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Curren t expenmer . t s on ISX-B, .-.iCjtor 2, ? O v , and ?LT re
s p e c t i v e l y add res s the four a r e a s or p r i n c i p a l cancer - ir. the 
develop - a n t of a tokamak r e a c t o r : o p t i m i z a t i o n of M-:> 
s* : ah i i i t y a t h igh i - v a l u e s ; achievement of high n r - ,- p r e s e r 
ve t i e r , of plasma p u r i t y ; and deveiopmer.t of e f f e c t i v e t e c h 
n iques for a c h i e v i n g high plasma t e m p e r a t u r e s . Thr n s u t r a l -
beam-heated ZSy.-S i s t he f i r s t tokamak device t o have reached 
i-. £ * - l e v e l of approximate ly l\, t i .us e x p l o r i n g — or even 
c h a l l e n g i n g — the t h e o r e t i c a l MKD be t a l i m i t . P e l l e t fue l ing 
has a l s o been demonst ra ted s u c c e s s f u l l y . .- . looter 2, ir: i t= 
i n i t i a l h a l f - f i e l d o p e r a t i o n , has ob ta ined -.- va lues ex
ceeding 20 mcec and has found a modif ied e m p i r i c a l s e a : : - : 
p a t t e r n . The F c i o i d a i D i v e r t c r Experiment !?EX. - a s en t e r ed 
i n i t i a l " round-plasma" o p e r a t i o n a t c u r r e n t s up t o 501 '-J-.. 
low-cover i o n - c y c l o t r o n h e a t i n g on ?LT has giver, b u i k - i c n -
tempera tu re r i s e s up t o 63C eV and e n e r g e t i c e f f i c i e n c i e s ex
ceeding those of n e u t r a l - b e a m h e a t i n g . I n t e r a c t i v e e n e r g i s a 
t i o n of beam-i r . j ec ted ions has a l s o been demons t ra t ed . Some 
f u r t h e r in fo rma t ion on the phenomena accompanying -unidirec
t i o n a l t a n g e n t i a l neu t ra l -bea i r . i n j e c t i o n nas been o b t a i n e d . 
The Doublet I I I r e s u l t s a r e r e p o r t e d a t t h i s conference in a 
s e t a r a t e t a o e r [ 1 ] . 

I . THE I3X-3 DEVICE 

A schemat i c of t h e TSX-5 dev ice a t t he Oak Ridge Na t iona l Labora tory 
(ORNL) i s shown in F i g . 1. A more d e t a i l e d d i s c u s s i o n of r e c e n t experimen
t a l r e s u l t s i s be ing p r e s e n t e d a t t h i s conference i n Ref. 2. The nominal 
machine pa rame te r s a r e E = 93 cm, a - i r , = 27 cm, b L ^ _ = 52 cm, 5 - 1 IS kG, 
I , - 200 kA. Thus f a r , o p e r a t i o n has c o n c e n t r a t e d or. roundish r i a r m a s 
(b/'a - 1.1) a t l i m i t e r q - v a l u e s ir. t he range 2 . £ - 2 . 2 . Neutral-beam h e a t 
ing i s a p p l i e d through c o i n j e c t i c n a t 4C keV, and has r i s e n i n the course 
of t h e p a s t yea r to about 1 Miv of hydrogen (~wo head l ines ' ; . The o h r i c -
h e a t i n g power drops from about 200 kW before i n j e c t i o n to as l i t t l e as 6: 
kK dur ing i n j e c t i o n . The d i s c h a r g e d u r a t i o n i s of o r d e r 200 msec, with 
beam h e a t i n g app l i ed for 102 msec. 

•P re sen ted a t the 9th European Conference on Con t ro l l ed Fusion and Plasma 
P h y s i c s , Oxford, England, 17-21 September 1979. 
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?;;-ure 2. Central £-values obtair 
:y r.eutrai-bea.T, r.eati.-g in ISX-B. 
The contributions due to tne piasn 
Pressure i.-.d the beam-ion pressors 
ire l i s tmguished. 

"he central ;-values achieved at various bean-.-power levels and plasra 
t ies are shewn in Fig. 2. In the lower-density cases, an appreciable 
ion tz the cent ra l J-value i s seen to be contributed by the energetic 
ted '.ens, racher than by the bulk plasma. At higher plasma densicies 
: r space-averaged 3-vaiues, the pressure contribution of t-he energetic 

; * _ - : < ? : ) > : / 2 / 3 * 

.-.as 
goes 
none 
the 
expe 
and 
coss 

ieper.de.nca of the cuanti ty 2" = 3~;(p-))- ' ~/3* on beam power and 
icy i s ;howr. in Fig. 3. There is no evidence 01 sa tura t ion at the high-
power levels used thus far. Correspondingly, no de ter iora t ion of :? 
been observed a t the highest 3-values. The pat tern of MHD act iv i ty un.de 

sone rather marked changes during neutral-beam heating, but these phe-
M could well be caused by the injection process i t s e l f , ra ther than by 

evel. x.n pa r t i cu la r , since injection is unioirectior.ai , one woul i d 

ct plastia rota t ion (cf. Section IV) to sh i f t the MKD rsode frequencies, 
guite probably to drive new kinds of MHD modes. As one contemplates th 
i b i l i t i e s , i t becomes clear that the onset of the true ballooning mode 

£-iimit may be rather d i f f i cu l t to identify uniquely, unless some variat ion 
can be introduced in the plasma heating method. 
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a round plasma wit.-, ar, aspect ratio 
cf 4.5 the critical £* should be 
around 2%. In -.he near future, 

t 

•I . c when the injection power is raised 

Figure 2. Average beta, i 
= S - ^ p 1 ) } - / ' , ^ , in ISX-E 
versus beam oower. 

above 1.5 HW, a decisive demonstra
tion of the discrepancy — if i t is 
real — will be forthcoming. 

In the event thac the experi
mental tokamak S-iir.it in ISX-3 is 
found to exzeez. the predictions of 
the iceai MHD theory, some inter
esting questions will arise: Are 
fir.ite-gyrcradius effects signifi
cant? Do the beam-ions play a 
helpful role (possibly by helping 

to shape the pcloidal field)? Is a finite level of ballooning-mode activity 
compatible with adequate energy confinement? Perhaps the most interesting 
question cf ail is whether an upward revision of the theoretical f-limit 
would apply across the board, as a multiplicative factor, or would simply 
tend to bring the critical betas of round plasmas closer to those of spe
cially shaped plasmas. This question will be addressed in ISX-B — and 
later in PDX — when their capabilities for noncircular plasma shaping are 
utilized. 

A second new ISX-3 result of major reactor significance has beer, the 
demonstration cf plasma fueling by pellet injection (cf. Fig. 4). Hydrogen 
pellets of millimeter diameter, with velocities in the 10= cm/sec range have 
been injected successfully. In ohmic-heated plasmas [T_(0) S 0.7 keV] the 
pellets traverse most of the plasma and even reemerge. ~In neutrai-beam 
heated plasmas, the penetration is much shallower. In these experiments, 
the plasma density has been multiplied severalfold (up to An/n - 4) without 
disturbing the discharge appreciably or causing a substantial instantaneous 
loss of plasma energy. Many interesting details of the pellet ablation pro
cess are being obtained by means of holographic interferometry and 
shadowgraohv. 

http://strai-b.tfor--.-arc
http://S-iir.it


dur ing assembly . 

I I . ALCATOR C 

The remarkable accomplishments of the A l c a t o r A dev i ce [4] a t d ie 
• lassachuset ts I n s t i t u t e of Technology (MIT) have now begun t o be extended 
by the A l c a t o r C • (F ig . 5 ) , a l a r g e r dev ice of t he same type (R = 64 cm, 
a = 17 cm) w i t h a c a p a b i l i t y fo r 3 T = 120 kG and I n = 1.0 MA. Thus f a r , 
expe r imen ta l o p e r a t i o n has been l i m i t e d by the power"supply t o 3 T < 60 kG 
and Ip £ 500 :<A, b u t e x t e n s i o n of o p e r a t i o n s t o approx ima te ly 100 kG i s ex
pected to t ake p l a c e dur ing the nex t few months. 

The i n i t i a l e x p e r i m e n t a l r e s u l t s of A l c a t o r C w i l l be r e p o r t e d i n Ref. 
5. A p r e l i m i n a r y view of t h e plasma behav io r i s g iven i n F ig . 6 fo r a s e t 
of d i s cha rges a t the 400-kA l e v e l . The confinement t ime of about 20 msec 
a t R~a = 2.2 • 10 1 ! *cm - 3 r e p r e s e n t s a s imple s c a l e up , a c c o r d i n g to the 
a~-law, r e l a t i v e t o A l c a t o r A. The e l e c t r o n and ion t empe ra tu r e s a r e some
what h i g h e r than i n A l c a t o r A. A s u r p r i s i n g f e a t u r e of t he new r e s u l t s i s 
t h a t T=. does no t appear t o r i s e wi th i n c r e a s i n g d e n s i t y . 
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figure 6. Temperature and energy confinement for 
lalf-field operation in Alcator C. 

While a saturation of ~r with rising density has been observed in 
many previous tokamak experiments, notably in ISX, and has been interpreted 
in terms of neoclassical ion heat transport, the present Alcator numbers 
would seem to stretch this hypothesis. The Alcator croup regards the satu
ration phenomenon as perhaps arising from heavy-ion radiation or from a lack 
of optimization of the discharge conditions. Extensive new experimental in
formation from Alcator c will soon be forthcoming, with the introduction of 
boiometric scans and higher-current operation. Meanwhile, the reformulation 
of tokamak transport theory would clearly be premature. 

Princeton (Fie. 7) has been op-The Poloidal Divertor Experiment [6] 
erated initially as a tokamak with ordinary lirr.iters — made of titanium, 
like the rest cf the plasma environment in PDX. The PDX device has been 
testec up to its full ratings (B T = 25 kG, I = 500 kA). Typical operating 
parameters have been: R = 142 cm, a = 40 cm, B T = 20 kG, I = 360 kA. At 
n c 

= 2 - 1 0 cm - 3 

TE - 30 msec (cf. Fig. 8) 
PDX has obtained T e(0) = 1.4 keV, 7^(0) = 0 . 6 keV, and 

The effective r e s i s t i v i t y Z n i s seen to be quite close to unity. 
Specti oscopic LJid x-ray data are in fa i r ly good agreement with the r e s i s 
t i v i t y r e s u l t s . The main contributors to tne Z-enhancement appear to be 
oxygen and titanium. Bolometric measurements show tha t , for low-density 
regimes (n £ - 2 • 1 0 1 3 cm"3), about half the input power of 450 kW is radi
ated bv impuri t ies; the most important radia tor i s titanium. 

Operation with the ful l PDX divertor system i s scheduled to begin dur
ing the next month. Neutral-bean heating at 6 MW (a jo in t project of FFPL 
and 0KML; wi l l begin in early 1980, and wi l l put the efficacy of the poloidal 
diver tor conceot to i t s c r i t i c a l t e s t . 
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:cn t r - i over tr.e ^ a r 3 i _ ^ : vavo _er. i-cr.c 
o : -he e x c i t e d plasma ^.ccijj and may 
pe rmi t ihe h e a t i n g power -_o he de
p o s i t e d mere c e n t r a l l y . This mod i f i 
c a t i o n would he d e s i r a b l e , s i n c e the 
icr. t empera tu re p r o f i l e for s i .ng le -
c o i i h e a t i n g i s r a t h e r broad ' F i g . 3) 
and ;nay be r e s p o n s i b l e for the o b 
se rved enhancement of impur i ty i n f l u x 
dur ing r f -hea t i . ng — somewhat com
p a r a b l e to t h a t a s s o c i a t e d wi th 
r.e j t r a l - b e a n c o ' _ i t e r - i r . ; e c t l o n . The 
u s - of two coupled c o i l s w i l l a l s o 
al low the i npu t power to be r a i s e d ; 
15-MHz-pcwer l e v e l s in the 1-MW range 
are expec ted t o he reached durir.7 the 
co-minr: months . 

l-'igure 10. Empi r i ca l s c a l i n g of the 
i eu t e r ium .or. t empera tu re i n c r e a s e in 
?LT versus -C?_r power, normal ized by 
i e r . s i t y . Minor i ty h e a t i n g through 
rr~ ar.d -Ho* ions has been s t u d i e d . 
(FPL 796C21} 

u t i e r . a i coupl ing - t o p s , wmon v i . i 
r e g i n to be used, t h i = " a i l , wi th 43-
MHz rf power, thus a l lowing ihe s tudy 
of fundamental hydrogen m i n o r i t y h e a t 
ing in a 30-:<G f i e l d , or second-
barmonic h e a t i n g a t co r re spond ing ly 
lower f i e l d s ^ The u l t i m a t e ?LT capa
b i l i t y i s for 4 - o o i i , 43-MKo (or 55-
MHz) h e a t i n g in the multimegawact 
r a n g e . 

Minor i ty h e a t i n g by ICRF waves can be viewed as a V.ir.d of " i n t e r n a l " 
oeam h e a t i n g , which bea r s a f a i r l y c l o s e resemblance t o b e a m - i n ; a c t i o n h e a t 
i n g . The i n i t i a l ?LT r e s u l t s a r e h e l p i n c to e s t a b l i s h the ICRF approach as 
2 r e a l i s t i c a l t e r n a t e con tender for the achievement of i g n i t i o n i n l a r g e 
ne : ' . t -genera t ion tokamak. d e v i c e s , bu t the r e l a t i v e a t t r a c t i v e n e s s of IC5F 
h e a t i n g equipment w i l l depend on p r a c t i c a l d e t a i l s t h a t a r e s t i l l f a r from 
c l e a r . Some i s s u e s of s p e c i a l importance w i l l be the r e l a t i v e a b i l i t y of 
ICRF power to ach ieve good p e n e t r a t i o n in l a r g e , dense p lasmas , and the 
f e a s i b i l i t y of ICRF coup l ing s t r u c t u r e s t h a t a r e s u i t e d to the r e a c t o r en
v i ronment . In the l a t t e r c o n t e x t , the demons t ra t ion of e f f i c i e n t h i g h e r -
harmonic ( i . e . , h ighe r - f r equency) h e a t i n g w i l l be p a r t i c u l a r l y i m p o r t a n t . 

A number of exper iments have been c a r r i e d ou t on ?LT to s tudy the phe
nomena a s s o c i a t e d wi th s imul t aneous IC?F and n e u t r a l - b e a m h e a t i n g '3] a t 
comparable i n p u t powers (approximately 250 hv; each) . Genera l ly speaktr .g , 
the ion t empera tu re increments due to these two types of i npu t power a r e 
l i n e a r l y a d d i t i v e , b u t regimes t h a t a r e a s s o c i a t e d wi th s u b s t a n t i a l impur i ty 
e v o l u t i o n g ive r i s e to unfavorab le n o n l i n e a r e f f e c t s . An i n t e r a c t i v e phe
nomenon t h a t may have use fu l a p p l i c a t i o n s i s t he secondary e n e r g i z a t i o n of 
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.'.r.-l^ c . - c c : ::^.~r.z : r S . — c J : : : : : : ^ - _.. c..-- --- ?--- --• P^ - -~ s x ; ^ : : -
me.-.ts of ~ e s 3 . 11 and 1; « e r ; g e n e r a l l y very e n c o u r a g i n g , the c e n t r a l mys
t e r i e s of to>:a.-7.a>: t r a n s p o r t rev.a-r. ur.resr 1 ved. The apparen t ion. hea t con
d u c t i v i t y i s compat ib le v.-ith r i e o c i s s s i c i l : : ; e c r : , b u ; s i n c e the ion n e s t co 
auction, channel i s a r e l a t i v e l y minor f e a t u r e of the energy b a l a n c e , one ca 
no t exc lude an. a n o n i i t u ; erj-.ar.ceser.t up t o a f a c t o r of approximate ly 5 ir. 
the h i g h e s t - t e m p e r a t u r e c a s e s . The e f f e c t cf t r a p p e d - p a r t i c i e modes ir. ?L7 
i s c l e a r l y l e s s severe than had been a n t i c i p a t e d on the b a s i s of some sim
p l i f i e d q u a s i - l i n e a r t r a n s p o r t models , but t h e o n s e t of imports . -1 anomalous 
d i f f u s i o n l o s s e s a t c o l i i s i o n a i i t i e s somewhat below those of tr^e ?17 regime 
cannot be ru l ed out — ar)d i s even r a t h e r p r o b a b l e - F o r t u r . a f l y the decree 
of c o l i i s i o r . i e s s r . e s s r e q u i r e d ir. a c o n v e n t i o n a l tokamak ign i t ion , r e a c t c r 
nesd no t go beyond t h a t a l r e a d y achieved ir. P IT , bu t " h c t - i c n ig.-.it .cr." 
scnemes, fo r example, v«ill e n t e r an e n t i r e l y nev.' r eg ime . 

i.s r e g a r d s t he e l e c t r o n the rmal c o n d u c t i v i t y , f u r t h e r s t u d i e s tr. r~_~ 
have confirmed ~hr. o r i g i n a l impress ion '12] t h a t confinement in the c e n t r a l 
h i g h - t e m p e r a t u r e plasma r eg ion a c t u a l l y improves dur ing neu t ra l -beam dr iven 
e l e c t r o n - t e m p e r a t u r - e x c u r s i o n s . From these o b s e r v a t i o n s , one could cra;v 
the s imp ie r i nded conc lus ion t h a t T_ = s c a l e s up p r o p o r t i o n a t e l y with T = , 
ou t a number cf e t h e r i r . t e r o r - t a t i c n s a r e e q u a i i v r e a s o n a b l e . For exact i e , 



:.: -.".lie •;;. j - n t i a l c lues to one c e n t r a l p h y s i c a l t r a n s p o r t phe.ncmer. 
-.; : j f . e r l i k e l y . The e x p e c t a t i o n t h a t sorr.ethine impor tan t nay be 
- c c irorr. r o t a t i n g - p l a s m a s t u d i e s i s be ing he15htsr .ee by the r ecen t 
, which con t inue t o confound a t t e n o t s a t s i ™ i s e x p l a n a t i o n s . 
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p r o c i . e -i".cv.-n 
teri'uir. coinjec 

r i s i n c i ron '. 

was o b t a i n e d by mea 
a hydrogen plasma 01 
2 cm" 3 i u rmc: i n j e c t 

c h a r a c t e r i s t i c visccus-dampir . ' :umes ca j .cu .a tea 
f o rder 11-2C ms<;c — roughly comparable tc 
;r.f ir.eme.nt t imes , b u t very s h o r t compared •,. 
l .£ s e c ) , and so-ewhat s h o r t co-pared with 
-.arce--xchar.gs (40-2C3 i s s c i . 
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Tne n e u t r a i - o a n p i n g r.y-
p o t h e s i s could be l a i d to r e s t 
e n t i r e l y by measur ing the de
pendence of t he r o t a t i o n v e l o 
c i t y on plasma d e n s i t y . He-
can t l y , the au tho r s of Ref. 14 
have c a r r i e d ou t t h i s e x p e r i 
ment, and f ind t h a t the r o t a 
t i o n v e l o c i t y shows a moderate 
i n v e r s e dependence on d e n s i t y , 
w i t h the v iscous-damping time 
i n c r e a s i n g only mi ld ly a t t h e 
h i g h e r d e n s i t i e s (up to n~= 

= 5 • I D 1 3 c m - 3 ) where c h a r g e -
exchange becor.es n e g l i g i b l e , 
i t t h i s p o i n t , we a r e l e f t 
w i t h o u t ar.y known, mechanisms 
t h a t could e x p l a i n t he main 
da-T.cir.c e f f e c t . 

F igure 12. Toro ida l v e l o c i t y p r o f i l e i n 
?I_T dur ing unbalanced t a n g e n t i a l i n j e c 
t i o n of 1.5 MW from two c o i n j e c t o r s . 
;?PL 786234) 

Anctner sou rce 01 i n i o r -
mation about the piasma r o t a 
t i o n phenomenon i s the v a r i 
a t i o n of t he r e l a t i v e mass of 
i n j e c t e d and plasma i o n s . For 
example, one might expec t a 

D-beara i n j e c t e d i n t o an K-plas.ma to g ive s u b s t a n t i a l l y h i g h e r r o t a t i o n a l 
v e l o c i t i e s than the converse a r rangement . S u r p r i s i n g l y , t h i s mass e f f e c t 
has t u r n e d ou t t o be q u i t e weak; the l i t e r a l i n t e r p r e t a t i o n would be t h a t 
the hvdrogen plasma has h i g h e r v i s c o s i t y . 
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ri-".oe r : r . : T : ' i - ; e r : ^ : Lor.? are- rr.-rer -:.-:fiy :.'• scri.-ie ore we . i s ar.o cause 
. - > u : ; ; n r . : . 1.-. a d d i t i o n , r e c e n t PL7 e x p e n r . r . : : v.'itr arjor. ad.- iKtur t? hev 
c rev iced : :-"- - r .o ica t ior . t h a t ccur te r i r iecc i ;» . - . -ay a c t u a l l y r.romcc; the i ' -
"cestior. cf ed=e . r r u r i t i e s i r . tc the p i a s r . a . :-. c r i t i c a l : i ; i ? : i s : for the 
fu tu re i s v:: e t h e r i nha l ancec c o i r o - c c i c r i.-.t: :-,e:-:c-ce.",ereticr. tokansk plas.-as. 
should be u t i l i z e d ic T-rr.in.ice the i r p u r i t y proi ie : : . , or r u s t oc avoided ir.e-
t i o u i : u.= iy -:- t r u e r to ::rever:t re t a t i o . n - d r i v s r . i n s t a b i l i t i e s . In : r c ; e r t -
=£•• tokcut.ak dev ices , such as IEX-E arid PL7, uruoaianced c c ^ > c : i o r . i s c l e a r l y 
a d v a r t a c e t u s , but rr. t he absence of knowledge ccr.cerr.ir.-c the na tu re and 
s c a l i n c of -"it cc--.ar.ak piasr .a v i s c o s i t y . cne wor r i e s cr.st Icr .c-pulse i r . -eo-
-_;o- i r t : U r s t , hot tckanak r lasrr.as r.ay r e s u l t ir. d a r - e r c u s r o t a t i o n v e - c -
c i t i e s . ir. the b a s i s cf t he c l a s s i c a l t r a n s p o r t t h e o r y , t h e v e l o c i t i e s : :•:-
d i e t ed f c r -TTP could c l e a r l y becor-.e enormous, ever, when the unbalanced :..".— 
-•eccicr. i s cf t he r .ear- t e r p e r d i c u i ^ r , r a t h e r -.-,£:. ca-, = ~r.ti e l ktr.u. •!•;. oj.t-
o ther hand, i f the r o t a t i o n c a r p . - - ,-trre crr.t;n-J2? t o be cf the c r i e r cf the 
c ros i energy ocr.fir.erer.c t i n s , a:. :•:. VL7, Cher, eve- t a r p e n c i a l ccir. yeocio:. 
ruche wel l :. rs.-ser.t ar. a t t r a c t i v e r i s k . 

- s.nouic _rr.e t c tna.t-: trie --.'.-r:, A - c s t c r t , ^ _..•., snc .-
generous cczoriburioz:s cz r e c e n t exper imenta l da ta t c 
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