o m p r e j s a f t e r o n l y a few h u n d r e d m i l l i s e c o n d s o f i n j e c t i o n i f i m p u r i t i e s 
b e g i n t o a c c u m u l a t e . The d i s a d v a n t a g e s a r e t h a t i t d o e s n o t t a U e f u l l 
a d v a n t a g e o f t h e p l a s m a c u r r e n t c a p a b i l i t i e s o r vacuum v e s s e l s i r e . Onlv 5i''.t 
o f t h e a l p h a s a r e c o r . f i n e d and t h e d i s c h a r g e h a s r e l a t i v e l y low n ' F ' a . 

r.iture. 

fcrT, a 2.5 MA discharge with a 85 era radius 
•J inject for one-half second. The alphas are well 

i, especially for the. Ions, are obtained, 
there is an appreciable fusion yield due to 

although the eloign", t contributions are still fro:n 
-.» backgr. un.i plasm:: (TCT reactions). The ion m E ' a 

are much greater than tne citotron m E ' s. Relying on TCT reactions limits 
ch- nu-l-.-ir power t.c a range r:-ar the injected power level. Thermal reactions 
ran raise the nuclear vie.,., but require increases in beta, (requiring more 

centered '-:! 
. ..•!• 1 ; i:»,i •' 

iX.-- to is,' 
the thermal 
')«a.i] i;n? • 

r,d mode is v, 
?. - 'Il8 ("71, 

h.'..;h icr t'•'" 
-T reaotio'i.-' 
a< tint: wi' r. 
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i n j e c t e d p o w e r ) , ,nd a r e more s e n s i t i v e t o r e d u o t : -i..i . r . t h e g r o s s c o n f i n e m e n t 

t ime. 

Tne r e l a t i v - *. 1 i o n c o n f i n e m e n t can b e e x p l - : ;*.r 1 i f t h e i n j e c t i o n 
power i s r a i s e , : „ 45 HW and t h e b e a n p u l s e i s e x t e n d e d t o one s e c o n d , a s i s 
p r o p o s e d f o r a TfTK u p g r a d e . F o r t h i s c a s e t h e i o n v .e r r .pera tures * r e v e r y 
h i g h ( 2 3 keV) and t h e e l e c t r o n s a r e e o n l e r ( 11* k e V ) . The inn n ; , . i s i , . . r or 
f i v e t i m e s g r e a t e r t h a n t h e e l e c t r o n m E , and mus t o f t r i e f u s i o n y i e i i s 
from t h e beam d r i v e n t h e r m a l D-T r e a c t i o n s , w i t h o n l y J raodoat ' .oraponpn'. f rom 
t n e T'T r e a c t i o n s . T h i s h o t - i o n , w a r m - e l e c t r o n mode? in which ' U P e l e c t r o n s 
and i o n s a r e o n l y l o o s e l y c o u p l e d can t o l e r a t e p o o r i / i - c t r o n e n e r g y 

o n f i n e n e n ' compared t o t h e i o n e n e r g y c o n f i n e m e n t . Ci*1. t.e 1--r^e f u s i o n y i e l d s 
;r>- c t t a i : . " . ! k ' . t i i -nodost n- ' s . S h o u l d t h e i o n con; ' i ' - ,w. , :nv 'v:.', ; n w t o s c a l e 

.... :• Lva l ly , -irid e l e c t r o n l o s s e s * c o n t i n u e t o be 1 a r g e i d':e t o i m p u r i t i e s 
i:, I anomalouy p r o c e s s e s ! , t h e h c t - i a n , w r u m - e l c c t r o r : ] L . K T I > i.- vi a i t r a c t i ve 
,.!.,' to make l a r g e f u s i o n p o w e r s . 

V. PDX DIViRTOri fttLC-lLATl-rV 

ft key e l e m e n t i n e s t i m a t i n g ; t h e e f f i c i e n c y o " -J • : . .-j.< :>;.•:' i':y c o n t r o l 
t e c h n i q u e s i< t h e deve lepmei : 1 o f a re-./, i s i . i " : .aa ' i . - • • ' ' .-. . •• . : L . i , , n o d p i . 
We r a v e d e v e l o p e d a s i m p l e mud e l t h a t s e ; f-conai.=.' ,;•..: •: ,• it-- • :.• p l a s m s 
i n t e r a c t i o n w i t h a l i r a i t e r o r w a l l . In t h i s l i m i t .1 i v e r \ o .- m o d e l , s i n k 
t e r m s , r e p r e s e n t i n g p a r t i c l e and e n e r g y Loss p a r a l l e l '•• •. f i e l d l i n o ? i n t . : t h e 
l i r r . i t e r o r d i v e r ' t o r , a r e a d d e d t o t h e o n e d i m e n s i o n a l r a d i a l t r a n s p o r t <::>.:o i n 
t h e : - c r a p e - o f f r e g i o n . For n e a r l y a l l tokamak p i i s n ..i ••->! i r d e r e s t , t h e 
s c r a p e - o f f p l a s m a i s c o l l i s i o n s ! a n d an i on soun. i -.:.>..:•., -. s a p p . - o p r i a t ' ? f o r 
. - ' r a i l s ! m a s s f l o w . At h i g h e l e c t r o n d e n s i t i e s k s e v e - ' a l ' " ' . :-.z ' , t.'ifi 
• e u t r a l h y d r o g e n d e n s i t y i s s u f f i c i e n t l y h i g h i n tin? a c r a p e - o : ' " r e g i o n t o 
'(•art a "Charge-exchange d r a g t h a t r e d u c e s t h a ™as;i f l o w . Ir; . i i h t i o n , we 

••is-sii" t h a t a c l a s s i c a l 3 h e a t h e x i s t s a t a n o n - e m i t t ! uf neui . r-a 1 i r.er o r I n c i t e r 
p l a 1 " " . With t h e s e a s s u m p t i o n s , tr e a p p r o p r i i t e a i r .k '••;''.;.; f-.r f.vdrok-en 
;_la;~oi i n t h e d e n s i t y , e l e c t r o n e n e r g y ,.,nd ion e n ^ r i / v a..yaa v.." >rv: 

;-.. "= -v , . n / 1 < 1 + ! . . /•! v c j 

S - - ' i . S k! S,. 
i' e :. 

S. - -1 ' . 0 k T S i L N 

where v' s * I k t t ' j + T e ) / m ] ' - ! , vL, = » . , - , . s v . 
n 0 i s t h e n e u t r a l d e n s i t y , o c x i s t h e c h a r g e - e x c h a n g e c r o s s s e c t i o n , v^ i s t h e 
i o n v e l o c i t y and 2L i s t h e len>; t i . o f a f i e l d l i n e b e t w e e n t h e l i m i t e r s or 
d i v e r t o r s . 

The v a l i d i t y o f t h i s e d g e mode l was t e s t e d by c o m p a r i n g c a l c u l a t i o n s w i t h 
m e a s u r e m e n t s o f t h e e d g e r e g i o n , o f ALCATOR f o r f o r a 2 = i d i s c h a r g e w h e r e B = 
55 kG, 1 = 270 IcA, n £ = 3 . 5 x 1 0 1 4 / c m J , T , ( 0 ) = T e ( 0 ) = 800 eV, t h e e d g e 
p a r a m e t e r s were found t o b e n > = < 5 x < 0 ' 1 3 / e r a , T , ( a ) ~ 10 eV and t h e d e n s i t y 
f a l l - o f f d i s t a n c e was 1 cm. '' 

t The t r a n s p o r t c a l c u l a t i o n s w i t h \ e - 7 x 1 0 1 7 / n c u r / s e e , D= 2 x 1 0 J ? n 
c m - / 3 e c and L 3 180 cm g a v e T e C a ) = 30 eV, T t U ) = l o eV, n e ( a ) r. H x l 0 n / c m 3 

which i s r e a s o n a b l e a g r e e m e n t f o r an i n i t i a l c o m p a r i s o n . The h i B h e r e d g e 
t e m p e r a t u r e i n t h e c a l c u l a t i o n r e l a t i v e t o t h e m e a s u r e m e n t may be due t o : n o t 
e x t e n t * i n g t h e p r o b e a l l t h e way t o the. l i m i t e r e d g e , r e s i d u a l i m p u r i t y 
r a d i a t i o n a t t h e e d g e o r l i m i t a t i o n s o f t h e m o d e l . The c o m p u t e d e d g e 
t r d e n a t u r e s can b e Drought i n t o a g r e e m e n t w i t h t h e m e a s u r e m e n t s by i n c r e a s i n g 



' he thermal t r ^ i ^ v t oasr f in ien t in the f: r-j-ion n?3" the plasma su-faa.-

The elct" p:.TTn>--:.--o • ••" a Z-, ' r ;,:<: pia.v. a = ^ t ,..,••., : i - 130 cm, 
KA. and B.. - . •:• KL wf-rr n n ; , ; • •<•.'. UH '.':." h . .; T.cael for the oa3e 01" '• ".-
perpendioula- I i p e d h r . 0:' hydrogen, .v-.™r- 1 a- • a. bydrocer piiarta ;Figu' -
<it low e lec t ron densii- ica, the edge e leetro:'. .emprratutf- i s r e l a t ive ly !..-> 
MJO eVi and would pra.-'arp sheath drop "or escaping nt np of 'if'O eV .-a 
..•ould .'aus^ s i g n i f i c a n t spu t te r ing c r '.••:• .l:.ve;rtor r.r U n i t e : ' p l a t e . ^ '• 
d e n s i t i e s , the edge temperature of elBi ' ' r . i ra and ions i s 2C el, ir. •„•: 
vise sp-.:t f - i n i ; should he s tRni f ican t lv '•'•J-'-.ed. 

•" ' ' ; • • • • - . .ir-T.-.'-Lt trie b.T.kgro.jnd p lasm ' tit c ras t ion in pi,. '. •. • 
aarapeott rv-^-v r . . T.-ra " ;i- m.'dei ha? boor, used "o a::-.:-.'-.' 
.:"pur 1 tyt exyc-a .- "-a — :rannpci't in the region, onoo aR-ii" ' •'. ; -
a a'apoofi rosier. • ' , • " . • J... > r- • nK r erro a.ar".?apo::n_ ag t-n a :'jou> • • 
• " " ! : ; ' i 'TIP ' " " • ' ' h a ',-ii ••.![•.•' s p e e d . The t r a n s p o r t 'qua ' , -an -' . T • 
1 an : ̂  >' • o a:. .. t-- - ' - : n a 1,.a 'a:*.; ; a r ; : z.a'. < •",:, r e comb ' r v " a r , a a ',; <~ '" ; 
I ' / ' t ~ r e ' ' - ar.a : • ' a p o r t i n ! i I'. ' • '.'a a ' , r..x. a ; r ' r ii. ; : •--' 

r ' ^ '1 .a- ' ' "* " -" •*> ' . V o o . i r : : : y h : a a a r i - 1' ao 11 i ^ i a n o b e t w e e n *:' ••- ' • -
LOrr.:- 1". i'-r, . - . - . ' " ? . ••• .->• .... •• ,,- o r ?;-d .-,!'.-••• " i f : t h p b a o k g r o , ; ;. 1 ;." 
"he .ae M I ;'. .- ; -.-. . ; , . . . .,,:--. po- 'oun t fchi'1 ; i l s t , v 0 0 ! l i a i e n . V . i t y •••••-':. 
' V : ^ a ' k t r . ' ,r . a sir 1 . o •• " : : : \ : r i *" ' ^ 1. TVi-"1 aaoi:1 ^1 ^ij:j d i f f u s i •• • •'•:':' 
. ^ i a r : i:a- : * r : 'i:v, ' . . t> r ' De . ^onstar.i. A.3 shown ir: Ki.f.;-:r̂  •' 
'.'•'• "'anietet's t v,' : :: > l ..:.'" an 31 jr. .to a l ly ^rate^. t'l.T diooharge, thu t a r t 
: v pi a ramrr,: ' tTiO iCctal impurity densi ty / ne i t ra l impurity in! rax requiro. 
maintain a auasi-3te.ady s t a to i i s f i n i t e though r e l a t i v e l y small In .?o:*-pv-
witVi oxper'l^ia::h ^ •. r.va'au.-^rarr-.^a. the inclusion of anomalous trinapopt •••:•-' 
in a conaideraoJ" deoresae in tha reavcl ing time, which i s al.ac a :;• 
function of '..to -••dje density Air. temperature p r o f i l e for t:h" t ' 
oarametera. t':.at'i , 'y f; ooclif.M.n?; '..iar- edge parameters i t npnea'"7-
oosa ib le to suhstar-.tially a l ter ' the recycling time, which jiay to o 
important for the ?ui :.«•:• 'hi aporatinn of a d ive r to r . 

VI. FDX MH.l "At.' 'JI.ATION.̂  

Cavf-to"' "• ir;tlt:ar',-. t i ,.;n posseas d i f f e ren t MUD equi l ibr'ium and rtabL 
pronarti'.'.s compared •.•ita •.nnventional c i r cu la r tokaraak--' . To ii»h'r:r."» i f 
;rar',3port credic t ions '.:".' o i s i a t o n t with o.̂ r underut anding of -n.'.-al 
a t a b i i i t y , we have ca r r i ed out a study using tno a t a h i l i t y code PE1"! 
plasma parametei-3 appropr ia te to PDX and possible upgrades. 

a; The idea l MHD model used employs qu i t e f l a t cur rent prof i le : ' conals ' 
with our expec ta t ion that sh ie ld ing impurity inflow wi l l f-eduae the. exte-- '-
the low temperature r ea iu t i ve region around the plasma edge. Tra 
plasma-vacuum i n t e r f a c e i s taken to l i e .lust within the ideal "MHD aei a r a t r i i : 
su r face , and q a t the l im i t e r i s taken to be small ( -2.5 to .?. 7 ^ th"-. 
avoiding the computational d i f f i c u l t i e s associa ted with aeparaVioea, The 
r e s u l t s of these s t ud io s are cons i s t ant with the mere g-no.ral param-tei-
aurveys of Frieraan, et a l . f*1!. and indica te that •• i" of 5% may be s t a b l e 
in the PDX d e v i c . uirpe e longat ion (h/a 2), s n a i l aspect r a t i o and 
' r i anguLar l t v a l l ir,:.r"v,so the possible ' i ' -values approximately n" 

!a/Rq 2 ]Nr' 'a"i ! ' - ; - Free boundary(n=') modê - general ly set the lower 
l imi t within the i-ieal MaD .nedel. Since t' .." modes c l ea r l y depend stronp.ly 
an the cur ren t p r o f i l o near th. edge of tn* piasma, one might hope that 
i i v e r t o r con t ro l mav u.l.w expt -lmsr. ta l t-'udy of t h i s aspect of MHD theory. 



Thus the magnetic f i e ld c o n f i g u r a t i o n to achieve maximum ' "^ can be 
opt imized with a ootv.-ination of e l o n g a t i o n and i n t r o d u c t i o n of a d i v e r t o r . An 
example of t h e s - ••-1 • du ra t ions i s shown in Figure •'? where the usuage of 
a v a i l a b l e a rea • n-n a given t o r o i d a l c o i l c r o s s - s e c t i o n was maximized w i t h a 
s i n g l e - n u l l d ive r to:-. In t h i s c o n f i g u r a t i o n , the reQui red d i v e r t o r c u r r e n t i s 
about 60$ of the plasma c u r r e n t . 

VII. KIGH-Z IMPURITY RADIATION 

Our previous c a l c u l a t i o n s [4) have shown t h a t r a d i a t i o n f<-om a >ch m e t a l s 
a s tungsten can be an important energy Loss for tokamaks. ' t has been found 
t h . n in PLT ,M feritnents. 113] t h a t t he p resence of t u n g s t e n in the form of 
':ia:.!.-"5 i n h i b i t s plaaraa hea t ing by n e u t r a l beams. Our p rev ious c a l c u l a t i o n s 
uasd an "average ion" model. We have improved upon the model by us ing t h e 
a arte p r e s c r i p t i o n s for the atomic p roces se s as before l^i to cons t ruc t a code 
t o c a l c u l a t e the r a t e s (rucoirb in a? icn, n i z a t i o n , and e x c i t a t i o n ) fo r 
i n d i v i d u a l ion ic s p e o i e s l e , g . He - - , e t c . ) . In a d d i t i o n , we have inc luded 
d i e l e c t r o n i o recombinat ion ue t o inner s h e l l e x c i t a t i o n s which had been 
n e g l e c t e d . The co rona l equ i l ib r ium r e s u l t s for the r n i i a t i v c r a t e s a r e very 
Him " ' l iar i > the prev ious r e s u l t s , wit!-, i he u . i d i f fe r . - ,:e being tha t t h e r e i s 
now l e s s s t r u c t u r e in the r a d i a t i v e r a t e s nea r c losed v i e l l s due to a d d i t i o n a l 
d i e l e e t r o n i c recombinat ion near c losed s h e l l s (Figure 1 .V'. F igure I 1 shows t h e 
equ i l ib r ium ionic f r a c t i o n s as a func t ion of T . 
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Fig . 2 . BALDUR c a l c u l a t i o n of 1.4 MVJ H i n j e c t i o n i n t o D for PLT 
(B z = 32 KG, I = 480 KA, n ( t = 0) = 1 0 1 3

c n T 3 

conduct ion enhanced by f a c t o r of 2 . 
z

e j f - 3) w i t h the ien n e o c l a s s i c a l 
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Fig. 3 . BALDUR c a l c u l a t i o n s of ion heating on 1JLT (2 .0 MW of !> inn 

4 ) . The I 'xperiment.iUy 32 KG, 1 = 480 KA, n ( t = 0) = 10 U cm 3 
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determined temperature reaches 5.5 kcV, and saturates after 100 msec. 
('782250) 
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Fig. '». "ALDIJR calculation of the central electron temperature 
during injection for a 1.4 MV H • D PLT experiment (E = 32 KG, I = 480 KA, 
- 13 "> z 

n (t = 0) = 1 0 /c^' , ,'. e " 3 ) . The fast ion slowing down tine is about 3D 
nsec at the end o: trie b<:\i~; pnlse. 
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Fig. 5. The neutron yield, average ion energy, and nx for PDX with 
8 MW of 60 keV deuterium (equal co- and counter) injection into deuterium 
showing the effect of varying the central electron density. 
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Fig. 7. Edge parameters for a PDX plasma with 6 MW of hydrogen 
injection into hydrogen as a function of the l ine average electron density. 
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Fig. 8. Oxygen par t i c le recycling time as a function of anomalou. 
diffusion (D ) for different edge densi t ies and temperatures. 
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F ig , 9. Magnet ic c o n f i g u r a t i o n wi th asymmetric d i v e r t o r ( z , R in 



1 — i — r i i i 

O 

Present Results 

TUNGSTEN 
Corona! Equilibrium 
n e =IO i 4cnf 3 

10 
-19 

I I I, L I I I . 1 1 1—III. J l_ J I L.J...I 1 1 1 1 L_L 

.0! 10 1.0 
T e (keV) 

10. 100. 

7i « . i n . 
f o r tur.,;.<! > ••, f n 

• ,i t c r . v i i i t i v e rncer, a.̂ , a f-jnction of t er-.perature 
•>.v.-r.T;'C* inn -.-so4,el (.'''K'iQ) .-jn-.i prssfnr. r e s u l t s . 



(%) BONvaNnav s:-uo3ds 


