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Abstract: Neutral beam i n j e c t  ion extends the plasma parameter range (n e '  B ~ '  

q, T ~ )  i n  ORMAK over tha t  obtainable w i t h  ohmic heating alone. lmpuri t y  rad i -  

a t i on  a lso increases due t o  the added power, espec ia l l y  w i t h  counter in jec t ion.  

Impurity trapping of in jec ted beam neut ra ls  i s  observed, but the large t o ro i -  

dal  r o t a t i o n  ve loc i t i es  expected f o r  un id i rec t iona l  i n j e c t i o n  do not  occur. 

Introduct ion:  I n  add i t ion  t o  heat ing f u tu re  tokamak plasmas, massive neut ra l  

beam in j ec t i on  power may a lso permit attainment o f  higher plasma dens i t ies  

and higher to ro ida l  beta BT. Possible problems could be (1) large beam- 

induced to ro ida l  r o ta t i on  ve loc i  t i e s  o r  (2) increased impur i ty  in f lux  tha t  

leads t o  add i t iona 1 rad ia t ion  losses and prevents beam penetrat ion o f  the 

plasma. 

Extension o f  Plasma Density L imi t :  

As shown i n  Fig. 1, the densi ty l i m i t s  

for  ohmical ly heated plasmas i n  ORMAK 

(gas p u f f i n g  l i m i t  -1.6 times steady 

f i l l i n g  l i m i t )  and i n  o ther  tokamaks 

are propor t iona l  t o  BT/Ro [I], which 

i s  a measure o f  the cent ra l  current  

densi ty since q(0) 1. This suggests 

that  the maximum dens i t y  i s  propor- 

t i o n a l  t o  ohmic heating power. On 
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t h i s  basis, we might expect the com- B,/R~ (r/m) 
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b ina t ion  o f  neut ra l  beam i n j e c t i o n  -(as it01 o (o )  I M A / ~ ~ )  

an auxi 1 i a r y  power input)  and gas Figure 1 
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p u f f i n g  ( t o  p rov ide  an adequate p a r t i c l e  source) t o  Increase the a t t a i n a b l e  

I 
dens i ty .  I n  face, t h i s  does occur, as shown i n  F ig.  1 .  

I 

Extension o f  B and q  w i t h  I n j e c t i o n :  For the h ighes t  dens i ty  reached i n  
T  

ORMAK (a = 6  x 1013 ~ m - ~ )  w i t h  gas p u f f i n g  and 240 kW i n j e c t i o n  [q (a)  = 5 a t  

B~ 
= 25 k ~ ] ,  we o b t a i n  rE = 15 ms, BT(0) = 1.2%, and $ = 0.4%. S i m i l a r  values 

f o r  BT can be obta ined a t  lower q(a)  w i t h  i n j e c t i o n .  I n j e c t i o n  o f  340 kW 

permi ts  g ross l y  s t a b l e  and reproduc ib le  discharges w i t h  broad Te ( r )  p r o f i l e s  

and normal i n t e r n a l  MHD a c t i v i t y  a t  q(a)  down t o  2.6 ( B ~  = 10.4 kc ) ,  which i s  

n o t  poss ib le  w i thou t  i n j e c t i o n .  For t h i s  case n = 1.8 x 1013 ern-), ~ ~ ( 0 )  
e  

= 1.4%, and = 0:4%. Ca lcu la t i ons  and e q u i l i b r i u m  measurements i n d i c a t e  t h a t  

the s to red  f a s t - i o n  energy approximate ly  equals the b u l k  plasma energy. Thus 

we es t imate  t h e  t o t a l  (beam + plasma) BT values t o  be "3% peak and 2 1 %  average. 

E f f e c t  o f  I n j e c t i o n  on Impur i t i es :  Impur i ty  r a d i a t i o n  i s  increased by co in -  

j e c t i o n ,  buk o n l y  t o  the degree expected f o r  ohmical l y  heated discharges w i t h  

the same to , ta l  power i npu t  t o  e lec t rons  [2 ] .  The r a d i a t i o n  loss  i s  ~ 5 0 %  o f  

the  t o t a l  .electron..power input  both w i t h  and w i thou t  i n j e c t i o n .  F igure  2  

i l l u s t r a t e s  the  increased r a d i a t i o n  due 

t o  added c o i n j e c t i o n  power f o r  the base 

e l e c t r o n  heat ing  case descr ibed i n  our  

companion paper [2] . The s igna ls  a re  

rep resen ta t i ve  of  the behavior of  06+ 

(21.6 A) ,. a segment o f  continuum thought 0 40 80 120 160 200 
1 lrnsec) 

t o  be due t o  c lose1 y  spaced 1 i nes o f  F igu re  2  

tungsten (20.1 A ) ,  and the t o t a l  rad ia ted  power (Pwa, l ) .  

Coun te r i n jec t i on  produces a  l a r g e r  increase i n  impur i t y  r a d i a t i o n  than does 

the same amount o f  c o i n j e c t i o n  power. This  aspect i s  i nd i ca ted  i n  F ig .  3 f o r  a  

l i n e  o f  Fe X V I  (360.8 A). F igure 4  shows the T  ( r )  p r o f i l e s  obta ined f o r  t h i s  
e  

case. The depression o f  the c e n t r a l  e l e c t r o n  temperature w i t h  counter-  

i n j e c t i o n  i s  thought t o  be r e l a t e d  t o  tungsten impur i t y  r a d i a t i o n  coo l i ng .  



r 
1.170 kA, Br=26 kG, H0 INTO H*  

- , ,  ' - - - - - NO-INJ 
t - CO-INJ (120 k W )  

\* 'ic - - CN- INJ (120 k W )  kJ 

' t 
- -  CO-INJ (120 k W )  AND CN-INJ (120 k W )  

t 
m 1.5 
z 
W 
t- 

: Z - 
e 
'9 1.0 
0 
X >, 

s 
e - 

' 5  COl NJECTION 
X 

+-. 

0.5 
.. . 2 

E M  BE); 

0 
100 msec - I0  0 10 20 

r (cm) 

Figure  3 F igure  4 

TYP. ERROR 

Absence o f  Beam-Induced -.-..... a .-......... ,. . , .... ,-.---.- Toro ida l  ,Rotat ion:  Despi te the d e l e t e r i o u s  e f fec ts  
. .. . 

associated w i t h  coun te r i n jec t i on ,  there  has been a  supposed need f o r  counter-  

i n j e c t e d  beams t o  balance the t o r o i d a l  momentum inpu t  expected from c o i n j e c t e d  

n e u t r a l  beams. The ion  t o r o i d a l  f l o w  ve loc i - ty  c a l c u l a t e d  from a  t o r o i d a l  

momentum balance equat ion has been compared w i t h  t h a t  est imated from the Doppler . 
s h i f t  o f  t h e  Ha 1 ine  p r o f  i l e  and from comparison o f  the para1 l e l  and perpen- 

d i c u l a r  charge-exchange energy d i s t r i b u t i o n s  ( A V  - 2 x l o 6  crn/s), Agreement II 

occurs o n l y  i f  the t o r o i d a l  momentum damping t ime i n  the plasma i n t e r i o r  i s  

-100 ps, much f a s t e r  than any c a l c u l a t e d  i n t e r a c t i o n  t ime (e.g. charge- 

exchange t ime -50 ms) . 
E f f e c t  o f  I m p u r i t i e s  on I n j e c t i o n :  The r o l e  o f  neu t ra l  beam t rapp ing  by 

charge t rans fe r  t o  i m p u r i t i e s  can be s i g n i f i c a n t ,  as shown by the measurements 

a t  ORNL by Phaneuf and co-workers o f  the cross sec t ions  f o r  charge exchange 

between H O  and var ious  l i g h t  (c,O) and heavy (Fe) ion ized i m p u r i t i e s  present  

i n  tokamaks, and by c a l c u l a t i o n s  and beam t rapp ing  measurements on TFR by 

Mor ie t te .  D i r e c t  spectroscopic evidence f o r  the charge t rans fe r  r e a c t i o n  

+ 08+ + H+ + (07+)" i s  observed du r ing  ORMAK i n j e c t  ion  experiments. The 

i n t e n s i t y  o f  the Balmer-a 1 i n e  o f  0  V l  l I (102 A) increases a  f a c t o r  o f  4 

w i t h i n  4 ms a f t e r  beam t u r n  on, whereas the i n t e n s i t i e s  o f  the Lyman-a, -6 ,  



t '  
';/ and -y 1 ines o f  0 V I  I I and the Balmer-6 1 i ne of O..V. l  I I ... increase less than 20% 

i n  t h i s  i n t e r v a l ,  i n d i c a t i n g  a d i r e c t  i n t e r a c t i o n  between the  n e u t r a l  beam 

and the  plasma. 

When impur i t y  charge exchgnge i s  inc luded i n  c a l c u l a t i o n s  o f  the beam power 

depos i t  ion, the peak o f  the power depos i t i on  curve f o r  the  h ighest  dens i t y  

case s h i f t s  from r = 0 t o  r = 15.5 cm ( l i m i t e r  rad ius  a  = 23 cm) and the  

i n jec t i on .power  dens i t y  exceeds the,ohmic power dens i t y  f o r  r > 14 cm.. Th is  

a d d i t i o n a l  power input  i n  the plasma may permi t  a t ta inment  o f  the h igher  

plasma dens i t y  before d i s r u p t i o n  occurs hy heat ing  the  plasma edge and thus 

f o r e s t a l  1 ing  shrinkage o f  t h e  cu r rpn t  channel. 

Summary: Add i t i on  o f  neu t ra l  beam i n j e c t i o n  power permi ts  at ta inment  o f  

h igher  dens i t y  and BT and o f  s t a b l e  opera t i on  a t  lower q than w i thou t  i n j e c -  

t i o n .  The impur i t y  r a d i a t i o n  a l s o  increases, bu t  o n l y  in ' "p ropor t ion  t o  the  

added power. . .  . 
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